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Foreword 

HIS VOLUME, and the symposium whose proceedings it records, are 
Toutgrowths of a recommendation of the NASA Research Advisory 
Committee on Materials (now renamed the Research and Technology 
Advisory Subcommittee on Mzterials) . In October 1965 the commit- 
tee reviewed the research programs of NASA having to do with the 
technology of bearings and lubrication. It concluded that these pro- 
grams added up to a relevant and well-rounded effort. However, it felt 
that additional strength would develop if the talents of scientific 
workers in other disciplines could be directed toward this technology. 
It pictured a three-cornered matrix in which the corners were inhabited 
by (1) engineers concerned with the design and operation of bearings 
and related devices, (2) scientists conducting applied research dealing 
with friction, wear, and lubrication, and (3) the less applied scien- 
tists, mainly the physicists and chemists, who were performing research 
on the fundamental nature of surfaces and the interactions between 
them. 

The committee made no claims of having originated these ideas; the 
same marriage of disciplines to deal with bearing technology is implied 
in the term “tribology” which has gained rather wide currency in Eng- 
land and elsewhere. However, NASA was particularly fortunate in 
having all of these classes of individuals on its existing research teams. 
The problem was not one of introducing new members into the teams 
but rather one of communication, with the objective of making the 
work of one group of individuals relevant to the problems of another. 

The immediate question was : who shall communicate with whom? 
It seemed apparent that the number of disciplines is too great for 
simultaneous communication in 311 directions. It was decided that a 
trial symposium could be sponsored by NASA with the objective of 
bringing together the second and third of the groups defined above. 
It was obvious that this objective could best be achieved if attendance 
was limited in number, was restricted to persons who were invited upon 
the recommendation of a Steering Committee, and was made con- 
tingent upon active participation. A limited number of individuals in 
the remaining category-the users and design engineers-were invited 
to prepare themselves for possible later symposia which would require 
such active participation from them as well. 

’ 
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Iv F R I C T I O N  A N D  W E A R  

The symposium was received with enthusiasm and marked by a 
lively response. However, the suecess of the effort it represents cannot 
be appraised fully at this time. It will become more evident if gradual 
but meaningful changes in the scope and direction of research are 
observed, so that one man’s new knowledge relates to another man’s 
problems. This is the true meaning of interdisciplinary communication. 

JOSEPZI MALTZ 
Executive Xecretary 
Xzcbcommittee for Materials 



Preface 
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HIS VOLUME records the proceedings of the first in a series of inter- 
Tdisciplinar y symposia in the field of lubrication, conducted under 
the sponsorship of the National Aeronautics and Space Administra- 
tion (NASA). The symposium, entitled Interdisciplinary Approach 
to Friction and Wear, was concerned primarily with sliding friction 
and wear under unlubricated and boundary-lubrication conditions. 
The symposium was held in San Antonio, Texas, on November 28,29, 
and 30, 1967. The physical arrangements were made by Southwest 
Research Institute. 

Lubrication is a highly complex and interdisciplinary subject. Satis- 
factory solutions to many advanced lubrication problems require the 
concerted effort of lubrication research engineers, design and develop- 
ment engineers, and specialists in many basic scientific disciplines. 
Yet anyone concerned with such problems cannot fail to be disturbed 
by the lack of effective dialogue, not only among those within the 
broad spectrum of the lubrication profession itself, but particularly 
between the lubrication profession and the related scientific and engi- 
neering professions. 

The express goal of the NASA lubrication symposia is to foster inter- 
disciplinary dialogue among the various professional groups active or 
vitally interested in the subject of lubrication and its theoretical and 
practical implications. In  order to satisfy this requirement and keep 
the discussions within manageable bounds, it  was decided to deal with 
the broad subject of lubrication in several meetings. It was further 
decided to begin the symposium series with an indepth and inter- 
disciplinary treatment of sliding friction and wear-topics funda- 
mental to the subject of lubrication. Later, depending upon the results 
achieved, meetings in the same or other areas would be scheduled.* 

The symposium on friction and wear was opened with an intro- 
dudory address presented on behalf of NASA by R. R. Nash, Chief, 
Materials Science Branch, Office of Advanced Research and Tech- 

*At this wriking, two followup meetings have been scheduled : an Interdiscipli- 
nary Workshop on Friotion and Wear to be held in Cleveland, O., in Nov. 1968, 
and a symposium on Interdisciplinary Approach to the Lubrication of Con- 
centrated Contacts to be held in Troy, N.Y., in July 1969. 
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VI. F R I C T I O N  A N D  W E A R  

nology. Following this address, six specific topics were considered in 
detail : 

1. Structure of surfaces and their interactions 
2. Topography of solid surfaces 
3. Surface interactions in sliding 
4. Friction and adhesion 
5. Wear 
6. Boundary lubrication. 

In  each case, the topic was introduced by an invited lecture, which 
was followed by invited discussions and then general discussions. The 
purpose of each invited lecture was to summarize briefly and comment 
critically on the subject matter, to delineate the knowns and unknowns, 
and to provide a starting point for provocative discussions. The invited 
discussions were meant to complement the lecture and present a bal- 
anced viewpoint. I t  was realized, however, that the value of the sym- 
posium depended to a large extent on the contributions of all of the 
participants ; therefore, every effort was made to facilitate and encour- 
age general discussions. 

Following deliberations on the six topics, the area of friction and 
wear was studied in broader perspective from two points of view: 

(1) Critical appraisal and research opportunities-the lubrication 
research viewpoint 

(2) Critical appraisal and research opportunities-the materials 
research viewpoint. 
In  each case, the study was again introduced by an invited lecture, fol- 
lowed by invited discussions and general discussions. 

In an effort to ensure that the deliberations be truly productive, par- 
ticipation was by invitation only. Of the 90 persons who participated 
in this symposium, about 50 percent were lubrication research engi- 
neers, 25 percent design and development engineers, and 25 percent 
basic scientists. 

All participants were registered and briefed almost 3 months in 
advance on the scope and philosophy of the symposium. A Proceedings 
Preprint, containing the first six invited lectures, was mailed to each 
participant about 1 month belore the meeting. In  addition, a Proceed- 
ings Preprint Supplement, containing the last two invited leotures and 
the invited discussions on the first six lectures, was issued immediately 
preceding the meeting so that each participant would have an oppor- 
tunity to become familiar with most of the programmed presentations. 
Lack of time prevented the preprinting of invited discussions on the 
last two lectures; however, by the time these lectures and their invited 
discussions were presented, the participants had already become 
familiar with the problems being considered so that the general dis- 
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and E. E. Bissan, As 
Lewis ReseaFch C 
pants, without whose cont 
successful. The members 
assistance and advice throu 
including the technical review of th0 invited lectures. However, as 
chairman of the Steering Committee and editor of this volume, I am 
responsible for any imperfectims that may appmr in it. 

P. M. Ku 
San Antonio, Texas 
June 17,1968 
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Introductory Address 
R. R. NASH 

National  Aeronautics and Space Administration 
Washington, D.C. 

N BEHALF OF NASA and the Steering Committee for this sym- 0 posium, I wish to extend a cordial welcome to this unique and 
important event. The symposium is unique because, so far as I know, 
it is the first of its kind to address in depth the subject of friction and 
wear; it is important because we expect real accomplishment. 

In  making these introductory remarks, it is my intention to think 
with you informally about the job at hand and particularly about the 
symposium program designed to make the interdisciplinary concept 
of an approach to friction and wear come alive in the next 3 days. 

The central point I wish to make in this brief introduction is to 
underscore the importance of the key words interdiseipZimry diaZoqw. 
Perhaps I can best illustrate the meaning of the word “dialogue” by 
figure 1. We laugh, but I would ask in all seriousness that you carry 
the image of this all-too-frequent confrontation in your mind for the 
next 3 days. 

In preparation for this presentation, I was reminded of a story told 
me recently by my son which may have significance to us at this time. 
I n  the sand trap of a golf course, two red ants were busy scurrying 
about amid a violent scene of flying sand, dust, and confusion. Finally, 
one ant said to the other, “What in the world will we do? Things are 
getting rough.” The other ant replied, “From the evidence we have at 
this time, it seems that the best idea would‘be to get on the ball.” 

What is the ball for us to consider? With the help of figure 2, let us 
examine the concept of an interdisciplinary approach to the study of 
friction and wear. If appropriate names of disciplines are placed at 
the corners of the tetrahedron, it is apparent that there is a d&ih 
relationship between all of the disciplines involved in this symposium 
dialogue. I n  fact, the picture is incomplete with any discipline omit- 
ted. I n  my view, everyone here sits at  some position within the volume 
of the tetrahedron or within its environment. Where do you sit? 

What are we trying to do in this symposium? I believe the central 
problem is to bridge the gap between basic science and engineering 
on the one hand and engineering design on the other in conneckion 
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2 F R I C T I O N  A N D  W E A R  

with friction, wear, and lubrication. In  order to build this bridge, 
cooperation is necessary from all concerned on both sides of thergap. 
The principal means for building this bridge is meaningful dialogue 
between the disciplines involved. The vehicle for this dialogue is 
responsiveness of individuals ; and responsiveness of individuals, 
ultimately, is a matter of open-minded consideration of the contribu- 
tions of all individuals involved. 

The NASA Materials Research Program on this subject is attempt- 

“I  ant ROT giving you any lip, Pop! I’m just trying to 
conduct a meaningful dialogue!” 

FIGURE 1.-Conducting meaningful dialogue (courtesy of Hall Syndicate). 
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FIGURE 2.-Concept of an interdisciplinary approach to friction and wear. 

ing to help build this bridge. Three examples from the NASA Lewis 
Research Center will illustrate some of our research to study relevant 
phenomena from the atomic scale of dimensions to the macroscopic. 
Although the next three figures will present only the essential idea of 
t.hese studies, specific details of each research topic can be discussed 
directly with the investigators, who are in the audience. 

In  figure 3, the defect surface state of magnesium oxide is revealed 
by an electron spin resonance technique. In  this research, the physical 
nature of an active surface site for adsorption of gases on surfaces was 
demonstrated for the first time. 

In  figure 4, the effects of atomic arrangement on friction properties 
of metals existing in the hexagonal close-packed crystal structure is 
demonstrated. Although complete understanding of this subject is 
not at hand, the evidence suggests strongly that the bulk structure as 
well as surface phenomena are important considerations. 

Certain aspects of the effects of environment in bearings and lubri- 
cation research are displayed in figure 5. 

I n  all three of the illustrations selected, the main point is that each 
investigation contributes to greater understanding of the total problem 
of friction and wear. Interdisciplinary dialogue between the investiga- 
tors would serve the very useful function of informing, stimulating, 
and challenging additional research with a high probability of even 
more successful results. 

Let us return briefly to our concept of dialogue, figure 1. Perhaps 
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this illustration is more relevant to the work of this symposium than a 
casual glance might indicate. I f  you will allow me to place labels on 
the two characters, I suggest that the boy represenks individuals work- 
ing in basic physical and engineering sciences. The man represents 
design and applications engineers concerned with friction, wear, and 
lubrication. Picture the rage and frustration of each when they do not 
communicate effedively. Perhaps this sikuation exists in the subject 
to be discussed during the next 3 days. 

At this point, enter the approach selected for this symposium. The 
Steering Committee has deliberately mingled basic aspects of surface 
phenomena with engineering aspeots of friction, adhesion, wear, and 
lubricdion. The program places heavy emphasis upon defining the 
current sttte of knowledge in these disciplines and also upon identify- 
ing the kinds of research needed to extend this knowledge. 

In  summary, I believe that the productivity of this symposium will 
begin to bridge the gap between science and technology in fridion and 
wear if we can conduct meaningful dialogue. Every man here is quali- 
fied to make a contribution. I challenge you to enter this dialogue in a 
cooperative spirit and try to hear what other individuals are saying. 
Try it and see if you can possibly leave empty-handed ! Finally, I am 
confidenk'that I express the intention of NASA and the Steering Com- 
mittee when I say that such participation is both a challenge and a 
responsibility. 

1 

-GAS MOLECULES - 
GAS MOLECULES 

RESEARCH HAS PRODUCED 
* B E T T E R  UNDERSTANDING OF ENVIRONMENTAL EFFECTS ON .NEW INSIGHT INTO CATALYSIS PHYSICAL MECHANICAL AND CHEMICAL PROPERTIES 

FIGURE 3.-Role of atomic and electronic imperfections in gas adsorption on 
crystal surfaces. NASA Lewis Research Center. 

r 
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FIGWE 4.-Effect of atomic structure on frictional properties of metals with 
hexagonal crystal symmetry. NASA Lewis Research Center. 

FI~RJBE 5.-Investigationa of environment effects on friction and wear. NASA 
Lewis Research Center. 





Structure of Surfaces and Their Interactions 

H. C. GATOS 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 

The salient characteristics of crystalline solid surfaces are discussed 
with primary emphasis on their structural aspects. Direct experimental 
approaches to the study of the structure of surfaces and their limita- 
tions are considered together with some theoretical models. The inter- 
actions of solid surfaces with gases, liquids, and solids are outlined 
and assessed in terms of their fundamental and technological sig- 
nificance. A number of surface science areas in need of improved 
understanding are pointed out in the light of the ever increasing tech- 
nological importance of surface phenomena. 

HE STRUCTURE AND BEHAVIOR of solid surfaces in terms of scientific T interest and technological importance continue to occupy a distinct 
place in modern science and engineering. I n  fact, surface or interface 
phenomena bear directly on nearly all facets of basic and applied 
technology. Indirectly, surf ace phenomena are strikingly pertinent, 
even to the science and technology of the solid state proper, because 
it is through the surface that one must generally communicate with 
the solid. 

I n  the study of solids, a number of basic quantitative tools have been 
developed, to a large extent as a result of the extreme periodic order 
and symmetry associated with crystallinity. These tools are of a theo- 
retical as well as of an experimental nature. Thus, theoretical concepts 
based on first principles, combined with techniques such as X-ray or 
neutron diffraction, have brought our understanding of crystalline 
solids to a very high level indeed. Subsequently, precise magneto- 
electrical measurements have brought about further refinements con- 
cerning atomic interactions and the energetics of the solid state in 
general. 

The understanding of solids cannot be extended directly to solid 
surfaces. Surfaces of crystalline solids represent an abrupt termination 
of the periodicity of the drystalline laktice. They are essentially giant 
lattice defects and thus cannot be directly submitted to the theoretical 

7 
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8 F R I C T I O N  A N D  W E A R  

treatments of crystalline periodicity. Appropriate theoretical treat- 

contaminated with foreign a 
characterization of chemically “clean” surf aces was Virtually impos- 
sible until suitable vacuum and related te,chnologies were developed 
in the 1950’s and became moderately available in the 1960’s. 

The second main difficulty in the experimental study of surfaces 
resides in the fact that surfaces are one to several atom layers thick. 
Techniques for quantitative studies on an atomic scale are limited in 
number ; they have rather limited ranges of applicability and present 
great complexities. The major direct techniques of this type are the 
electron-, field-, and ion-microscopy and the low energy electron 
diffraction (LEED) . 

I n  considering the structure of solid surfaces, one must be concerned 
with surface science and technology as a whole, i.e., the lstructure of 
surf aces (crystallinity and energetics) ; their interaction (predomi- 
nantly but not exclusively chemical) with gases, liquids, or solids; and 
their physical properties including the changes of such properties 
resulting from the interactions of the surfaces with their environment. 

For the fundamental understanding of surfaces, the experimental 
information must be obtained on “clean” (frequently called “virgin”) 
surfaces. Achieving clean surfaces is possible only in relatively small 
numbers of cases, and experimenting with them is a truly complex 
matter. Nevertheless, data obtained with such surfaces (pertaining to 
their struetures as well as to their reactivity) constitute an essential 
ingredient in the development of fundamental concepts and theoretical 
systems for understanding surface behavior. 

On the other hand, the greater part of surface phenomena must be 
dealt with, at least experimentally, in the light of “real” surfaces, i.e., 
surfaces prepared and maintained in ordinary ambients rather than in 
ulbrahigh vacuum. Unavoidably such surfaces are contaminated and 
introduce a number of chemical and structural uncertainties. I f  
properly employed, however, they can be well suited for a wide spec- 
trum of significant experimental information. It is important to em- 
phasize that the principal prerequisites for the successful use of real 
surfaces is that they be prepared reproducibly and that they be 



S U R F A C E B  A N D  T H E I R  I N T E R A C T I O N S  9 

sensitive to changes of the parameters or conditions which are being 
investigated. 

Clean surf aces can be meaningfully characterized experimentally 
or theoretically only in the absence of an ambient, i.e., in ultrahigh 
vacuum. Accordingly, in considering the crystalline structure of these 
surfaces and the associated energetics, interactions with exbrnal 
phases are not pertinent. It is apparent that the usefulness of such 
surfaces is still quite limited. 

Real surfaces must be considered in the light of their interactions 
with external gaseous, liquid, or solid phases. The kinetics and ener- 
getics of such interactions are the essenttal basis in exploring and 
understanding their structure and the broad spectrum of phenomena 
in which the surface atoms participate as well as of phenomena 
which take place on surfaces but without the ultimum participation of 
the surf ace atoms. Catalytic processes represent perhaps one example 
of .the latter type of phenomenon. 

Regarding the solid-gas interfaces, the various interactions, equi- 
libria or pseudo-equilibria, can be conveniently treated under three 
general headings : physical adsorption, Chemisorption, and oxidation 
or film formation. 

I n  the case of the solid-liquid interfaces, the solid-electrolyte inter- 
faces are of the broadest fundamental and technological significance. 
The science and electrochemistry and, of course, electrochemical tech- 
nology are essentially based on such interfaces. Phenomena such as 
the electrical double layer, electrode equilibrium, and electrode kin- 
etics, corrosion in general, and many others are based directly on 
solid-electrolyte interfaces. Although metals and their alloys are 
electrochemically the most pertinent among solids, perhaps all solids 
are electrochemically relevant to some extent. 

. The solid-liquid (nonelectrolyte) interfaces* are certainly not 
without fundamental or technological significance. Numerous organic 
and many inorganic liquids are not electrolytes. It is of interest to 
point out, however, that many of the phenomena pertaining to the 
interactions of such liquids with solids are special cases of phenomena 
prevalent in the solid-gas interfaces (notably physical adsorption and 
chemisorption) or in the solid-electrolyte interfaces (for example, 
electrical double layer phenomena). 

Solid-solid interfaces again are the stage of numerous phenomena 
of greak impodance. Grain boundaries, p-n junctions, rectifying con- 
tacts, and solid surfaces in physical contact are among such solid-solid 
interfaces. Of particular technological relevance are athe phenomena 

*The solid-melt interfaces, impontant as they are regarding solidification and 
many other phenomena, are outside the scope of the present, discussion. 
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associated with the motion of solid surfaces against one another while 
in physical contact. Obviously the phenomena of friction and wear fall 
directly into this category, and atomic interactions are of major con- 
sideration. Since the contacting surfaces are exposed to gases or liquids, 
here also, many aspects of the solid-gm and solid-liquid inkerfaces 
come into play. Other important facets of science and technology of 
solid-solid interfaces include adhesion and surf ace damage. 

Nucleation phenomena represent another important aspect of solid 
surfaces. These types of phenomena, however, will not be included 
in this paper. 

The above sketch of the classification of Ithe various aspects of 
solid surfaces represents a convenient working model. There are 
no sharp delineations among these various aspects, and many arbi- 
trary decisions must often be made as in all classification schemes. 

A paper such as the present one cannot, of course, be all inclusive. 
Neikher can it be intensive lest it become extremely specialized; but 
it should be critical. The criteria chosen here for deciding on kopics and 
coverage hinge on the intent to outline sterile (in terms of progress) 
aspects of solid surf aces, promising experimental or theoretical tech- 
niques and their limikakions, areas in need of understanding, and 
promisi.ng areas for future scientific or technological progress. The 
desire to stimulate discussions has been another criterion. 

SURFACE ENERGETICS 
Theoretical treatments of solid surfaces, like dire& experimental 

approaches, have encountered greak complexikies and are still lacking 
the level of refinement attained for the bulk of crystalline solids. 

Gibbs’ thermodynamic treatment (ref. 1) was the first attempt to 
consider theoretically the energetics of surfaces. It still serves as the 
foundation for the commonly used, macroscopic or phenomenological 
thermodynamic point of view. 

The electronic approach to surf ace energetics, particularly those of 
metals, is more recent (one can perhaps attribute its main origin to 
the early 1930’s) and, in spite of numerous concentrated efforts, it re- 
mains in a rather primitive stage. In  this discussion the theoretical ap- 
proaches to surface energetics will be briefly sketched. For extensive 
reviews on the thermodynamics of surfaces, see references 2, 3, and 4. 

Thermodynamic Considerations 
Surface tenswn.-In the khermodynamic treatment of systems in 

equilibrium, it is usually postulated that the only force acting upon 
them is that due to external pressure P so that the work done is repre- 
sented by PdV, where V is khe volume of the system in question. T’he 
other possible forces acting upon thermodynamic systems, such as  
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gravitational, electromagnetic, and others, are usually very small and 
therefore neglected. However, surface forces (to be defined below) 
become significant and must be taken into consideration, padicularly 
in systems which have large surface4o-volume ratios. Gibbs’ thermo- 
dynamic treatment of surfaces (ref. 1) was at first extensively and 
successfully applied to liquid interf a c ~  where experimental resulhs 
could be obtained. Reversible changes due to surface forces in solids are 
significantly more difficult to observe. Nevertheless, high-temperature 
phenomena and processes involving changes in solid-solid boundaries 
have acquired increased importance. Wikh the refinements of modern 
experimentation processes such as sintering, high temperature equilib- 
rium morphologies and others can be submitted to quantitative or at 
least semiquaRtitative measurements. It should be pointed ouh that 
the thermodynamic approach to  solid surf aces remains of a phenome- 
nological nature and does not represent a system based on first 
principles. 

Gibbs introduced a makhematical surface which he called the “divid- 
ing surface” and which is supposed e~ pass through points similarly 
situated with respect to the two phases on either side. Thus, a given 
system characterized by a fixed energy content and number of moles 
of the various constituents is divided by this surface into two volumes, 
VI and V,. The composiltion of the system in the vicinity of the divid- 
ing surface can vary in some simple or complex way; although there 
is uncertainty in locating the dividing surface, it need not exceed a few 
Angstrom units. 

I n  his treatment, Gibbs defines as surf ace excess of an extensive quan- 
tity (for example, free energy or composition) the difference btween 
the actual value of the quantity and the value which the system would 
have if the composition of the two phases remained unchanged up  to 
the dividing surface. Taking ri, for example, as representing the sur- 
face excess per unit area of component i, for an interfacial area A,  
we have 

where Nt is the actual total nGmber of moles of constituent i in the 
whole system and Clt and Czt are the concentrations of species i in 
the bulk of the corresponding two phases. The surface excess I’ can 
be positive, negative or zero. It is apparent from equation 1 that, for 
a single component system, the surface excess is independent of the 
placement of the dividing surface and essentially vanishes as a thermo- 
dynamic variable. 

The key thermodynamic quantity for surfaces is the surface tension 
y which is the reversible work, W, required to create a unit area of 
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the surface, A, at constant volume, temperature, and chemical 
potential : 

dW +=a* 
The surface excess of component i can also be defined as 

r,==. dNi (3) 

One can express the change in the Helmholtz free energy, dF, in terms 
of the work ydA at constant temperature and the chemical potential 
of species i, pi, which is defined as (bF/bN,) T, V , N , A  ( N j  represents the 
number of moles of all components except i) : 

n 

i= 1 
dF=ydA+ xp,r ,dA 

d F  n 
r+ xpirt. 

i=l 

It is apparent from the above equation that dF/dA, the surface free 
energy per unit area, is equal to the surface tension, y, only in a 
single component system where r is by definition zero. 

The dependence of the change in surface tension on temperature 
and chemical potential is expressed by Gibbs’ well-known adsorption 
equation, the derivation of which is not presented here (refs. 1 
through 4) : 

n 
d ~ = - S A d T - ~ r , d p c  i=l 

where Sais the specific surface entropydS/dA. It is, of course, as- 
sumed here that gravitational and other forces are negligible. 

At constant temperature, Gibbs’ adsorption equation reduces to 
his also famous adsorption isotherm 

n 

i= 1 
dr=Crtdpi or r i = - W b f i i ) * , p j .  (6) 

It is apparent that preferential adsorption on the surface (positive I?) 
raises p and thus reduces y. Conversely, a decrease of the concentra- 
tion of a component at  the surface (negative r) leads to a correspond- 
ing increase in surface tension. In  the case of liquid surfaces, this 
relationship has been strikingly demonstrated with the well-known 
fundamental and applied implications. It is also of great significance 
in solid surfaces at high temperatures. Some experimental results on 
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the pronounced effect of adsorption on the surface tension of solids 
are shown in table 1. 

Surface stresses.--On surfaces, in addition to surface tension, there 
are forces acting which are referred to as surface stresses. I n  the case 
of liquids, the surface stresses reduce to surface tension. In  solid sur- 
faces, while the surface tension measures the work required to create 
new surface, the surface stresses measure the work required to deform 
the surface. If an infinitesimal deformation of a surface region is 
brought about, and the deformation changes the local state of the 
surface, and thus changes y,  then: 

where et$ is the strain tensor of the deformation. This equation can be 
reduced to: 

fi,=6ijy/+(ay/bet,)(i=1,2; j=i,2,3) ( 8)  

wheref2j is the surface stress tensor and 6,=0 if i=j. In  the case of 
liquids, the state of the surface does not change by the deformation; 
thus : 

( 9) 

Thus, the surface stress is tensile force, normal to the surface having 
a constant magnitude y per unit lengch. I n  the case of solids, however, 
the infinitesimal deformation will displace the atoms from their regu- 
lar positions and, in view of their long-range interactions (ref. 2), their 
new positions will not be energetically the most feasible ones. Conse- 
quently, the quantity a y / & i j  is not zero. It can be either positive or 
negative corresponding to compressive or tensile stresses. It should be 

dyjaet,= o and fsj= atn. 

TABLE l.-Ezperimental Results of the E$ect of Adsorption on the 
Surfme Tension of Solids 

Surface tension, erga/cma 

adsorption adsorption 

Solid Adsorbed Pressure Temperature, 
gas mmHg OK Without After 

Mica a Air 760 300 4500 375 
Ag 0 2  150 1205 1140 350 
c u  = Pb 0. 1 1070 to 1170 1800 780 

a See reference 5. 
b See reference 6. 
c See reference 7. 
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pointed out, however, that even in solids, aY/acij may vanish with 
time if a mechanism of the restoration of the strain becomes available, 
as is th5 case at high temperatures (ref. 3).  Unfortunately, it is only 
at or near the melting point that the resistance to surface deformation 
reflects directly the surface tension. 

I n  crystalline materials, it is expected that the surface tension varies 
as a function of orientation. It is convenient to represent the variation 
of y with orientation by a polar y plot, in which the vector emanating 
from a fixed origin is proportional to the surface tension. For liquids 
where y is indqpendent of orientation, the y plot is a sphere. Depending 
upon the crystal structure, there are a number of approximations 
which lead to the construction of a y plot (ref. 2). A general geometri- 
cal solution, which leads to polygonal solids exhibiting a minimum total 
surface free energy, has been proposed by Wulff (ref. 8). The reader 
is referred to extensive discussions of the y plot (refs. 2 through 4). 

When y varies with orientation, the equilibrium shape of the solid 
will be the one that tends to enlarge the areas of the orielitations with 
lower y and minimize the areas of the orientations with higher y. In  the 
equilibrium shape, the surface free energy must be minimized. Unfor- 
tunately, the experimental study of the equilibrium shape presents 
great difficulties. The particles must be very small to attain true equi- 
librium, and some factors interfering with the equilibrium shape, such 
as supporting of the particles, are not readily eliminated. Manifesta- 
tions of the variation of y with orientation are encountered in thermal 
etching where planes of low y or combinations of planes minimizing 
the surface free energy develop, provided, of course, that there is no 
interference from chemical readions with the ambient. 

Estimates of swface tevLsion.-There have been numerous attempts 
to calculate the surface energies of solids. These attempts vary in 
complexity depending on the type of solid. Thus, in the case of dia- 
mond where the atoms are covalently bonded and the valence electrons 
are localized, the surface energy was taken as one-half of the cohesive 
energy which in turn was taken equal to the energy of bonds which 
are cut in creating the surface (ref. 9). I n  the case of the (111) planes 
of diamond, for example, there are 1.83 X bonds per cmZ ; taking 90 
kcal/mob as the bond energy, the surface energy (at 0" K) is 5400 
ergs/cm2. 

I n  the case of rare gas crystals held together primarily by van der 
Waals forces, the calculations are again based on the energies necessary 
to separate the atoms in the crystal and the energies needed for the 
rearrangements of the surface atoms to their equilibrium positions 
(refs. 10 and 11). The van der Waals forces are estimated from rela- 
tively simple potential energy functions where interactions other than 
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those due to nearest neighbors can be neglected. The rearrangement 
energy can be estimated by allowing the surface atoms to move relative 
to the adjacent plane below, so that they reach a position of minimum 
energy. This energy is usually a small fraction (up to several percent) 
of the surf ace energy. 

For ionic crystals, similar procedures are employed except that 
charged atoms are involved, and consequently more complex potential 
energy functions must be used (ref. 12). The situation becomes even 
more complex in the case of metals, where the valence electrons are 
not localized and complex wave mechanical treatments are necessary. 
Some calculated values of surface energy are shown in table 2. The 
surface energy E, is related to y according to 

E8=y- T- dr 
d T' 

The available experimental data on surface tension of solids is quite 
limited. There are, of course, data available on the surface tension of 
the corresponding liquids at  or near their melting points. It is expected 
that surface energy values of solids should be about 25 percent higher 
than those of the corresponding liquids. (For an extensive discussion, 
see reference 13.) On this basis the calculated values (such as those 
given in table 2) are low, since they are significantly lower (up to a 
factor of 2) than the surface tension values of their liquids. It is of 
interest to note that a quantum mechanical calculation (ref. 14) of the 
surface tension of LiF has yielded a value of 55'7 erg/cm2, which is 
higher than that of the corresponding liquid. 

TABLE 2.-Calculated Values of Surface Energies for Solid-Vacuum 
Interfaces at 0" K 

Surface energy, erg/cmz 

(1 11) (100) erg/cmZ 

Surface energy of 
Solid corresponding liquid, 

Diamond a 5400 9140 
Ne b 17. 2 17. 9 
A b  41. 1 42. 7 
NaF b 171 
NaCl b 155 
KF b 160 
WC 6690 6430 

15. 1 
36. 3 
335 
190 
242 

* See reference 9. 

0 See reference 12. 
See references 10 and 11. 
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There are no direct methods for the experimenkal determination of 

sed on wave mechanics to the study of 
and, in fact, has been carried out with 

any appreciable rigor only in a few simple systems (refs. 17 through 
21). In the case of solid surfaces, further complications are intro- 
duced by lthe abrupt termination of the lattice and the associated 
periodic potential. Assumptions must therefore be made regarding 
their two-dimensional homogeneity (parallel to the plane of surface) 
and also regarding variations in lattice spacing and other properties 
in the direction perpendicular to the surface. However, classical 
methods such as those employed to estimate the surface energies of 
covalent, molecular or ionic crystals are not quite applicable in met,als 
where the main contribution to the surface energy is from mobile 
electrons. 

As for the bulk of metallic crystals and solid surfaces, energy 
calculations are based on the solution of the appropriate wave equa- 
tion after making suitable assumptions and approximations. The 
assumptions are based on the electron density at  the surface, the 
associated variation with position, the nature of the existing potential 
barrier, etc. The basic Schrodinger wave equation for the motion of 
a single electron of potential energy V is 

V 2 $ + 7  &m (E-V)+O 

where t,b is the wave function and E is the total energy. This equation 
is applied in some modiiied form depending on the particular case 
under consideration and the choice of the boundary conditions. 

It is considered beyond the scope of this paper to discuss the various 
energy calculations carried out by various researchers which have been 
based on a variety of assumptions and approximations. The reader 
may conveniently find detailed discussions of such treatments (refs. 
17 through 21). It is, of course, unfortunate that the ultimate merit 
of the various calculations cannot be assessed on the basis of experi- 
mental results, since such results are presently very scarce. 
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It is of interest to point out that the solution of the proper wave 
quation may yield wave functions with appreciable amplitude only 
at the surface. These functions represent electron states localized at the 
surface which are known as surface states. Such surface states have 
been experimentally observed in semiconductors (ref. 22), and they 
were responsible for the discovery of the transistor. Although 
numerous experimental and theoretical studies have been carried out 
on the surface states of semiconductors, their exact nature is not yet 
understood. 

The following comment should be made in closing the section : there 
are three basic problems associated with theoretical treatments of solid 
surfaces. One of them is associated with the formulation of the surface 
configuration and the necessary assumptions that must be made for 
setting up the mathematical apparatus or formalism. The second prob- 
lem is essentially the great difficulties inherent in the manipulation and 
exact solution of the basically complex wave mechanical equations. 
The third problem has to do with the fact that, unlike other areas of 
science, it is still nearly impossible to bring experimental results to 
the assistance of theory. 

One should feel hopeful, however, that new computation techniques 
are making significant headway in facilitating the solution of compyex 
mathematical systems. The feedback of such solutions should help 
refine or improve the assumptions necessary to set up the pertinent 
mathematical systems. Finally, the advances in various experimental 
techniques including high vacuum, microscopy, diffraction, electrical 
measurements, and others give promise of overcoming the major dif- 
ficulties in obtaining experimental values of surf ace parameters. Per- 
haps the most significant among the parameters of solid surfaces to 
be determined experimentally should be the surf ace tension. Reliable 
experimental values of surface tension should prove to be of incal- 
culable value to all theoretical efforts on solid surfaces. 

CRYSTALLINE STRUCTURE 

There is no direct theoretical way of arriving at  the crystalline struc- 
ture of solid surfaces. Essentially, the problem continues to be an 
experimental one and as such ranks among the most difficult and chal- 
lenging experimental problems, requiring advanced theoretical devices. 

One would like to know the crystalline structure (on an atomic scale) 
of the surface layer containing no other type of atom besides those of 
the particular solid itself. Information on such surfaces, commonly 
referred to as clean surfaces, can only be meaningfully achieved in 
very high vacuum ( mmHg and beyond), so that interactions of 
the surface atoms with the atoms of the ambient do not interfere with 
the measurements. Knowing and understanding the crystalline struc- 
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ture of clean surfaces can readily be viewed as the prerequisite for 
developing a sound understanding of their energetics. 

The interaction of clean surfaces with foreign atoms-driving forces 
and kineti-is another fundamental step essential in the understand- 
ing of solid surfaces. It is apparent that the initial stages of such 
interaction should be of special interest. Finally, from a fundamental 
point of view, it is essential to know what structural rearrangements, 
if any, accompany the physical or chemical interaction of the clean 
surf aces. 

It must be recognized that even if all the above types of knowledge 
and understanding were available, there would still remain the prob- 
lem of mastering the behavior of ordinary or real surfaces. This mas- 
tery caxl best be attained through working with solid surfaces from 
both the fundamental and applied points of view. 

The experimental techniques for ithe study of the crystalline struc- 
ture or some crystalline aspects of solid surfaces are based on micro- 
scopy or diffraction principles. Among the microscopy techniques, 
light microscopy and electron microscopy have been, and still are, 
extensively used in the study of the “microstructure” of surfaces in- 
cluding structural defects. The moig patterns (ref. 23) revealing di- 
rectly the presence of dislocations at the surface is one among several 
outstanding achievements (fig. 1) of direct microscopy. These tech- 
niques will not be discussed here as they are widely known. It should 
be pointed out, however, that despite their broad utilization, their 
potential has not been exhausted. 

The field-emission and the field-ion microscopy are more recent tech- 
niques with significantly greater limits of resolution and capabilities 
but at the same time with greater limitations. These techniques will be 
discussed here briefly. 

Among the diffraction techniques (X-ray and electron diffraction) 
the application of LEED has added a new dimension ,to the study of 
the structure of surfaces in spike of the great experimental and theo- 
retical difficulties it presents. The LEED techniques will also be high- 
lighted here. 

Field-Emission Microscopy 

The principles on which field-emission microscopy is based and 
the main features of the field-emission microscope developed by E. W. 
Muller (ref. 24) can be outlined with the help of figure 2. The speci- 
men under study is in the form of a wire with a sharp point. A high 
eledric field is applied between the specimen (negative potential) and 
the phosphor-coated positive electrode which is usually a transparent 
film of tin oxide. Under high vacuum (10-9 mmHg and beyond), elec- 
trons are emitted from the atoms at the tip of the specimen. They are 
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FIGURE 1.-Edge dislocations visible in parallel moire patterns from overhpping 
palladium and gold layers in (111) orientation. 1300 OOOX. 

accelerated under the influence of the existing field and form a magni- 
fied image of *he tip on the phosphor. The magnificaition achieved 
ranges from lo5 to lo7 times. No magnetic or electrostatic lenses are 
required for the production of the image. 

A field-emission photograph corresponding to tungsten tip is shown 
in figure 3. The bright areas in the figure correspond to areas with high 
electron emission, Le., relatively low work function. In  this case these 
areas correspond to high index planes. The low index planes with 
corresponding higher work function appear as dark areas in the 
photograph. 

The emission of the electrons from the surface atoms is not direct 
in the classical sense, but takes place by quantum-mechanical tun- 
neling. (For a brief discussion, see reference 25.) For the electrons to 
leave the surface, they must gain energy equal to the work function 
pr over and above their energy at  the Fermi level. The applied electric 
field, &, and the associated surface image potential (which is taken 
to equal e2/4x, where e is the electronic charge and x is the distance 
from the metal surface) decrease the height of the surface barrier. 
At the same time, the thickness of the barrier is decreased so that 
the probability for the electron to tunnel through the surface poten- 
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microscope. 

Fmum 3.-~eld-emission photagraph of an (llO)-oriented tungsten tip and 
the corresponding orthographic projection of ,the cubic lattice. 
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tial barrier increases. The Fowler-Nordheim expression relates the 
current density (in amp/cm2) to the work function (in ev) and the 
field & (in V/cm) : 

,pa” 
i=A&2 exp [-B-] & 

where B is a constant (6.8X107) and 

where EF is the Fermi energy. For values of & in the range of 5X lo7 
V/cm, the value of i is usually of the order of lo-* amp. The resolu- 
tion of the field-emission microscope is limited to about 20A because 
the tunneling electrons have momentum components in directions 
other than the emission direction. 

It is apparent that the atomic struchure of individual crystallo- 
graphic planes cannot be resolved by field emission; however, the use- 
fulness of this technique has been most significant in studying the 
direct interaction of surfaces with gas atoms. The adsorption of gases 
causes pronounced changes in the work function of the metal and, 
thus, to the emission pattern. Since the tunneling electrons are near 
the Fermi level of the metal, their tunneling is not temperature- 
sensitive. This characteristic is of fundamental value because it allows 
the study of surface interactions-including migration of gas atoms 
on the su r faceas  a function of temperature. 

Emission microscopy has been used successfully to study in some 
detail the interaction of inert gases (such as Xe) with metals such as 
tungsten and molybdenum. As a result, some critical aspects of physical 
adsorption have been resolved (ref. 26). It was found, for example, 
that the binding energy of xenon on the (111) regions of molybdenum 
is lower than that on the (100) regions in accord with previous quan- 
titative estimates. For the case of tungsten and molybdenum, assuming 
no surface structural rearrangements, it was shown that binding 
energy of an adsorbed atom increases with the number of first and 
second nearest neighbors surrmnding it. It was also demonstrated 
that interaction of surface atoms with gases (specifically in the case 
of adsorption of oxygen on nickel) can lead to pronounced surface 
structural rearrangements. 

The two main limitations of field-emission microscopy are: (a) its 
relatively low resolution of 20A and (b) the requirements of very low 
pressures, of the order of mmHg, In  view of the advantages of 
the two techniques discussed below, it appears that field-emission 
will continue to be used only within a rather limited scope. 
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Field-Ion Microscopy 

Field-ion microscopy, also developed by E. W. Muller (ref. 27), is 
similar to the field-emission microscopy. Here again, a field is applied 
between the metal tip under study and the phosphor-covered electrode, 
but the polarity is reversed. The chamber of the microscope is filled 
with the “imaging gas,” the atoms of which are ionized at the vicinity 
of the metal tip and accelerated by the field toward the phosphor- 
coated negative electrode where they produce an image of the tip. 
Helium is the most commonly employed gas. Fields of the order of 
5 X lo8 V/cm are necessary in view of the high ionization potential 
of helium (24.5 eV). The desirable radius of curvature of the metal 
tips is in the vicinity of lOOO-k, and their preparation entails tedious 
and complex empirical procedures. 

Field-ion formation at  the tip takes place by quantum-mechanical 
tunneling as in the case of field-emission (ref. 25). Here, of course, 
the electrons tunnel from the gas atom into the metal. There is an 
optimum distance (of the order of several A) for tunneling. Below this 
distance the energy of electrons of the imaging gas is below the Fermi 
level of the metal and tunneling is prohibited; beyond this distance 
the surface barrier becomes broader and tunneling improbable. It can 
be shown that tunneling cannot occur when 

where I is the ionization potential of the gas. 
I t  is apparent that for optimum imaging of the surface, the ioni- 

zation of the gas must take place as close to the surface as possible. 
It can be calculated that with helium as the imaging gas, a field of 
4.5X1OS V/cm at 20” K, and a tip radius of 1000A, the resolution is 
1.5A. In  this case the optimum ionization distance from the metal 
surface is 2.5A. 

A typical field-ion image photograph is shown in figure 4. The 
bright spots correspond to individual atoms which can readily be 
resolved at  the edges of the individual planes. A considerably larger 
number of planes appears on the ion image than on the field-emission 
image. The planes are outlined by the concentric rings. 

The analysis of field-ion patterns is not straightforward. The field 
configuration, including field compression and the perctinent geometry 
of the tip, must be taken into consideration. Furthermore, the detailed 
mechanism of field-ion formation is of basic importance and appears 
to involve field fluotuations due to protruding atoms. Regarding the 
low index planes, only the atoms at  the plane edges can be observed. 
I n  higher index planes, individual atoms can be resolved within the 
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FIGURE 4.-Ion micrograph of tungsten tip at 27" K. Numbers refer 
t o  indices of planes. 

planes as well as at the edges. The smaller the radius of the me~tal tip, 
the greater the number of ahms contributing to the formatian of 
the image. For a radius of curvature of 350& about 30 percsnt of 
the surface a ims  can be observed. 

Although the theory of the ion image formation is still being 
developed, field-ion microscopy has already contributed importantly 
to the understanding of the structure of surfaces. Field-ion micros- 
copy made it possible to observe directly, for the first time, the atomic 
structure of surfaces. In the insbances studied (such *as platinum), the 
overall stmoture of the surfaces were consistent with the extrapola- 
tion of the bulk crystalline structure to the surface. 

By combining field-ion imaging with field-ion evaporlution (from 
the metal tip), i.t has been possible to see diredly individual vacancies 
and even study their behavior. In the case of platinum, employing 
the (012) areas, (ref. 24), it was found that &here was no particularly 
high strain aoting around the vacancy. The energy of formation of 
vacancies was also determined and found to be consistent d t h  the 

323472-3 
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value d&mined by other experimenkal means (approximately 
1.2 eV). 

Individual interstitial atom h v e  a b  been observed in seveml 
instances including the plaitinum and aluminum surfaces. Interstitial 
atoms do lead into struietupal &stortian in their immedirtte vicinity. 
No vacancy-interstitial pirs have been observed. Other dired observa- 
tions of laktice defects include dislocations (screw and edge type), 
grab boundaries, and slip. Figure 5 shows a screw disl&ion inter- 
secting the surface of a platinum crystal. 

The field-ion microscope is now being employed quite extansively 
in the study of surface reactions such as adsorption, desorption, sur- 
face diffusion, and othms. Jt is in this type of study that field-ion 
microscopy is most likely to  make its most lasting contribution. The 
technique does present significant limitations over and above the 
obvious experimatal di5culties; t,hus, only a few metals oan be sub- 
mitked to this technique in view of the severe requirements demanded 
by the metal tip. The large stresses tmsociated with field-ion imaging 
or fielddion evapoTation cause, in most instances, pronounced surface 

FIGURE 5.-Ion micrograph of a platinum .tip. Note screw dis- 
location intersecting the surface. 
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distortion. In  fact, even with refraotory metals it becomes necessary 
to operate at temperatures below room temperature to  insure surface 
stability and, thus, the necessary resolution. 

Low Energy Electron Diffraction 

With regard to the study of the crystalline structure of surfaces in 
general, LEED reprments khe most powerful tool and holds the 
greatest promise (ref. 28). The technique involves the recording and 
analysis of low energy eleotron diffraction patterns of solid surfaces. 
The energy of the eleotron ranges from ,about 20 to 200 eV. Such low- 
energy electrons are required because they can only penetrate one or 
two &om layers, and consequently the? are essentially diffracted by 
the surf ace layer. The experimental difficulties associated wikh low- 
energy electron experimentation are extraordinary : they can be 
manipulated only in extremely high vacuum lest they be absorbed 
by the gas atmosphere; the diffracting surface must be clean or rather 
it must be cleaned in the diffraction tube itself at a vacuum of the 
order of mmHg or beyond ; two-dimensional diffraction mecha- 
nisms and the analysis of the resulting patterns still present great 
theoretical complexities. Each of these aspects collstitutes in itself 
a field of research and' technology and will not be discussed here in 
any detail. It should be pointed out, however, that their successful 
intimate interplay is fundamental to the success of LEED as a 
technique. 

Although the diffraction of eleotmns was discovered in 1927 and 
although its potential was recognized soon after, only in recent years 
has LEED been employed in a significant number of laboratories. 
I n  Fact, for many years H. E. Fmnsworth and his students were the 
major group developing techniques for LEED applications and carry- 
ing out research on solid surfaces. This group employed tungsten 
filaments as sources for elwtrons, ion bombardment (sputtering) for 
preparing clean surfaces, and Faraday cage arrangements for the 
deteotion and recording of the diffraction patterns (ref. 28). 

LEED has become more accessible with the development of high- 
vacuum technology and a relatively rapid hhnique whereby the 
diff r a d o n  patterns are displayed directly on a fluorescent screen. The 
group at the Bell Telephone Laboratories under the stimulation of 
L. H. Germer has contributed significant improvements. 

A schematic diagram of a LEED tube is shown in figure 6. The 
electrons impinge on the qs ta l  and, after they have been diffracted, 
pass through two grids. The inner grid rejwhs all but the elastically 
scattered electrons 'as they are the only ones cmltributing to diffrac- 
tion. The diffrwtion patterns farm on the fluorescent screen and can 
be viewed directly or photographed. 
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FIGURE &-Schematic diagram of a LEED arrangement. 

Although the detailed electron scattering mechanisms associated 
with LEED are still being developed, the main contribution to pattern 
formation is made by the outermost layer of surface atoms. Such 
patterns have the characteristics of a two-dimensional grating diffrac- 
tion. The Bragg diffraction relationship is obeyed except that the 
interplanar distance d becomes the distance between atom rows on 
the surface: 

nX=dn8 sin C$ (15) 

where X is the wavelength of the electrons which is actually equal to 
4 W V  in (V being the energy of the electrons); 4 is the angle 
between the incident and diffracted beam. A schematic diagram of 
two-dimensional diffraction is shown in figure 7. 

The wavelength of 20V electrons is approximately equal to common 
interatomic distances; however, diffraction effects can be observed 
with electrons of much smaller energies, even down to 2V. I n  such 
cases, larger-scale structural periodicities contribute to the patterns. 

Developing an understanding of the LEED patterns and contrast- 
ing appropriate theoretical models have been going on in parallel 
with experimental observations. The experimental studies have been 
pursued along three main objectives : the determination of the struc- 
ture of clean surfaces (usually as a function of orientation), the study 
of structural changes as a result of physical or chemical interactions 
with gaseous ,ambients, and the concurrent characterization of clean 
surfaces with regard to structure and electrical or other properties. 
This latter objective is, perhaps, the most promising, as it will hope- 
fully help relate directly structure and properties. 
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Numerous reports have been published on the structure of clean 
surfaces of metals and semiconductors (ref. 28). Nickel (face-centered 
cubic) has been extensively studied by the Brown University as well 
as the Bell Telephone Laboratories groups. Actually, nickel was the 
material used in the original experiment of Davisson and Germer that 
demonstrated the diffraction of electrons in 192’7. I n  the case of the 
(111) , (110) , and (100) clean surfaces of nickel, the LEED patterns 
reveal no structural rearrangement or, “superstructures.” Thus, there 
is no difference in translational symmetry between the surface atoms 
and those in the bulk of the crystal, on planes parallel to the surface. 
Lack of surface rearrangements does not preclude vertical displace- 
ments of the surface atoms or shifts of the entire surface plane. In  
fact, in the case of the (111) and the (110) surface atoms, there is 
evidence for a 5 percent outward displacement (ref. 29). The absence 
of surface rearrangements has also been reported for clean ( l l l ) ,  
(110) , and (100) surfaces of platinum (ref. 30). It appears that in the 
case of metals there are no atom rearrangements at the surface. This 
observation is significant because it has been used as an assumption in 
considering the energetics as well as various surface phenomena, an 
example of which is epitaxy. 

Nickel surf aces have also been employed in ‘studying the structural 
aspects of adsorption and chemisorption (ref. 31). It is of particular 
interest to note that adsorption of oxygen (or hydrogen) on the 
(111) and (100) surfaces brings about no rearrangements of the sur- 
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FIGWE T.-Schematic diagram of two-dimensional dif€ractioa 



28 F R I G T I O N  A N D  W E A R  

face atoms. There is a more or less regular arrangement of the adsorbed 
atoms on these surfaces. I n  the case of the (110) surfaces, which are 
less dense and have a more “open” structure than the other two low- 
index surf aces, there are reconstructive rearrangements of the metal 
surface atoms following the adsorption of oxygen or even hydrogen. 
These rearrangements do lead to lower free-energy configurations. It is 
apparent that the detailed understanding of these rearrangements, 
hopefully in the foreseeable future, will settle many of the uncertain- 
ties associated with the energetics of physical adsorption and 
chemisorption. 

Semiconductors of the Group I V  type (Ge, Si), or the group 111-V 
type (InSb, GaAs) , or the group 11-VI type (ZnO, CdS), have the 
diamond or diamond-like structure characterized by tetrahedral 
coordination (each atom has four nearest neighbors) and highly di- 
rectional bonds. These characteristics tare to be contrasted to those of 
metals where the number of nearest neighbors is significantly higher 
(typically six, eight, or twelve) and the bonds are not directional. It 
is to be expected that the atoms of semiconductor surfaces would un- 
dergo constructive rearrangements to accommodate their relatively 
pronounced unsaturated nature. Extensive LEED work has been per- 
formed on clean germanium and silicon surfaces (ref. 28). More 
recently the work has been extended to some semiconductor com- 
pounds. I n  all instances, the diffraction patterns indicate the presence 
of constructive rearrangements of varying complexity depending on 
the orientation. These rearrangements have not been resolved in de- 
tail, although much progress has been made in that direction. Also, 
significant experimental knowledge has been acquired regarding the 
correspondence of structure and electronic properties. 

Although only a sketchy account of LEED as an experimental tool 
can be given here, it must be stated emphatically that it represents the 
most powerful bo1 ever it0 become available for the fundamental study 
of surfaces. As the associated experimental techniques become more 
refined and more versatile and as the theoretical foundation of LEED 
patterns improves, there is no doubt that our understanding of the 
surfaces and their interactions mill undergo major advances. It is 
only natural that such advances will refleot directly on the undersband- 
ing and control of the behavior of real or ordinary surfaces and wn- 
sequently to the understanding of numerous processes. 

Ion Microprobe Mass Spectrometer 

This spectrometer is a relatively recent analytical tool (ref. 32) ; 
but because of its great sensitivity and applicability to  solid surfaces, it 
should be worthwhile -bo discuss it very briefly here. The surface being 
analyzed is bombarded with a beam of inert gas ions having an energy 
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of about 10 kV. The sputtered surface atoms which are ionized, if the 
bombarding ions are of s&cient energy, are focused into a mass spec- 
trometer analyzer. The sputtering process is applicable to metals as 
well as to nonmetallic materials and can be controlled so that successive 
monolayers can be removed from the surface. The sensikivity of ;the 
method at  present is of the order of parts per million, but it appears 
that it will be increased to parts per billion in the foreseeable future. 

The method is relatively new and was first tested in 1949. Its poten- 
tial is rather ,apparent, particularly with regard It0 the compositional 
determinations of surface layers. No other means are available for 
analyzing solid surfaces one stom layer thick for impurities in the 
range of parts per million to parts per billion. This spectrometer may 
therefore prove ta be the most powerful tool available for the analyt- 
ical study of real surfaces. 

SOLID-GAS INTERFACES 

Solid-gas interfaces represent the most important inhrf aces from 
the scien%ific, engineering, and technological points of view of solid 
surfaces. Surface-gas interactions provide the most direct informakion 
regarding the energetics of surfaces and stheir struotural characteris- 
tics. In  fact, our present understanding of surfaces is based It0 a very 
large extent, if not primarily, on the results of surface-gas inter- 
actions. 

Wibth respot to engineering and ,technology, it is obvious thak sur- 
face-gas interactions are critically important in all uses of solid mate- 
rials. These interactions ‘are bearing either directly or indireekly on cthe 
various functions of solids (friction being only one typical instance). 
Even the mechanical strength characteristics of metal beams for bridge 
construction cannot be considered without the interadion of their 
surfaces with the environment. Although a significant segment of the 
industry is involved in the protection of solid surfaces from gaseous 
environments, by necessity it is carried out largely on an empirical or 
semiempirical basis. 

General Considerations 

Although the detailed understanding or formulation of surface ener- 
getics is still unresolved, it is readily recognized that surface atoms 
are in a stsb which can be referred to ais “unsaturated,’’ “reactive,” or 
“excited.” Large amounts of energy, corresponding to a significant 
fraction of the total cohesive energy, are required for surface foma- 
tion. It is estimated (ref. 26), for example, that the surface free energy 
(7) of the (110) surfaces of copper is 1670 erg/cm2 and its surfaca 
energy (y-Tdy/dT)  32 kcal/mole. The cohesive energy of copper 
(heat of sublimation) is 82 koa.l/mola. 

Solid surf ace-gas interactions are customarily distinguished in phys- 
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ical adsorption and chemisorption. In  physical adsorption, the heat 
of reaction is usurnally less khan 10 kcal per mole. Forces of the van 
der Waals type are involved here and are comparable ,to forces airting 
in the liquefaction of inert gases. In  chemisorption, the nature and mag- 
nitude of the forces involved are eomparable to those associated wihh 
chemical bond formation. It should be underlined, however, that chem- 
isorption need not imply the formation of chemical compounds in the 
classical sense. Thus, species resulting from chemisorption (of the 
order of a monolayer) are “two-dimensional” with characteristics (in- 
cluding the energetics) different from those of the corresponding 
“three-dimensional” chemical compound phases. For example, the heats 
of chemisorption of 0, and N, on W are 194 and 85 kcal/mole respec- 
tively; the corresponding heats of formation of the compounds W 0 2  
and T 2 N  are 134 and 34.4 kcal/mole (ref. 26). 

In  view of the large energy involved, it is apparent that chemisorp- 
tion changes significantly the characteristics of solid surf aces. The 
nature of such changes--energetics and kinetics-continues to be the 
subject of intensive investigations. 

With the formation of an adsorbed monolayer, the surfaces are no 
longer strongly unsaturated and thus exhibit no pronounced tendency 
for further interactions. However, if a mechanism is provided for the 
exposure of new surf ace atoms the ambient, the solid-gas interaction 
may proceed beyond a monolayer and, in fact, can led to new three- 
dimensional phases. Such extended interaotions are usually referred 
to as oxidation. The study of oxidation, particularly oxidation of 
metals, is a scientific field in itself. 

Physical Adsorption 

Since the van der Waals forces acting in physical adsorption are of 
the same nature as those responsible for  the liquefaction of gases, the 
adsorbability of gases should increase Wikh their increasing ease of 
liquefaction. The above correlation between these two properties has 
been known for many years. Helium being the most difficult gas 60 
liquefy has the least tendency to adsorb and its heat of adsorpt‘ 1 ion on 
various surfaces is very small. 

Actually, the forces acting among inert gas atoms can serve as a 
starting point in considering physical adsorption. The potential energy 
E(r) of two atoms at  distance r can be represented according to the 
Lennard-Jones approximation as : 

where E, is the depth of the potential well and u is the internuclear 
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separation at  which the potential energy vanishes. The attractive 
forces vary as l/r6 and are due to valence electron interactions between 
the two atoms; the repulsive forces at small internuclear separation 
result from approaching interpenetration of the closed electron shells 
which is prohibited by the Pauli principle. The Lennard-Jones approach 
can be extended to the interaction between solid surfaces and gas atoms. 
Such treatment is not particularly complicated in the case of covalent 
and ionic solids in which the electronic configuration of the atoms can 
be satisfactorily defined. I n  fact, in those cases the potential energy 
curve is similar to that for the atom-atom interaction (fig. 8). 

In  the case of metals where the valence electron configuration is not 
well defined, the description of the adsorption forces is no longer 
straightforward. Lennard-Jones considered the metal as a perfect 
conductor where the fluctuations in $he electron cloud around the 
adatom induce a mirror image, and he arrived at an expression for 
the attractive interactions. Refinements have been proposed by 
subsequent investigators. The following expression for the interaction 
E between an adatom and a metal surface atom is discussed in some 
detail in reference 26: 

where a is the lattice spacing, n, the number of atoms per unit cell, 
m the electron mass, c the velocity of light, 2 the diamagnetic suscepti- 
bility, A(')(ul) the polarizability of the metal per unit volume at  
frequency ul, A@)(O) the static polarizability, C is a dimensionless 
number (about 2.5), is polarizability of the adatom, and T ,  is 
the radius of a sphere encompassing a single electron in the metal. 
The total potential is obtained by summation over all atom cells in 
the metal. 

Although there are questionable assumptions and approximations 
in the above expression, including the fact that it contains no repulsive 
terms, it leads into a very significant conclusion: since the high fre- 
quency oscillation of the electron cloud of the adatom cannot be fol- 
lowed by the metal valence electron, adsorption on metals is of similar 
nature as on nonmetals. 

Adsorption and Heterogeneity of Surfaces 

It is apparent from the discussion of the forces acting in adsorption 
that the interaction energies must vary with crystallographic orienta- 
tion. The greater the density of lattice atoms surrounding the adatoms, 
the greater the interaction energy. Consequently, the higher the atom 
density on a given crystallographic surface, the more pronounced is 
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FIGURE 8.-schematic representation of atom-atom 
interaction as a function of interatomic distance 
according to Lennard-Jones approximation. 

the adsorption. Similarly, adsorption is most pronounced in lattice 

Variations in the adsorption characteristics as a function of orienta- 
tion has been demonstrated experimentally in a number of instances. 
In  the potassium chloride-argon system, it was shown (ref. 33) that the 
heat of adsorption of argon is significantly greater in the (111) sur- 
faces than in the (100) surfaces, since in this rock-salt structure the 
diatomic structure of the (111) surfaces allows the penetration of the 
argon atoms between surface atoms, leading to stronger adsorption. 

With the development of the field-emission microscope, the variation 
of adsorption with orientation was demonstrated most strikingly and 
studied in some detail. It was shown, for example, that in the tungsten- 
xenon system, the binding energy on the (111) regions is lower than 
on (100) regions, consistent with the fact that the number of first and 
second nearest neighbors metal atoms surrounding the adatom is 
greater in (100) regions than in the (111) regions in the b.c.c. metal 
(ref. 26). As pointed out earlier, field-emission microscopy is uniquely 
suited for the detailed study of the behavior of the adsorbed layer 
including surf ace migration. 

Another manifestation of surface heterogeneities is the decrease of 
adsorption heat as a function surface coverage. This decrease has been 
demonstrated in a number of solid-gas systems, and it can amount to 

' holes or edges. 
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about an order of magnitude from its initial value (zero coverage) to 
that corresponding to coverage approaching a monolayer (fig. 9). 

The decrease of adsorption heat wikh surface coverage can, to a cer- 
tain extent, be attributed to repulsions among the adsorbed layer 
atoms. Such repulsive forces may be due to electrostatic repulsion of 
dipoles and to short-range repulsion arising from the overlap of the 
electron clouds of the interacting particles. In  the case of hydrogen 
monolayers on metals (such as nickel or tungsten), short-range inter- 
actions are not present since the hydrogen atom diameter (about 2.0A) 
is less than the shortest distance between sites (2.4SA for nickel and 
2.73A for tungsten). Calculation of electrostatic repulsion gives a value 
of approximately 2.5 kcal/mole for the heat decrease between zero 
coverage and coverage of one monolayer for tungsten-hydrogen sys- 
tem. The experimentally observed heat decrease is about 42 kcal/mole, 
suggesting that a major role is played by surface heterogeneities 
(ref. 34). 

A further very important manifestation of surface heterogeneities 
is the variation of the work function with orientation. It is well known 
that the low index planes exhibit higher work functions than the high 
index planes. Actually the field-emission microscopy patterns, as 
pointed out earlier, are a direot reflection of this characteristic prop- 
erty. Here again, the field-emission microscope provides the means for 

COVERAGE, e 
FIQURE 9.-!Cypical dependence of heat of adsorption on surface 

coverage 8 in monolayers. 
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the direct study of the variation of work function with orientation and 
the influence of adsorption or other important parameters. 

Surface heterogeneities have been recognized for some time as being 
responsible for observed variations in catalytic activity (ref. 35). A 
small fraction of the surface can in fact be responsible in many in- 
stances for the observed catalytic laction, Accordingly, it is possible ,to 
inhibit catalytic reactions by addition of catalytic inhibitors in 
amounts far less than required to form a monolayer on the surface. 

Although the intrinsic heterogeneous behavior of surf aces is not yet 
clearly understood, it musk be recognized as a very important aspect 
of surface behavior in the applications of metals. It should be further 
pointed out that surface heterogeneikies can bs introduced by localized 
cold work composition variations, dispersed phases, and other extrinsic 
factors. 

Chemisorption 

The nature of the interaction forces in chemisorption, plus their 
quantitative treatment, have not been developed in detail ; however, 
a great deal of work has been carried out in that direction (ref. 34). 

It is possible to diagnose the type of bond at the surface from 
dipole moment data. Such data must, of course, be obtained at low sur- 
f me coverage since mutual depolarization may decrease the dipole 
moment at high coverages. In  the case of chemisorbed alkali metals 
(Na, K, and Cs) on tungsten, the experimentally determined dipole 
moments are in reasonable agreement with those calculated on the 
basis of the presence of monovalent ions (ie., Na') on the surface 
(ref. 34, p. 970). It is thus reasonable to conclude that in this case 
chemisorption is associated with pure ionic bonding. 

In  the case of chemisorption of gases on metals, the existing experi- 
mental evidence (very small surface dipole) favors the view that 
the chemical bond formed is covalent. Gases chemisorb to a greater 
extent on transition metals with partially empty d-shells. It has been 
proposed that in such metals covalent bonds are formed between the 
chemisorbed gas and the d-orbitals. Extensive measurements on tran- 
sition metals show that their magnetic susceptibility decreases upon 
chemisorption, indicating that their unpaired d-electrons participate 
in covalent bond formation upon chemisorption. This type of d-bond 
formation is apparently very significant in the mechanisms of catalysis 
since transition metals are in general the best catalysts. 

ICovalent bonding with partially filled d-shells is not the only 
type of covalency in chemisorption. Chemisorption of oxygen and 
other gases on nontransition metals does involve covalent or partially 
ionic bonding. Actually oxygen chemisorbs on all metals except 
gold. 
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The detailed discussion of the chemical bonds involved in surface 
chemisorption is beyond the scope of the present coverage. It should 
be pointed out, however, that a significant spectrum of bonds (co- 
ordinate links, surface radicals, etc.) must exist between the purely 
ionic and the purely covalent ones. Chemical bonding in chemisorp- 
tion will be greatly clarsed 9s the structure of the solid surfaces and 
their rearrangements during chemisorption are resolved. 

The mobility of chemisorbed layers is another very important 
aspect in the study of surfaces. The motion of such layers is an acti- 
vated process so that only above a certain temperature do chemisorbed 
layers tend to be mobile. This temperature is, of course, b low the 
temperature of desorption. I n  general the activation energy for 
migration increases with increasing heat of adsorption. Since the 
adsorption heat decreases with surf ace coverage, it is apparent that 
the mobility of surface layers is higher at higher coverages. 

Numerous experimental studies have been performed to determine 
the activation energy of migration in many systems. Table 3 sum- 
marizes some results on the mobility of chemisorbed metal layers 
(ref. 24, p. 205). TI is the temperature at which surface mobility can 
first be detected, and T, the temperature at which evaporation just 
begins. It can be seen'that TI is roughly 1/2 of T,. If it is assumed that 
the velocity differences in the two processes are due to differences 
in the corresponding activation energies, then the activation energy 
of migration can be taken to be approximately one-half the activation 
energy of desorption. Since the chemisorption process is not activated, 
it is apparent that the activation energy of migration is about one- 
half the heat of adsorption. 

TABLE 3.-Mobility of Some Adsorbed Layers" 

System Ti, OK Ta, "K - 
Th on W 870 2100 
Th on Mo 870 2100 
Ba on W 400 900 
Ba on Mo 400? 900 
Na on W 300 600 
Na on Mo 300 600 
.. 

*Mobility can just be observed at TI, and 
at Ta evaporation just beghe (ref. 24, 
P. rn). 

The most direct method for studying surface migration is by means 
of the field-emission microscope where migration can be continuously 
monitored as a function of temperature and time. 



36 F R I C T I O N  A N D  W E A R  

Oxidation and Surfaces 

Interaction of metal surfaces with gases does not necessarily cease 
with the formation of an adsorbed monolayer. (For an extensive treat- 
ment, see reference 36.) I f  a mechanism is available for the continuous 
exposure of new surface, the interaction with the ambient proceeds, 
leading to the formation of a three-dimensional phase. The formation 
of thick surface films has been most extensively studied in the case of 
oxide films, although certainly not to the exclusion of other films such 
as sulfides. 

Film formation is obviously very important from the technological 
point of view and most complex scientifically. The phenomenology of 
film formation on a macroscopic bask has been well formulated. The 
detailed mechanisms involved, however, are still on a speculative basis 
although they have occupied numerous brilliant minds. 

From the experimental point of view it has been found that film 
formation in general (in terms of thickness y as a function of time t )  
can be described by one of three general equations: 

y=klt+kz (linear) (18) 

(1 9) . y=k810g k,t+k, (logarithmic) 

y2= kat+k7 (parabolic). (20) 

It is apparent that in the case of linear growth, the film itself presents 
no barrier to its further growth. The surface films are highly porous 
and populated with cracks so that the same amount of substrate sur- 
face is exposed to the gas at  all times. 

In the other two instances (eqs. 19 and 20), the initial film slows 
the solid-gas interaction. Communication of the substrate with the 
gas must take place by migpation of gas through the film to the metal- 
film interface, or by migration of metal species through the film to 
the film-gas interface. Both mechanisms can, of course, operate simul- 
taneously. These mechanisms have been treated in great detail either in 
general terms or as applied to  specific systems. In  some instances, 
theory and experiment are in agreement ; however, many questions 
remain unsettled. It is of particular interest, for example, to know the 
role of the initial stages of film formation in the subsequent film 
growth. The study of the initial stage of oxidation including the sur- 
face rearrangements of the metal has been recently pursued by new 
experimental techniques including the low energy electron diffraction. 
The results obtained are promising indeed (ref. 37). 

Summarizing Remarks 

Although solid-gas interfaces are of the most fundamental impor- 
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tance regaxding the science and technology of solid surfam, their 
detailed understanding remains a matter of the future. Some of the 
reasons for this situation have probably become apparent from the 
preceding discussion. Perhaps the most important reason is associated 
with the limited experimental information on the microscopic con- 
figuration of clean surfaces and on the ensuing changes (on an atomic 
scale) following the exposure to gases. With the rapid development 
of experimental techniques for the study of interfaces on an atomic 
scale, coupled with controlled high-vacuum facilities, rapid progress 
is expected in the next decade. This writer believes that the most im- 
portant aspects of the solid-gas interfaces lie in the initial detailed 
interaction of “clean” surfaces with gases well before a monolayer is 
formed. The energetics, structural changes, and kinetics of these ini- 
tial interactions should constitute the basis for the subsequent phe- 
nomena at  the solid-gas interfaces. 

SOLID-ELECTROLYTE INTERFACES 

As in the solid-gas interfaces, here one is also concerned with the 
energetics of the associated equilibria, with steady-state configura- 
tions, and with the kinetics of the processes involved (refs. 38 and 
39). All aspects of the solid-electrolyte interfaces are influenced, if 
not controlled, by the ions present in the liquid phase and the elec- 
trical carriers, electrons or electron deficiencies (holes), in the solid 
surface. Electrical charge transfer across the interface characterizes 
electrode processes in general, including such broad technical areas as 
electrolysis and corrosion. 

In  spite of the basic and technological significance of electrochem- 
istry and the many electrochemical problems in need of understand- 
ing, basic work on many phases of electrochemistry is conspicuously 
limited, particularly in the United States. 

The Electrical Double Layer 

The electrical double layer across an interface (ref. 40) was first 
discussed quantitatively by Helmholtz (1879) for the metal-electro- 
lyte interfaces. He proposed the presence of a k e d  layer of charges 
on the metal surface and a layer of ions of opposite charge held 
rigidly at some finite distance in the solution (fig. 10). Such a .conSg- 
uration was recognized as a parallel-plate ca2acitor and was readily 
treated quantitatively. I f  x is the distance between the oppositely 
charged plates and the dielectric constant, the corresponding capaci- 
tance per square centimeter is 
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FIGUEE 10.-Schematic representation 
of the Helmholtz double layer. 
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Thus, if q is the surface charge density, the potential drop AV across 
the interface is 

aV=2=4?rzq. C e  (22) 

The limitation of this simple model is the unlikely existence of a 
rigid” layer of ions in the liquid phase. A more refined model was 

proposed by Stern (1924) who assumed a fixed layer of charges on 
the solid and a nearly rigid layer of oppositely charged ions directly 
adsorbed. Further in the solution he proposed the existence of a 
diffuse charge layer, either with opposite or same sign as the adsorbed 
layer (fig. 11). Thus, there is a sharp potential drop in the fixed part 
of the layer and a slow drop in the diffuse part. The latter potential, 
referred to as the zeta potential ( p )  , is of basic importance in electro- 
kinetic phenomena. For simplicity, here also it can be assumed that 
the difFuse double layer corresponds to parallel-plate ( 2  distance 
apart) condenser; accordingly, 

L( 

where q is again the charge density per square centimeter. Accordifigly, 
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the capacity in Stern's double layer is considered due to two condensers 
in series so that the total capacity C is: 

1 1 1  +- 
Q-Qf Q6 

--- 

where Cf is the capacity of the h e d  and Cd of the diffuse components. 
Under equilibrium conditions (no charge transfer across the inter- 

face) the interface tension, y, is a function of the potential difference 
(aE) across the interface. Actually it has been shown (ref. 41) that 

dy= -qdE-zr& (25)  

where q is the intsrfacial electronic charge density (not including 
charge of ions), rt  is the excess of species i (in moles per interfacial 
unit area) over that present in the bulk of the phase, and p r  is the 
chemical potential of that species. 

At constant composition (constant p) one obtains from equation 25: 

(g)p=-P 
and 

where C is the differential capacitance. 
The dependence of y on E leads to the well-known electrocapillary 

curve studied extensively in the case of mercury (fig. 12). It is seen 
that the maximum interf acial tension (electrocapillary maximum) 
corresponds to the point of zero charge (@). This point of zero 
charge is of fundamental significance in the behavior of surf aces, par- 
ticularly with regard to adsorption from liquids. 

The direct determination of electrocapillary curves for solid sur- 
faces would have far reaching basic and applied implications in under- 
standing and controlling the behavior of solid surfaces. As of now 
such a determination is not possible. 

The differential capacity C (eq. 27) can be experimentally deter- 
mined. It provides one of the most direct means for the study of the 
electrical structure of the double layer. It has been successfully em- 
ployed in the study of semiconductor-electrolytc interfaces (ref. 42). 
Since it is proportional to the real interfacial area, it can serve for the 
determination of relative surface areas ; however, the actual measure- 
ments present many diEculties associated with achieving well-char- 
acterized interfaces (including steady-state or equilibrium conditions). 
The reproducibility is generally poor, particularly in interfaces of 
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FIGURE 11.-Schematic representation of the 
Stern double layer. 
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FIGURE 12.-Schematie representation of the electro- 
capillary curve. 
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technological importance where well-defined and reproducible con- 
ditions are not common. 

Study of %he electrical double layer is not receiving the research 
attention it deserves, perhaps because of its complexity. Yet the key 
to the macroscopic chemical and mechanical properties of metal sur- 
faces in most of their applicaticns is likely to lie in the detailed struc- 
ture of the electrical double layer. 

. 

Electrochemical Nature of Corrosion 

The corrosion of metals in iks various forms (including some metal- 
gas cases) is electrochemical in nature (refs. 43 and 44). Metal atoms 
in the crystal are oxidized to metal ions as shown schematically in the 
reaction : 

MoeMz+ Sze-. (28) 

Here Mo represents metal atoms (zero oxidation state) in the crystal, 
z is a small integer (valence of the ion), and e- is an electron. This 
oxidation reaction occurs on areas of the solid surface called anodes 
or local anodes, and it is referred to as the anodic reaction. The 
necessary reduction reaction involving the reduction of a nonmetal N 
(oxygen, hydrogen, etc.)’ can be represented as follows: 

This reaction, referred to as the cathodic reaction, takes place at the 
local cathode areas. Thus, corrosion proceeds under the action of local 
electrolyte cells. The two “partial” reactions (eqs. 28 and 29) can be 
combined into a single oxidation-reduction reaction as follows : 

M a  f N@N& + Ng-. (30) 

The free energy in equations 28 and 29 is 

G(*,= -zFEl and G,2,= -zFE2 (31) 

where El and E2 are the respective electrode (oxidation) potentials. 
The free energy charge (driving force) in equation 30 under thermo- 
dynamically reversible conditions is 

AG= - zF( E1 + E2) 
or 

where R is the gas coastant, K the absolute temperature, and a! is 
the activity of the species indicated as subscripts. 
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Under corrosion conditions, the rate of reaction may be controlled 
by the rate of equations 28 or 29, or both (electrochemical control). 
I f  reactions in equations 28 and 29 are very fast, then it is likely that 
equation 30 is controlled by the rate of diffusion of species N to the 
metal-electrolyte interface (diffusion control). Both types of control 
are frequently encountered. The diffusion-type control is obviously 
very common in the absence of agitation, stirring, or convection at the 
interface. Regardless of the type of reaction control, the partial rex- 
tions (eqs. 28 and 29) play a very important role in the nature of the 
surf ace microstructure resulting from corrosion. Furthermore, lattice 
defects (such as dislocations and grain boundaries), impurities, and 
other surface heterogeneities may favor or enhance either or both of the 
partial reactions. Locations with high surface free energy will, of 
course, enhance the anodic reaction. 

During corrosion the rate j ,  of the cathodic reaction (current flow 
from the interface to the metal) is equal to the rate j, of the anodic 
reaction (current flow from metal to the interface)? and at steady 
state they are equal to the overall corrosion rate Jcor: 

j ,  = ja= J,,,. (33) 

As tt m u l t  of the current flow (nonequilibrium conditions) the po- 
tentials of the anodic and cathodic elements of the local electrolytic 
cells are polarized, Le., removed from their reversible values. The 
polarization of the local cells during corrosion can be illustrated sche- 
matically (fig. 13). The “open circuit” of the cathodic reaction (E, )  
and of the anodic reaction (Ea) are the corresponding equilibrium 
potentials in equations 28 and 29. The corrosion potential lies some- 
where between the above equilibrium values and depends on the par- 
ticular shape of the cathodic and anodic curves, which for simplicity, 
are shown as straight lines in figure 13. The intersection of the two 
partial polarization curves determines the corrosion potential. 

It is apparent from figure 13 that conditions decreasing the slope 
of the polarization” curves (depolarizing conditions) will shift their 
intersection point to a higher current value resulting in a higher corro- 
sion rate. Conversely, an increase in their slope (polarization) will lead 
to a decreased corrosion rate. The various polarization diagrams 
deriving from the general case of figure 13 are schematically repre- 
sented in figure 14. 

Both the cathodic and the anodic reactions are activated processes, 
and their rates are usually expressed in the Tafel relationships: 

jc=io exp ( -Fqc/RT) ( 34) 

ja=io  exp ( - F h I R T )  (35) 
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where F is the Faraday constant; a and p are constants whose values 
depend on the shape of the polarization curves and their interaction 
point; qc and qa are the corresponding activation overvoltages, Le., 
the change in the potential from the equilibrium value; it is here 
assumed that no polarization due to concentration gradients of the 
ions takes place; Tis the absolnte temperature, R is the gas constant, 
and io is the exchange current, Le., the current flowing across a unit 
area of the electrode in each direction at the reversible potential 
(v=O>. 

It is apparent that the corrosion theory of local cell action requires 
the presence of discrete anodes and cathodes. The distribution of the 
anode and cathode areas need not be h e d ;  rather, it can vary with 
time resulting in miform corrosion attack although corrosion (disso- 
lution) per se takes place at the anode areas. Actually, the concepts of 
corrosion potential (referred to also as mixed potential) and poly- 
electrode (referred to also as mixed electrode) can be developed by 
assuming two or more statistically independent electrode reactions 
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FIQIJBE 13.-Schematic representation of polarization curves of corrosion 
local cells. 
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FIGURE 14.-Schematic representation of the 
polarization curves of corrosion local cells. 
Cases 11-VI1 are derived from case I 
(which corresponds to figure 13) by de- 
polarization, or  further polarization of the 
anodic reaction, the cathodic reaction, or 
both. The diagrams are self-explanatory. 

which are related by the common electrical potential difference (mixed 
potential) between the metal and the electrolyte. Nevertheless, non- 
uniform corrosion can take place when parts of the corroding surface 
behave predominantly as anodes or cathodes. “Pitting” is one form 
of such type of corrosion where the areas leading to pitting serve 
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predominantly as anodic areas. Preferential attack is usually flsso- 

ciatad with the presence of surface heterogeneities as pointed out 
earlier. 

Although the basic electrochemical nature of metallic corrosion is 
well established, the actual mechanisms of the various types of corro- 
sion remain obscure. It is of particular interest to point out in ;the 
present context that the specific roles of strain, grain boundaries, dis- 
locations, and other structural defects are not understood. Similarly, 
there are major uncertainties regarding the effects of segregations, 
adsorbed layers or films, and many other factors eomonly  present 
in metallic corrosion. One might reasonably conclude that some major 
parameters entering lubrication, frictior,, ?and wear phenomena are 
directly related to the microscopic electrochemical mechanisms of 
metallic corrosion. The initiation of strew corrosion cracking and cor- 
rosion fatigue represent an exciting interplay between structural, 
mechanical, and chemical characteristics of solid surfaces. Here also 
our knowledge is sketchy. 

Solid-Solid Interfaces 

Many important aspects of solid-solid interfaces (ref. 13), particu- 
larly friction and adhesion, are extensively covered elsewhere in this 
conference. Only some aspects of general interest will be highlighted 
here. 

When two solid surfaces are brought into intimate contact, their 
atoms will interact. The nature of the interacting forces is not different 
from that in the solid-gas or solid-liquid interfaces. In an ideal case 
where two atomically flat surfaces are brought into intimate contact 
without exposure to 'a gaseous atmosphere (clean surfaces), one can 
make reasonable approximations of the interaction forces. Of course 
the structure (and bonding) of the surface has to be known (or as- 
sumed) as well as the relative position of the atoms of the two surfaces. 
Here again the surface free energy is a good index of the relevant 
interactions, as it represents the energy of the surface in its activated 
state. It is of interest to recall here that in many instances the surface 
free energy, 7,  is not very different from the total surface energy 
(enthalpy, y-Tdy/dt> because dy/dT is not large. 

The actual situation of the solid-solid interfaces becomes further 
complicated by the presence of gaseous ambient6 and the associated 
gas adsorption. Such adsorption significantly decreases the surf ace 
free energy by an amount equal to the heat of adsorption. As has 
been pointed out earlier, the heat of adsorption often represents a 
significant fraction of the surface free energy. Actually, the decrease 
in surface free energy due to adsorption can be estimated from the 
Gibbs adsorption isotherm: 
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where R is the gas constant, T is the absolute temperature, A is the 
specific surface area of the absorbent (surface area per gram), M is 
the molecular weight of the gas, 5 is the amount adsorbed in grams 
per gram of solid, and p is the equilibrium gas pressure. 

Friction and wear are very impoptant manifestations of the charac- 
teristics of solid-solid interfaces. However, as in other surface phe- 
nomena, here also the complexities are far too great (as is pointed 
out elsewhere in this conference), and consequently no unambiguous 
quantitative treatment is available. 

When friction was first considered systematically it was attributed 
to the interlocking of surface irregularities (Coulomb). This mechan- 
ical aspeot of friction probably plays some role in some instances; 
however, it has been repeatedly demonstrated that adsorbed films (of 
the order of a monolayer) can decrease friction significantly. At khe 
same time, friction between two solid surfaces increases with increas- 
ing load; in fact it  was noted by Leonard0 da Vinci and rediscovered 
by Amontons in 1699 that the ratio of the friction over the load 
(coefficient of friction) remains constant. 

Other parameters that must be considered in the friction process 
are the local temperature, the mechanical characteristics of the mate- 
rials involved (including hardness) and, of course, the exact surface 
microtopographies. In  considering friction and adhesion, the classical 
views of plasticity are not applicable if the stressed regions are too 
small either to contain dislocation or provide the energy to multiply 
dislocation moving through ithese regions (ref. 2, p. 236). Thus, 
stressed regions (of tin, for example) of the order of a micron or less 
can withstand stresses one to two orders of magnitude greater than 
the macroscopic yield stress. In  the absence of deformation during 
the motion of two solid surfaces, it is likely that the major role is 
played by interatomic forces characteristic of interfaces. 

Sintering takes place when solid-solid interfaces are exposed to 
high temperatures (about 3/4 of their absolute melting point). Sinter- 
ing is an activated process in which the surface tension is the driving 
force. It has been assumed that sintering solids behave as viscous 
liquids where the strain is linearly related to stress. The viscous flow 
must result from diffusion processes rather than from plastic flow 
where slipping of atomic planes takes place. Actually, it has been 
propos’ed (ref. 45) that the activation energy for sintering is the 
activation energy for self-diffusion. This model for sintering has been 
a useful one but it does not come close to resolving the complexity 
of the solid-solid interfaces at high temperature. 

. 
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Among $he “internal” solid-solid interfaces, the p i n  boundaries are 
of the greatest technological significance. The grain boundaries, most 
studied in the case of metals, are the regions between crystalline 
grains of differing orientation. They are manifestations of abrupt 
(or not so abrupt) changes in crystalline orientation. Like ordinary 
surfaces, they are lattice defects and are characterized by surface 
tension. Their exact nature is still not understood, yet sthey are 
of paramount importance in the overall behavior of solids and most 
particularly in the mechanical properties. 

For many years the grain boundaries were considered as amorphous 
cement-like in nature, accommodating grains of different orientation. 
This point of view is no longer held. Denending upon the difference 
in orientation betwsen the grains in question, the grain boundaries 
represent assemblies of dislocations ranging from very regular and 
well-defined ones (low angle boundaries) to very complex. One can 
approximate their surface tension which, in fact, is the driving force 
in the processes involving their motion (grain growth, for example). 
Their surface tension also accounts for their increased reactivity, as 
compared with the reactivity of the bulk material. 

In  some respects and under readily attainable high purity condi- 
tions, internal surf aces like grain boundaries lend themselves better 
to certain types of studies than ordinary solid surfaces for which the 
conditions of high purity present immensely greater difficulties. The 
energetics of surfaces and other physical properties may find more di- 
rect ultimate experimental success in some type of grain boundaries 
than in free solid surfaces. 

ATOMISTIC APPROACH TO COVALENT MATERIALS 

This seetion will include an illustration from the writer’s researches 
of oertain types of atomistic approximations that can be made when 
rigorous treatments are unavailable. Primarily covalent semiconduc- 
tor surf aces will be used because such materials with their directional 
bonds and their relatively small coordination number lend themselves 
well to atomistic models. Here the atoms are considered as individual 
entities, and the interatomic forces are viewed as electronic interac- 
tions localized between the individual atoms. 

The surfaces of the group IV  elemental semiconductors, such as 
germanium and silicon, will first be discussed. They have the diamond 
structure. In  considering their low index planes, it is assumed that the 
surface atoms undergo no structural -rearrangements and that they 
are characterized by unpaired-unshared electrons (dangling bonds). 
These surfaces are schematically represented in figure 15. Several con- 
clusions can be drawn from such a simple configuration. The tendency 
of these surfaces to react can be reasonably taken to be proportional 
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to the density of the surface dangling bonds. Indeed, in certain aque- 
ous solutions the dissolution r a b  of the various germanium surfaces 
was found to decrease with decreasing density of the dangling bonds 
as shown in table 4. The variation of the work function of these sur- 
faces with the density of dangling bonds shown in the table is also 
of interest (ref. 46). 

The tendency of dangling bonds to achieve a more stable con-ra- 
tion is further r e f i d  in the electronic properties of such surfaces 
including the existence of surface states pointed out earlier. Thus, the 
p-type (electron deficient) character of clean germanium surfaces can 
be attributed to this tendency : 

Ge&e-+e+(hole). (37) 

Crystallographically Polar Surfaces 

The dangling bond configuration of the 111-V and the TI-VI p i -  
marily covalent compounds is not as unambiguous as in the group 
I V  elements with the diamond structure. These compounds have the 
zinc blende or ithe wurzite structure where, as in the diamond struc- 

t 
c 

<110> 

FIG- 15.-Two-dimensional projection of the outermost 
and the second layer of atoms of the lower index planes 
showing the bonding and relative positions of the 
atoms. 
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TABLE 4.-CorreZation Between the Density of Free Surface Bonds, 
the Work Function, and the Dissolution Rates of Germanium in 02- 
Saturated H20 

Relative Relative Relative 

density function rate 
Orientation Free bonds, per cm2 free-bond work dissolution 

(100) 1. 25X 1016 1. 00 1. 00 1. 00 
(110) 8. 83X loE4 0. 71 0. 95 0. 89 
(111) 7. 2 2 x  1014 0. 58 0. 93 0. 62 

ture, the atoms are tetrahedrally bonded, each A atom having four 
nearest B neighbors and vice versa. An interesting aspect of these 
structures is their crystallographic polarity along the [ 1111 direc- 
tions. As a result of this polarity there exist two types of 
(111) surfaces, those terminating with A atoms and those ter- 
minating with B atoms, as seen in figure 16. I f  the outermost 
atom layer is removed,from either type of the (111) surfaces, 
the remaining surface layer consists of atoms with one bond toward 
the lattice and three unsaturated bonds. This configuration is obviously 
unstable; therefore, the removal as well as the addition of atoms on the 
(111) surfaces must proceed through diatomic steps. Accordingly, any 
steps on the surfaces must ,be at least two atoms deep. The discussion 
which follows will be limited to the (111) surfaces of the 111-V 
compounds with the zinc blende structure. The (100) and the 
(110) surfaces are not considered here because their corresponding 
crystallographic directions are not polar. 

The electronic configurations of the (111) surfaces are perhaps best 
visualized by considering a cut made perpendicular to the [111] direc- 
tion between planes AA and BB as shown in figure 16. Obviously a cut 
between planes AA and B’B’ is not feasible. It is important to know 
how the two electrons comprising each bond being broken will be ap- 
portioned between the newly created surface atoms. I n  the case of the 
diamond type crystals with only one type of atoms (i.e., Ge) , each 
atom will carry with it one electron of the cut ‘bond. I n  the 111-V 
compounds, however, the isolated A atom has three outer shell elec- 
trons, whereas an isolated B atom has five. Reasoning that the elec- 
tron f f i i t y  of the A atom is less than the work. function of the B atom, 
one can conclude that the B surface atoms must end up with two un- 
shared electrons, whereas the A surface atoms end up with no unshared 
or dangling electrons. Neglecting the partial ionic character of the 
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FIGURE 16.4rysta l  structure (zinc-blende) of the 111-V inter- 
metallic compounds ; the unit cell is indicated. *, group I11 atoms ; 
0, group V atoms. 

bonds the A and B surfstces can schematically be represented as shown 
in @pres 17 and 18. 

The chemical, structural, and electronic implications of the A and B 
surfaces having the above elechron configuration will now be consid- 
ered assuming no structural rearrangements of the surface atom of any 
major consequence (ref. 47). 

Chemic& implications.--The A surfaces with no dangling electrons 
are expected to be less reactive toward oxidizing agents than the B 
surfaces. Similarly, adsorption of electron donor molecules or negative 
ions should be more pronounced on the A surfaces than on the B sur- 
faces. Conversely, adsorption of electron acceptors or positive ions 
should be more pronounced on the B than on the A surfaces. 

Differences in chemical reactivity between the A and B surf aces were 
found for InSb by employing tetrahedral samples having exclusively 
A or exclusively B surfaces (fig. 19). The B surfaces were found to re- 
act faster in oxidizing media by about an order of magnitude than the 
corresponding A surfaces. This difference in dissolution rates could be 
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altered signdcantly by employing surface active agents adsorbing 
preferentially on either the A or the B surfaces. For instance, the pres- 
ence of amines in acid solutions decreased the dissolution rate of the 
B surfaces by a factor of about 10, whereas it did not affect to any sig- 
nificant extent the dissolution rate of the A surfaces. 

The differences in reactivity between the A and B atoms explained 
successfully the observation that dislocation etch pits form on the A 
and not on the B surfaces of the various 111-V compounds. I n  fact, by 
altering the reactivity differences through surface active agents it be- 
came possible to develop dislocation pits on both A and B surfaces. Ad- 
ditional chemical observations were found to be consistent with the 
model indicated above. 

StructwaZ implk*atio.ns.-The B surface atoms with the two un- 
shared electrons should retain their 9p3 electronic coofiguration just 
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FIGURE lLP.-Atomic model of the A and B (111) surfaces. 
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< 1 l D  
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Fmmw 18.-Schematic representation of the dangling bonds on the A and B 
surfaces of 111-V compounds and the associated surface dipole moments. 
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as nitrogen does in the ammonia molecule with minor deviations from 
tetrahedral symmetry. The A surfaces, however, do not have s&cient 
electrons for tetrahedral hybridization. Actually the trivalent A atoms 
tsnd to q u i r e  an sp hybridization in their AX, compounds, such 
as InCI,. A planar qP configuration, however, is not possible on the 
A sur fam in view of the tetrahedral angles of the bonds underneath 
the surface layer. One should thus presume that a strained configura- 
tion results somewhere between sp and s@. Consequently, an elastic 
strain is expected to be associated with the A surfaces but not with 
the B surf aces. 

Consistent with this deduction are a number of experimental obser- 
vations (ref. 46). X-ray diffraction techniques have shown that for 
the same crystal of InSb the A surfaces are less perfect than the B 
surfaces. The A are more resistant to abrasion than the B surfaces. 
Crystal growth from the melt is easier in the B direction than in the A 
direction. Finally, it was shown that very thin InSb wafers are spon- 
taneously bent as shown in figure 20 because of the elastic strain as- 
sociated with the A surfaces. Actually, these experiments with the very 
thin (111) wafers (refs. 48 and 49) provided a quantitative approach 
to the elastic strain of the A surfaces. This strain can be calculated from 
the classical theory of elasticity knowing the elastic constants of the 
material, the geometric dimension, and the radius of curvature. The 
elastic energy is only a small fraction (about of the corresponding 
bonding energy. Calculations based on the X-ray diffraction results, 

FIG- 19.4eometric relationship 
between tetrahedron A having ex- 
clusively group I11 atom surfaces, 

and tetrahedron B having exclu- 
sively group V atom surfaces, i.e., 

i.e., (1111, ( i i i l ,  (iii), ( E ) ,  

(iii), (ill), (iii), ( i i i ) .  
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FIGWE 20.-(a) Curvature exhibited by an InSb (111) wafer 
7.8k.0.38 thick before and after annealing. (b) Germanium 
wafer of the same orientation and thickness. 

including some reasonable assumptions, are consistent with the findings 
of the bending experiments. It shonld be further noted that the radius 
of curvature of the spontaneously bent wafers can be increased or de- 
creased by exposure to gaseous ambients that adsorb preferentially on 
either the A or the B surface. 

Experiments with very thin and clean (111) wafers of 111-V com- 
pounds in a high vacuum arrangement might yield direct information 
on the heats of adsorption or chemisorption of various gases using the 
radius of curvature as a measure. 

Electronic implkatim.43 surface atoms with two unshared elec- 
trons are expected to act as electron donors, whereas A atoms having 
no dangling electrons are expected to act primarily as acceptors. Direct 
observation of differences in electrical behavior continues to present 
experimental difficulties, although some positive results are now avail- 
able ; however, clean triply bonded A or B atoms are present along the 
line of edge dislocations. The electronic configuration of the atoms 
along the edge dislocations should be the same as th-ose of the come- 
sponding surf ace atoms. Consequently, 6he electrical behavior of edge 
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dislocations should be similar to thak of triply bonded surface atoms. 
By employing n-type InSb sampla in which an excess of dislocations 
with A or B atoms had been introduced by plastic deformation, it was 
shown that triply bonded B atoms act as electron donors whereas 
triply bonded A atoms act as electron acceptors (ref. 50.). 

Recent field effect experiments with InSb real surfaces (ref. 51) 
indicate that both types of its (111) surfaces are p-type, the B surfaces 
being significantly more p-type than the A surfaces. A detailed analysis 
of the field effect results shows that they are consistent with the present 
atomistic model. 

CONCLUDING REMARKS 

I n  many axpects of science and technology, the importance of solid 
surfaces is expected to keep increasing. There is a clear trend showing 
that greater and more refined demands will be made on solid surfaces in 
electronic, mechanical, and chemical phenomena. Thus, the understand- 
ing-basic and applied-of surface behavior will continue to confront 
fundamental (theoretical and experimental) and applied scientists. 
No single approach or discipline is likely to claim major breakthroughs 
in surface science in the foreseeable future. Theory, laboratory experi- 
ments, and engineering are the three main fronts along which new work 
must be fostered. 

In scientific fields like nuclear physics and solid state physics, theory 
can proceed from first principles and advance separately from experi- 
ment. In  the case of solid surfaces, however, theory will continue to be 
based on phenomenological and semiquantitative foundations, postu- 
lates, and approximations; and it is therefore in acute need of reliable 
basic experimental information. 

I n  considering experimental work on solid surfaces, one must 
recognize the advances and shortcomings of clean and real surfaces. 
Neither type of surface can possibly resolve all the major surface prob- 
lems. The cleaner the surface, the less one can learn about actual sur- 
f ace behavior ; and conversely, the more real the surf ace, the less one 
can learn about its fundamental nature. I t  is this writer’s belief that 
interrelating or reconciling the characteristics of the clean and real 
surfaces is one of the greatest challenges in surface science and 
potentially one of the most rewarding. 

While work with clean surfaces represents one end of the experi- 
mental spectrum, at ,the other end of the spectrum lies surface engi- 
neering. In metallic protection, friction and wear, in lubrication, in 
catalysis, in conversion of chemical to electrical energy, and in many 
other technical areas, engineering is directly facing parameters of sur- 
face behavior. Sound engineering can, of course, be viewed as the 
triumph of basic and applied science ; but it should not be overlooked 
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that engineering has often played the role of the godfather to science. 
Here, again, an effective interplay between basic and engineering 
results holds promise for both. 

I n  conclusion, I believe that success in the understanding and utiliza- 
tion of solid surfaces hinges on the successful intoraction and correla-l 
tion of theory, fundamental experimental data, and engineering results. 
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DISCUSSIONS 

J. J. Hren (University of Florida, Gainesville, Florida) 

Perfect clean surfaces are not only of limited direct application to 
everyday problems involving real surfaces; they are also diEcult to 
achieve and maintain. Yet it is essential that research efforts be stimu- 
lated to study these impractical conditions, even though it is often diffi- 
cult to see how these data are likely to affect lubrication of a piston 
or the type of catalyst used to promote a chemical reaction. Of course 
this is just a special case of the classic argument &out the value of 
basic research to an applied technology; but then that is what this 
symposium is largely about. There is little doubt that it often requires 
a giant step ‘to connect the meanderings of basic research with pressing 
real problems. Although it would please me to assume the mental 
stature to make this step, I can only offer a tentative step in what looks 
like one of the right directions. In  addition, I will add a few specula- 
tions that may be the beginnings of further steps. 

Let me hasten to define my subject more specifically. I will concern 
myself with the kinds of information that can be obtained from field- 
ion and electron emission microscopy, namely, at the atomic or near 
atomic level and on clean or cleaned and intentionally contaminated 
surfaces with and without surface defects. These last are due to the 
intersection of bulk defects (dislocations, stacking faults, grain bound- 
aries, and the like) with the surface. 

ExperimtaZ condi.$ions.-When data are obtained about surfaces 
via field-ion and/or electron-emission microscopes, the specimens have 
been subjected to a rather unique set of boundary conditions. Of course 
the information obtained is unique as well, but it must be interpreted 
with full knowledge of its special applicability. Let us first examine 
these boundary conditions in some detail. I n  both microscopes, speci- 
mens are generally prepared from small-diameter wire or, to stretch 
a point, rods. To begin with, these are generally in the 0.002- to 0.010- 
inch diameter range. The wires are then “sharpened” to a point with 

323472 0-49-5 



56 F R I C T I O N  A N D  W E A R  

a tip radius of perhaps 0.1 to 1.0 microns. This sharpening is normally 
accomplished by electrochemical polishing but may involve etching 
or even, in part, ion sputtering. I n  many cases (particularly in electron 
emission studies), the specimen is next “flash annealed” to produce 
a nearly atomically smooth, hmispherioal surface. It is already clear 
that the specimen to be studied has undergone a very speci,al set of 
treatments, although nearly any state may be attained at this stage if 
suitable precautions are undertaken. Unfortunately, these preliminary 
steps are neither uniform nor often reported in detail in publications. 
The specimen may undergo yet another preparation step; in fact, field 
evaporation is mandatory in the case of FIM. Field evaporation is the 
prwess of removing atoms from the surface under the influence of an 
electric field with only a limited amount of thermal energy available 
(kT> eV) . The process is possible because of the enormous electric 
field at the surface ( lo7 to lo8 V/cm) which reduces the energy barrier 
for ionization of the surface atoms and permits them to be evaporated. 
These fields come about, of course, because of the very small diameters 
which are studied. Thus the field strength is given by: 

F=F, (’y 
and the stresses present normal to the surface are: 

F2 

uN=8?r. (39) 

I n  these expressions, P is the field strength at some distance r, Po is 
the field at the surface, R is the local tip radius, and G~ is the stress nor- 
mal to the surface. During field evaporation, the stresses are of the 
order of 1000 kg/mm z. At first glance it is amazing that the material 
is able to withstand such stresses without being deformed plastically 
into a pretzel ; however, the saving factor is the nearly hemispherical 
specimen form. Thus, the stresses within the material are substantially 
hydrostatic. The shear stresses are often sufficient to cause gross defor- 
mation, however, and may lead to failure of the specimen. If the field 
is increased sufficiently, field evaporation may occur. This process is 
highly controllable (can be viewed literally on an atom-by-atom basis) 
and is a means of dissecting the specimen atom by atom. Thus although 
only the surface is “imaged” in any given pattern, a substantial vol- 
ume may be investigated using a series of observations. Another in- 
teresting, and useful, feature is that the process of field evaporation 
produces a truly clean surface. Thus if a typical field-ion study were 
conducted, the specimen would be at 20° K, and the high field required 
for imaging (not as high as for field evaporation, but only about a 
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factor of 2 lower) would “protect” the surface from impurities-they 
would ionize and be repelled from the specimen before they reached 
the surface. I f  an ultrahigh vacuum system were employed ( 10-lo torr 
or better), the field could be switched off and the surface would remain 
clean €or extended periods. The similarity in the requirements for field- 
ion microscopy and field-electron emission microscopy thus suggests 
a number of potential experimental combinations yielding several 
valuable bits of information about clean or nearly clean surf aces. These 
bL combination” experiments offer great promise of gathering unique 
experimental information about surface structures. I will describe 
several studies of this kind which have already yielded significant in- 
fmnation about surfaces and will suggest several more that are well 
within the present state of the art and only remain to be done. Let 
us first specify what the vital equipment requirements are for each 
technique. 

For field-electron emission, the specimen must have a small 
radius of curvature (less than 1 micron) and must be placed at a high 
negative potential in an ultrahigh vacuum system ( torr). For 
field-ion microscopy, the specimen must be somewhat smaller (about 
1/10 micron) and must be held at a high positive potentinl in a high 
vacuum system torr). By meeting the most stringent require- 
ments of each, 1/10 micron radim and torr vacuum, the specimen 
may be examined both with the FIM and the FEEM by respectively 
using cryogenic cooling, an imaging gas and a positive potential, and 
ultrahigh vacuum and a negative potential. Coupling these bwic in- 
gredients with a host of possible specimen treatments, e.g., heating, 
vapor deposition, impurity adsorption, and bombardment with various 
particles, results in a wide experimental capability for fundamental 
research on many properties of surfaces. 

Contrast mechanisms in electron emission and Jield ionization.-In 
general, the kinds of information attainable from FIM and FEEM 
and pertinent to the properties of surfaces may be deduced from a 
knowledge of their respective contrast-forming mechanisms. In  the 
case of field-electron emission, electrons must tunnel through a sur- 
face barrier determined essentially by the work function @, modified 
by the influence of a strong applied field F, taking into account the 
modification introduced by the image potential of an electron at a 
distance zc from a conducting surface. These factors are illustrated 
schematically in figure 21. The probability that an electron incident 
on the surface may tunnel through this surface barrier is then con- 
verted into an expression for the field-emitted current density, J, by 
integrating over the energy distribution of the electrons incident on 
the surface barrier from within. The result was fist derived by 
Fowler and Nordheim (ref. 53). 
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F’IQUBE 2l.-Potential energy diagram for electrons at 
tungsten surface with an applied field: (a)  triangular 
barrier without inclusion of image potential -8\4@, 
(b) with image potential included giving Schottky hum ; 
broken lines show effect of adsorbed gas, here indicated 
as nitrogen on tungsten ( W N ) .  After Gomer (ref. 52). 
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312 
Fa exp (-6.8X107%) amp/cm2 

where p is the Fermi energy (in eV) and F the field (in V/cm) . The 
dominant factor in determining the resulting 'current density is the 
exponential term G3lz/F, and the field-emission image is thus very sensi- 
tive to local variations of the work function or field strength. The work 
function is of fundamental interest and varies with crystallographic 
orientation over the curved surface of the emitter. It is dso sensitive 
to changes in composition at the surface due either to adsorbed impuri- 
ties from the gaseous phase or impurities diffused to the surface from 
the interior of the specimen. This, of course, makes the field-electron 
emission microscope a very sensitive tool in studies of adsorption, oxi- 
dation, and corrosion in its initial stages. The sensitivity of the field- 
emitted electron current to the local field strength may be particularly 
useful in studies of local topography, especially under conditions where 
the field-ion microscope may not be ideally suited (e.g., nonrefractory 
metals). The resolution limit of FEEM is determined by a combina- 
tion of two effects: the spread of transverse moments of the electrons 
emitted and the diffraction of the electrons passing through the sur- 
face. A theoretical treatment of resolution yields a limit of about 2OA, 
although small surface protuberances, e.g., several molecules adsorbed 
on the surface of the emitter, could result in smaller values. 

The contrast-forming mechanism in the field-ion microscope is 
somewhat different. The ions comprising the image are produced above 
perturbations in the surface potential because of its discrete atomic 
structure. I n  fact, FIM arose as a natural consequence of FEEM as 
the latter became reasonably well understood. For example, a standard 
technique in FEEM is the desorption of adsorbed atoms either by ther- 
mal activation or by applying a positive potential to the emitter. The 
latter process is known as field desorption, and early researchers tried 
to image these desorbed atoms but were unsuccessful because of the 
difficulty in replenishing the supply of desorbed atoms in any reliable 
way. In  1951 Muller (ref. 54) experimented with a conventional field- 
emission microscope with the specimen at 'a high positive potential and 
Jan intentional supply of hydrogen gas. A visible hydrogen-ion image 
was thus produced with resolution in the 5 to 10A range. Shortly there- 
after Inghram and Gomer (ref. 55) used a mass spectrometer to 
analyze these ions and deduced that adsorption of the hydrogen on the 
surf ace prior to ionization was not necessary. I n  fact the gas molecules 
could be ionized in the extremely high fields near the surf ace, a process 
termed field ionization. The use of helium as the imaging species and 
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the recognition that cryogenic temperatures were required for optimum 
resolution resulted in the attainment of images of individual atoms by 
Miiller in 1956 (ref. 56). The fields necessary for ionization were found 
to lie in the 240-6 V/A range for hydrogen and helium, about an order 
of magnitude higher than required for field-electron emission. Field 
ionization involves not tunneling of ions, but rather tunneling of an 
electron from the gas into the solid. Figure 22 depicts schematically 
the potential energy of an electron in the imaging gas near the speci- 
men surface with a high Lapplied field. Because of the sensitivity of the 
tunneliig probability to the potential barrier at the surface, ionization 
ocours only over a relatively small region in space above the surface 
atoms, only a few tenths of an Anetrom unit according to both theory 
and experiment. It is worth noting that the atom cannot be ionized 
below some critical distance, labeled xc in figure 22 (6)  , since the poten- 
tial energy of the electron in the gas atom will then be below the Fermi 
level in the metal. This critical distance is from 4 to SA for those 
gases likely to be used in field-ion microscopy, so that the image 
points on the screen actually correspond to a picture of the peaks in 
the interatomic potential some distance above the surface. I n  addition, 
the imaging gas atoms are not normally ionized before colliding with 
the surface-although they are not adsorbed. I f  the gas atom is not 
ionized in its first pass through the field-ionization zone, it will re- 
bound, thereby passing through again. Kinetic energy is of course lost 
in the collision with the surface, and the gas atom becomes effectively 
trapped by the emitter. it is subsequently reattracted to the surface, 
passing through the field-ionization zone again and spending a greater 
time in this zone during each succeeding pass. This process has been 
termed hopping and may involve 100 or more passes such as just 
described. The ionization and hopping processes are illustrated in 
figure 23. 

(A 1 (B) ( C )  

FIGURE 22,Potential energy diagram of electron in imaging 
gas: (a)  free atom with valence electron at depth VI, 
(b) atom in the presence of external field, (e) atom close to 
surface illustrating critical distance xc, Fermi level, and 
work function rp  in metal. 



S U R F A C E S  A N D  T H E I R  I N T E R A O T I O N S  61 

POLAR1 ZE D 
GAS ATOM 

CONES OF 
EMITTED IONS 

\ 
IONIZATION I 

FIGURE 23.-Schematic illustration of field iod- 
zation and hopping process of gas atom over 
a specimen under imaging conditions. Zone 
of high ionization probability is indicated by 
heavy mrve over surface atoms. Note that 
appreciable ionization does not occur over all 
surface atoms. 

Binally, the process of field evaporation may occur when the applied 
field becomes sufficient to permit the surface atoms of the emitter to 
desorb. I f  this field for a particular material is below that required for 
substantial ionization of the imaging gas, it is not possible to obtain a 
stable image; but this need not always preclude experimental investi- 
gation via FIM. 

Having described in some detail the experimental conditions perbin- 
ing to image formation and resolution, let us now examine some par- 
mticular kinds of information that can be obtained using both FEEM 
and FIM. 

BtzGdies of awfaee 8df-&#'wbn.-A recent study by Melmed (ref. 
57) is part of a series (refs. 52 and 57 through 67) utilizing either 
field-ion microscopy, field-electron microscopy, cr both, to investigate 
the phenomenon of surface self -diffusion. Thermodynamically, the 
driving force for mass transport of the surface atoms is based on the 
higher chemical potential ps of a surface with smaller radius of curva- 
ture relakive to a larger radius of curvature. This may be expressed 
as : 
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Ps=ll:+(F;+E-U) Y Y  Q 

where pf is the chemical potential of a flat surface, y is the surface 
tension, u is the normal surface stress (if any), r1 and r2 are the 
principal radii of curvature, and f2 is the atomic volume (ref. 52). If 
the surface diffusion flux J is taken to be: 

.=(A) v p, atoms/cm-sec 

where A, is the area per atom and D, the surface diffusion coefficient, 
one can arrive at  an expression for the rate of change of the radius 
of curvature, or the blunting rate at various specimen temperatures, 
which may be measured quite precisely (ref. 57). Such blunting rates 
are found to obey Arrhenius-type equations with temperature of the 
form: 

t=A e x p ( s )  (43) 

where A is either constant or depends upon temperature as 1/T2 
and Q is the achivation energy of the process. These studies may 
be conducted either with or without an applied electric field, with 
apparently good correlation in the deduced activation energy of 
the process. (Of course the effect of the field must be accounted for, 
but this can be done quite accurately.) 

Surf ace de f e&.-There has been considerable recent concern about 
the structure of surface defects, particularly those produced by the in- 
hersection of a bulk defect such as a grain boundary or dislocation with 
the surface in a field-ion image. The intersection of bulk defects with 
the surface has long been recognized as significant in influencing such 
phenomena as crystal growth, whisker growth, catalysis, and a num- 
ber of nucleation processes. A. model has been developed for the growth 
of whiskers, for example, based on a single screw dislocation up the 
axis (ref. 68). Experimentally, researchers have had some difficulty 
testing this and other hypotheses. FIM and FEEM, however, offer 
prospects of very direct ways of testing the theories and perhaps sug- 
gesting other explanations where required. In  the case of whiskers, a 
considerable effort has been expended (refs. 69 through 71). A number 
of observations purporting to be screw dislocations were reported in 
the literature very early (ref. 7 2 ) ,  using either or both microscopic 
methods. One rather ingenious experiment was reported by Strayer, 
et al. (ref. 7 2 ) ,  where a pulsed field-emission microscope was used to 
minimize the influence of the field stresses on the dislocations within 
the sample. I n  addition, the specimens were heated so that surface 
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migrakion could be observed to and from the unending spiral steps 
formed by the intersection of the dislocations with the surface. By 
applying a steady elecrtric field independent of the pulsed imaging 
field and large enough to equal or exceed the stress due to surface ken- 
sion, no surface migration to or away from the defect occurred because 
of the difficulty in nucleating new atom layers at the step. On the other 
hand, wilth no steady applied field, addition or removal of material 
could be observed at  the dislocation intersection with the surface. This 
manifested itself in the spiral revolving about the point of intersection 
in one sense or the other. Although the work just described was done 
on tungsten, the authors point out that such a study could be accom- 
plished via FEEM on any suitable emitter material. 

Other less elaborate investigations have been reported from time to 
time, but all have been characterized by a lack of quantitative analysis. 
Most of ten spiral structures were simply described, without much at- 
tempt at analysis, as resulting from the intersection of screw disloca- 
tions with the emitter surface. In  fact, however, if one looks through 
6he basic literature on the geometry of dislocations, one finds that any 
dislocaltion can give rise to an “unending step” or spiral ramp when 
it intersects a surface. For example, Cottrell (ref. 73) states: 

An extremely important property of a dislocation line is the following one. 
Suppose that we have a family of parallel planes and project through them a dis- 
location line with a suitable Burgers vector which also projects through them. 
Then the structure is changed by the dislocation from a family of parallel planes 
into a single spiral surface, or a helicoid. This property is true of edge, screw, 
and mixed dislocations, but can be seen most easily in the case of screw disloca- 
tions which project vertically through the family of planes. 

The classic picture of a screw dislocation projecting vertically 
through a set of parallel planes is shown in figure 24; however, one can 
also visualize a helicoid formed by a mixed dislocation as shown sche- 
matically in figure 25. In  fact, there are really only two possibilities: 
either the dislocation intersecting a surface (or parallel set of planes) 
creates an unending ramp (which implies that the Burgers vector 
b is inclined at some angle to the plane on the surface) or it disturbs 
the surface only in the immediate vicinity of its core (in which case b 
lies in the surface). In  either case, the type of dislocation, i.e., screw, 
edge, or mixed, need not be specified except for differences in core 
configuration. These two possibilities may be described concisely by 
the two vectors g and b, where g is the reciprocal lattice vector corre- 
sponding to the set of planes intersected ,by the dislocation line. The 
dot product, g .  b, always yields an integer for whole dislocations, the 
magnitude of which determines the size of the unending step in terms 
of the interatomic spacings, d, of the planes inters&ed. This may be 
visualized more easily in terms of real lattice vectors alone, for the case 
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FIGURE 24.-Schematic of pure screw dislocation, 
AB, intersecting set of planes perpendicular to 
its line. Note that an unending step is produced, 
C, of height 1 Burgers vector. Planes parallel to 
the surface are deformed into a helicoid. 

FIQUBE 25.4urved  dislocation A 0  viewed from above in 
simple cubic structure. Shaded area corresponds to the 
same kind of step as depicted in figure 24, since dislocation 
intersects the surface a t  A normal to it. Note that at any 
position between A and C, a helicoid Is also produced even 
though the dislocation line is of mixed character, i.e., 
neither pure screw nor pure edge. 
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of a cubic crystal structure, as follows. The reciprocal lattice vector 
gwz be represented by: 

where r i h k l  is a unit vector normal to (hkl) and d h k l  is the interplanar 
spacing. Using the well-known relationships: 

and 

where a, is the unit cell dimension, equation 44 becomes: 

Since b is given in terms of a,, e.g., b=ao[u2vu)], the dot product g-b 
yields (hu+kv+lw), which is always an integer or zero if b is a lattice 
vector. The dot product may be thus thought of as giving the projec- 
tion of b on &hkz in units of d h r z  (illustrated in figure 26) where it 
may be observed that two merent  Burgers vectors of the type 2 [ 1101 

(the usual. case for FCC crystals) can yield different sized steps on 
the surface. Notice that no mention is made of the line direction of 
the dislocation here, i.e., the character of the dislocation has no 
influence on the size of the step produced on the surface. If the dot 
product is zero, the Burgers vector lies in the plane of the surface 
and no step is produced although small local displacements in the 
immediate vicinity of the intersection of the dislocation with the 
surface will exist. 

The conclusion to be emphasized is that, except for the relatively 
rare case where ,the Burgers vector of a dislocation intersecting the 
surface lies in the plane. of the surface, all  dislocation^ will produce 
an unending surface ramp which extends omr large regions of the 
surface. Thus if the surface were truly atomically flat, the step would 
proceed from the dislocation line to  the edge of the piece, much like 
the picture in figure 24. If the surface has a long-range curvature, such 
as in a field emitter, the step takes on the character of a spiral when 
viewed from above. The sense of the spiral will be determined by the 
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direction of the Burgers vector, i.e., whether it poinix out from or 
down into the surface. These effects are illustrated schematically in 
figure 27. 

The predictions of this analysis may be tested directly with a com- 
puter model, i.e., since the g-b criterion wi l l  describe the nature of the 
step to be expected upon intersection of any set of crystallographic 
planes with an arbitrary dislocation and since a good mathematical 
description of the atomic displacements around a dislocation are 
available in the literature, the geometry of the unending ramp may 
be accurately simulated in a digital computer. A typical example of 
simulation of a field-ion specimen is given in figure 28. The resulting 
spiral is exactly that predicted by the g-b criterion, and this has been 
true in every case tested (refs. 74 through 76). 

The spirals are not always so obvious in a field-ion image, par- 
ticularly if the dislocation intersects the surface near a high index 
region (Le., between prominent, low-index crystallographic planes). 
Figure 29 is a field-ion image of two closely spaced dislocations inter- 
secting the surface near a (113) plane, and figure 30 is the computer 
simulation of the image using the principles outlined above. Note 
that the two dislocations together give a triple spiral (i.e., an unend- 
ing ramp that is three d-spacings of the (113) planes), whereas no 
single dislocation of the type 5 [ l lo ]  could account for this observation. 

I n  a similar way, the intersection of dissociated dislocations (in- 
cluding the stacking fault) with arbitrary crystallographic planes may 
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FIGURE 26.-Diagram of (ill) plane showing the pro- 

duction of a step of either one or two interger d- 
spacings of (220) planes depending on whether the 

Burgers vector of intersecting dislocation is 3 [IT01 

or 9 noi]. 
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F r o m  27.-Schematic illustration of the produc- 
tion of clockwise or counterclockwise spirals on 
hemispherical surface depending on the sign of 
the Burgers vector projected on the surface 
normal. 

be analyzed using the g - b criterion and computer simulation combined. 
Although each partial dislocation alone will not yield a step (or spiral 
for field emitters) with an integral number of d-spacings, the two par- 
tial dislocations together yield a whole dislocation with a Burgers 
vector from one lattice point to another. Thus the long-range effect is 
an integer d-spacing step as just discussed. Only the region between the 
partilals, containing the stacking fault, produces a noninteger step, but 
even here there is a small step nonetheless. An example of a computer 
simulation for two partial dislocations (with associated stacking 
fault) intersecting the surface of a field emitter is given in figure 31. 
Note that the net long-range effect is a single spinal, a,s would be pre- 

dicted for a total dislocation 5 [IOl], and that there is a displace- 
ment parallel to the stacking fault between the two partial disloca- 
tions. On ha perfectly flat surface no spiral would be observed, but the 
step would proceed to the end of the specimen. I n  this case the inter- 
section of the stacking fault with the surface would produce only a 
step of height d/3. 

Quantitative interpretational work of the kind just described on 
surface defects in field emitters has been performed only very recently. 
Ranganathan (ref. 77) first proposed the g - b description of the spiral 
surface steps in order to explain the dislocation structure of grain 
boundaries. Sanwald et al. (ref. 74) verified the validity of the rela- 
tionship using computer simulation. Sanwald and the author (refs. 
75 and 78) were able to reproduce actual experimental images made 
with the field-ion microscope by computer simulation, thus conclu- 
sively establishing the validity of the analysis. Sanwald ,and Hren 

2 
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(refs. 79 and 80) have also extended the analysis to BCC and HCP 
as well as FCC, including studies of stacking faults and loops. New- 
man (ref. 81) bas since used combined field-ion microscopy and trans- 
mission electron microscopy to study and explain quenched-in defects 
in platinum using the same approach. 

Future studies on surfme defects.-Because surface defects of the 
kind just described (including others not SpecificaIly discussed such as 
anti-phase boundaries in ordered alloys and interface dislocations) 
can be quantitatively interpreted in field-ion and electron emission 
patterns, a considerable body of possible experiments of fundamental 
interest can be meaningfully tackled. I mill mention a few here, very 
briefly because of their speculative nzkure. 

It is easy to speculate that the intersection of a dislocation with a 
set of crystal planes will alter the work function. It would appear that 
this might be difficult to measure, however, because the local topog- 
raphy has also been changed, thereby affecting the local field strength 
P as well. 'This might be amenable to study if dislocations yielding 
different step heights can be obtained on the same kinds of planes in 
different specimens. On ;the other hand, a single dislocation, if it is 
inclined to the axis of the specimen, will intersect a number of dif- 
ferent planes if the specimen is field-evaporated between electron 

FIGURE 28.--Computer simulation of spiral 
configuration of dislocation with b=$ 
[110] intersecting (204) planes of hemi- 
spherical cap approximating field emitter. 
Long-range effect is the same regardless 
of direction of dislocation line. 
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li'r~m 2B.-Field-ion micrograph near (118) plane of 
an indium specimen showing triple-leaved spiral 
due to intersection of surface by two dislocations. 

emission measurements. Thus the effect of the dislocation on the emk- 
sion current of a n&ber of crystallographic planes may be studied in 
one specimen. 

The effect of surface defects on adsorption and desorption are also 
of obvious fundamental importance. One might easily imagine a series 
of experiments something like the following. A dislocation intersect- 
ing a specific set of planes is analyzed via FIM as described above. 
The work function is measured on the planes of intersection and other 
perfect planes of the same type on the emitter. A small amount of gas 
is allowed to enter the microscope in small inhite increments, and 
the rate of adsorption is measured on the plane with the defect and 
on the others. Desorption fields are measured making the same com- 
parisons. The specimen is field-evaporated so that the defect intersects 
another crystallographic set of planes, and the studies are repeated. 

Still another prospective study would involve the measurement of 
surface self-diffusion, again comparing the planes with defects and 
those without. Similar studies may be made on the nucleation and 
growth of thin films-particularly nucleation at the dislocation. The 
heights of the surface steps would no dowbt Ix? a crucial parameter in 
such experiments. 

Perhaps the most gratifying thing about studies of the kind just 
suggested is that they are at least a small step in the direction of under- 
standing something about mal surfaces. Clearly, real surfaces are much 
more complex than the conditions I have considered in field emitters; 
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FIGURE 30.-Computer simulated image corresponding to figure 
29, with dislocations having b t = 2  [Oll] and b z = 2  [Oil]. 

FIGURE 31.-Computer simulation of a pair 
of Shockley partial dislocations and asso- 
ciated stacking fault intersecting (220) 
planes in field emitter. Total Burgers 
vector b=% [loll. 
*Point of emergence of each partial disloca- 
tion. 

2 
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however, they most certainly do contain defects of the kind discussed. 
The steps caused by the intermotions of many dislocations and ather 
bulk defects with the surface undoubtably provide preferential sites 
for reactions with real environments. These reactions (e.g., oxidation, 
adsorption, surf ace migration) can be investigated individually and 
can serve as a base to predict large-scale effects. 
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The author is to be congratulated for his brief, clear, and rather com- 
plete survey of the literature dealing with the structure and behavior 
of solid surfaces. More important, the treatment of surface or inter- 
face phenomena has been imaginatively presented to cover basic and 
applied technology and should for this reason be useful to workers in 
both fields. Dr. Gatos has discussed at length the energetics of clean 
surfaces such as can be obtained in ultrahigh vacuum and real sur- 
faces where the interactions with the ambient can be gases, liquids, 
or solids. Finally, the paper adequately covers the utility and limita- 
tions of field-emission and ion-emission microscopy, low energy eIec- 
tron diffraction, and ion microprobe mass spectrometer as applied to 
clean and real surfaces. 

In considering fundamental and applied experimental work on solid 
surfaces, Dr. Gatos recognizes the advantages and shortcomings of the 
clean and the real surfaces and that neither type of surface can pos- 
sibly resolve all of the major surface problems. The clean surface 
teaches us little about actual surface behavior such as occurs in suc- 
cessful practical applications, while the real surface with its com- 
plexity does not lend itself to investigating its fundamental nature. 
Theref ore, reconciling the experimental behavior of clean and real 
surfaces and making them mutually compatible and useful to a better 
understanding of what happens at the surface is the real challenge 
facing us today. 

Surf ace engineering must deal in-an effective manner with many 
phases of surf ace phenomena. Thermionic and photoelectric emission, 
friction and wear for sliding surfaees in ordinary environment and 
in high vacuum such as required by ultraspace, lubrication, catalysis, 
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metallic protection, conversion of chemical ko electrical energy are a 
few of the areas for which creative engineering must provide satis- 
factory solutions. 

The purpose of this discussion is not primarily to bring out differ- 
ences in the authors’ points of view, but rather to sight a common 
parameter which exists between efficient photoelectric and thermionic 
surfaces and those used for sliding with or without the flow of elec- 
tric current. The surfaces to be discussed may consist of a thin film 
from a single metal, such as barium, suitable for high-vacuum appli- 
cations only, 01- complex composite surf aces suitable for high-vacuum 
as well as gaseous environment. The oommon parameter in all these 
instances is the electronic work fimction, which by our present stand- 
ards is low. 

The formation of composite surfaces can be intentional or purely 
coincidental. The atoms of freshly formed surfaces have unsaturated 
bonds and have a strong tendency to react physically or chemically 
with their environment and fofm composite surfaces. Therefore com- 
posite surfaces are heavily populated with foreign atoms. From the 
practical or utilitarian point of view, it matters much what type of 
foreign atoms form these oomposite surfaces. In  the case of thermionic 
emission, for example, the efficiency and general performance of elec- 
tron emittors is considerzbly enhanced if pure tungsten filament is 
replaced with thoriated tungsten, and pure platinum with platinum 
wire ooated with ;the oxides and sub-oxides of Ba, Sr, and Ca. 

I n  photoelectric phenomena, the skillful preparation of oomposite 
surfaces with pure, thick films of the alkali-metals group such as Li, 
K, Na, Rb, and Cs, is a must if one wishes to get good and efficient 
photocells. Yet when sliding surface phenomena with carbon as one 
component is involved, for which low friction and wear are of the 
utmost importance, the presence of foreign atoms from the alkali 
group, either metallic or salts, is most unwanted. Lithium in this 
respect has shown limited exception. 

Finally, the presence of atoms from the metals and compounds of the 
alkaline-earth group such as Ba, Sr, and Ca, and rare-earth group 
such as Ce and Th can be used effectively in all three instances : therm- 
ionic emittors, photoelectric emittors, and sliding surf aces. 

I n  discussing field emissipn microscopy and its application to the 
study of surfaces of solids, Dr. Gatos has described the bright areas in 
the electron emission photograph of figure 3 as those corresponding 
to high electron emission and relatively low work function. These are 
the areas that correspond to high index planes. The low index planes, 
which appear as dark areas, should have higher work fimction. This 
photograph was obtained with a pure tungsten point. Indeed it will be 
most interesting to see a photograph that has been obtained with tho- 
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riated tungsten point which has a lower work function than a pure 
tungsten point. 

The work function of a tungsten point can be materially lowered 
also by condensing on it a thin film of barium metal. But a condensed 
thin film of barium on the rubbing surfaces of a ball bearing in an 
X-ray tube has been found to reduce its friction sizably. Here then are 
two similar surfaces, in so far as the boundary layer of barium metal 
is concerned, that perform efficiently, each in its own way, in two en- 
tirely different phenomena, electron emission and mechanical rubbing. 
The property common to both of these surfaces is, of course, low work 
function. 

Practical experience has shown that good, efficient thermionic and 
photoelectric emitkors can be made in high vacuum with simple or 
complex-composite surfaces. Such surfaces can be prepared also in 
high vacuum and in identical manner for *he purpose of low friction, 
low wear mechanical sliding. 

In  their present studies of sliding friction and wear of different 
material combinations, many investigators use a stationary hemispheri- 
cal ball and a revolving disc in a well evacuated enclosure. Such an 
apparatus should be very useful for simultaneous measurements of 
photoelectric emission of the track, and friction and wear of the slider. 
The track can be cleaned of adsorbed gases with electron bombard- 
ment and then coated, while revolving, through evaporation with a 
thin coat of metallic barium. In  fact it is possible to bombard the track 
during the coating process with barium ions. Such procedure will 
tend to produce a uniform track surface suitable for more meaningful 
measurements. Similar procedure can be used for coating the track 
with more complex material such as the oxides, suboxides and salts of 
barium, strontium, and calcium; or the metals, oxides, and salts of the 
rare-earth elements. The photosensitive sulfides, selenides, and tellu- 
rides should also be examined and sorted out. 

The question now is how to measure the work function of a complex, 
composite surface. As a first approximation, one should perhaps be 
satisfied with the measurement of the total photoelectric current with 
a constant source of illumination. Thus the surface of the sliding track 
can be examined in high vacuum simultaneously as a sliding surface 
with or without the flow of electric current and as a photoelectric sur- 
face, and all of this without breaking the vacuum of the enclosure. 
Such an experiment may shed new light on the commonality of these 
two seemingly different and unrelated phenomena. 

The writer hopes that the experimental approach discussed in this 
study of surface behavior is new and useful. Indeed, in the study of 
surface behavior there is a need for combining basic and practical 
measurements, particularly when they can be done on good, identical 
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surfaces and at the same time. It wil l  be especially desirable if these 
measurements can be made on efficient and practically useful surf aces. 

The basic quantitative methods which have been developed for crys- 
talline solids, much as a result of atomic periodicity and symmetry, are 
no longer applicable to surface or interface phenomena. The surfaces 
represent an abrupt termination of such periodicity and symmetry ; 
yet, basically, it is through the surface that one must communicate 
with the solid. 

To complicate matters further, freshly uncovered surface atoms 
have unsaturated bonds and are extremely reactive chemically and 
physically with the environment to which they are exposed. From the 
basic scientific point of view, the complexity of the crystalline surface, 
once it has reacted wi.th its environment, be it gaseous, liquid, or solid, 
is enormous and interposes so many difficulties and uncertainties as 
to make a theoretical or even a basic experimental approach look hope- 
less. But it is in the complexity of this surface phenomena that one 
senses nature’s way of providing us with an inf inh number of possi- 
bilities by means of which good, practically useful, complex surf aces 
can be produced. That complex surfaces work better than freshly 
created ones, in whatever practical endeavor, is almost axiomatic. 

Dr. Gatos is not only mindful of the things that have been said here 
but has discussed in some detail film formation due to gases, liquids 
and solids. Difficulties in the experimental study of thick surface films 
several atom layers thick, with electron and ion microscopy and low 
energy electron diffraction, are also mentioned. Yet this writer has had 
much success in experiments with sliding surfaces, using thick films 
with or without the flow of electric current. Desirable thick films can 
be viewed generally as films of surface pacification and of separation, 
reducing friction and wear in sliding surface phenomena to very low 
values. But it is with thick films that an investigator finds himself 
hopelessly outmaneuvered when he tries to make basic measurements. 

Dr. Gatos has pointed out that the principal prerequisite for the suc- 
cessful use of real surfaces is that they be prepared reproducibly. 
Perhaps it may be helpful to mention here that films formed on solid 
rubbing surfaces, particularly with the flow of electric current, are 
not static. On the contrary, they should be looked upon as dynamic 
where the film is constantly broken down and repaired. Only when ths 
rate of film repair equals the rate of f h  destruction can there be 
stable equilibrium and satisfactory performance. 

This discussion will not be complete without mentioning the pro- 
found effect which certain gaseous atmospheres have on friction and 
wear when the sliding components are composite graphite and copper. 
A pure piece of graphite, when pressed with a force of 8 lb/in.2 against 
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a revolving ring moving about 5000 ftJmin, with or without the flow of 
electric current, will seize and wear very rapidly or dust with high 
coefficient of friction if the surrounding atmosphere is dry air or any 
of the following gases in dry form: nitrogen, carbon dioxide, argon, 
and hydrogen. I f  this piece of pure graphite is made again, if to its 
composition, before molding md baking, has been addsd a small 
amount of carbonate of the alkaline-earth group and a trace of a re- 
fractory nitride, and if the experiment is repeated with the above dry 
atmospheres, the rapid wear will no longer occur and the coefficient 
of friction will be acceptably small. There is a big difference, however, 
in performance of the sliding components containing the composite 
graphite if dry air atmosphere is r e p l a d  with dry carbon dioxide. In  
dry carbon dioxide atmosphere, the wear of the graphite composite 
decreases by a factor of 50 to 100, and the coefficient of friction de- 
creases by a factor of 3. Since these are lengthy experiments, the bene- 
ficial effect of this specific rubbing system, whm dry air ambient is 
replaced by dry carbon dioxide, is apparent. 

Details of the suggested method for measuring simultaneously the 
photoelectric emission and friction and wear of a mechanical rubbing 
system are shown in figure 32. The plate P and the hemispherical slider 
S can be made from mutually compatible metals or alloys, preferably 
of the type which will be usehl scientifically and practically. After 
proper cleaning of the sliding surfaces of P and S before assembly and 
after all component parts are assembled and evacuated as shown in 
figure 32, an attempt should be made to  clean the track surface of plate 
P by electronic bombardment in high vacuum while plate P is revolv- 
ing at a reasonably high surface speed such as 5000 ft/min. Thisvill 
tend to produce a more uniformly “sensitized” or active sliding surface 
and minimize the possible formation of different surface areas or 
patches. This surface then becomes the substrate for the metallic bar- 
ium coating to be deposited through evaporation. 

Without breaking the vacuum and with the pump operating, the 
track surface of plate P can now be coated with pure barium metal 
by heating a tubular iron wire, 0.025 inch in diameter, with 5 to 7 
amperes. This wire tube is filled with barium-aluminum getter alloy 
designed to evaporate pure barium metal when the tube is heated with 
the above-mentioned electric current. (One possible source of supply 
for this wire is the Electronics Division of Union Carbide Corporation 
in Cleveland, Ohio.) The barium coating should be deposited while 
the plate P is revolving at reasonably high speed. This will tend to 
produce the most uniform barium coating. 
This barium surface can now be examined photoelectrically for 

uniformity with the slider X off the sliding track and the plate P 
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revolving at high speed. Any variations in the photoelectric current 
resulting from surface nonuniformity can now be separated from the 
steady direct-current component as shown in figure 32 and described 
briefly in references 82 through 84. Once the alternating-current com- 
ponent of the total photoelectric current is separated, it can be ampli- 
fied and observed visually on a cathode-ray oscilloscope. I f  the beam 
of the ultraviolet light is strong enough to be focused in the form of a 
thin line parallel to the radius of plate P, the sliding track of the plate 
can be examined for surface uniformity in considerable detail through 
its photoelectric response along the whole circular path of the sliding 
surface. Any changes in the photoelectric sensitivity of the sliding 
track as the rider S begins to bear on it will also become apparent. 

TOP VIEW OF PLATE P 

HARD VACUUM 
< I X IO-'' TORR 

OSCILLOSCOPE 

TO VACUUM PUMP 

FINKBE 32.-Apparatus for simultaneous measurement of 
sliding friction and photoelectric emission of a barium 
surface. 
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Now, the active wear track can be monitored simultaneously for 

friction, wear, and photoelectric emission. Any changes in the photo- 
electric sensitivity of the activated slider S track during rotation can 
be seen and/or recorded. 

Should the above method of examining a sliding surface be found 
useful, then it is possible to coat the sliding track with composite 
materials derived from the compounds of the alkaline-earth and rare- 
earth chemical groups and with suitable sulphides, selenides, and 
tellurides. 

D H. Buckley (NASA Lewis Research Center, Cleveland, Ohio) 

Dr. Gatos is to be complimented for bringing to this conference a 
paper that has set the stage for the papers and discussions to follow. 
It has helped to orient our thinking and focus our attention on the 
nature of real surfaces and the means at our disposal for studying 
these surf aces. 

I have two questions which arose in reading Dr. Gatos' paper. The 
first deals with surface energy and the second with the nature of clean 
surfaces as determined by LEED. In  regard to surface energy, does 
Dr. Gatos feel that enough reliable measurements have been made in 
the area of surface energy to warrant its use at  the present tifne in 
fields such as friction and wear? Even theoretically calculated values 
do not seem to agree. By way of example, Dr. Gatos presents in table 2 
of his paper surface energy values of 5400 and 9140 ergs/cm2 for the 
(111) and the (100) planes of diamond, respectively. Gilman (ref. 85) 
indicates values of 3500 for the (111) planes and 7050 for .the (100) 
planes. Bowden and Tabor (ref. 86) report approximate values of 
5000 and 8000 ergs/cm2 for the same h o  planes. These differences do 
not disturb me nearly so much as those I obtained recently while search- 
ing for values for various planes of copper. Bondi (ref. 87) showed 
values for the (111) plane (2499 ergs/cmz) which was less than for 
the (100) plane (2892 ergs/cm2) as I would expect them to be. Yet 
reference 85 indicates values of 2980 ergs/cm2 for the (111) plane and 
590 ergs/cm2 for the (100) plane. Here the (100) plane has a markedly 
lower value. My question to Dr. Gatm is what does this tell us? 

In regard to my second question, I wonder if the LEED can in fack 
tell us when we have a redly clean surface. Some months ago I was 
concerned With the adhesion of clean (100) planes of tungsten to 
themselves (matched planes and directions). Beoause of the popu- 
larity of ion bombardment for cleaning of surfaces in LEED work, I 
used this technique to clean the tungsten surfaces. I found that I could 
not get adhesion to occur on touch contact. Even after prolonged heat- 
ing to remove the argon used in bombardment, adhesion would not 
occur. I should mention that the tungsten contained 10 ppm of the 
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TABLE 5.-Adhesion and Friction of (100) Matched Planes of 
Tungsten 

Surface preparation Adhesion on Coefficient 
touch contact of friction 

Argon ion bombardment No 0. 5 
Argon ion bombardment with prolonged anneal No 0. 9 
Hydrogen reduction and electron-beam cleaning Yes 3. 0 

interstitials 02, N, and H,, and carbon. I f ,  however, I heated the speci- 
mens in hydrogen for a prolonged time and then electron-beam 
cleaned the surface, adhesion of the planes occurred on touch contact. 
These data are summarized in table 5. 

These data are not meant to imply that my Edimnian approach 
gave a completely clean surface; but to me, one who rightly or wrongly 
has considerable faith in adhesion and friction measurements, it meant 
that the ion bombardment commonly used in LEED may not give 
really clean surfaces. Does Dr. Gatos have any comments in this area? 

J. J. Bikerman (Horizons Incorporated, Cleveland, Ohio) 

I agree with Professor Gabs when he states that “there am no 
direct methods for the experimental determination of surface energy 
in solids.” I should like to add that none of the proposed indirect 
methods is convincing. In  fact, no effect is known, no observation exists, 
which would prove to us the existence of a special energy of solid 
surfaces. Consequently, the values such as given in table 1 should not 
be taken seriously. 

Of the values quoted in the literature, some are simply wrong. 
The method which employs the creep of a wire is based on the as- 
sumption that, when a wire is stretched, only its surface is involved 
in the process while the bulk of the wire offers no resistance to stretch- 
ing. T o  me, this assumption is not admissible. The other values really 
refer to an energy related to the surface; but this energy is not 
analogous to the true surface energy as it is known in liquids. It may 
be called the cuticular energy. It exists because the superficial layer 
of every solid body is likely to be different from the inside matter. 
The former may have a different density of dislocations or simply 
scratches, or may differ from the bulk chemically (as the oxide 
on a metal surface), and so on. The method of the heat of dissoln- 
tion belongs to the second group. It is clear that the heat of dissolu- 
tion of the surface stratum (which consists of an oxide) must be 
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different from that of an equal mass of the bulk which really is 
metal. 

The whole field was reviewed by me in 1965 in the international 
magazine Physka S t a h  SoZidi (vol. 10, p. 3), and rthose who wish 
to know what the published values of surface tension mean, and 
what they do not mean, may be advised to read this review. 

The values recorded in table 2, i.e., the calculated surface energies, 
are anything but certain. Depending on the model used, very dif- 
ferent numerical values are obtained, and no one can judge which of 
the models is nearer the truth. 

E. E. Bisson (NASA Lewis Research Center, Cleveland, Ohio) 

Dr. Gatos refers to the “mobility of chemisorbed layers,” point- 
ing out that the chemisorbed layers “tend tto be mobile,” above a cer- 
tain minimum temperature and below the temperature of desorption. 
The mobility or migration to which he refers is, I believe, extremely 
low and hence would be of limited usefulness in the lubrication proc- 
ess. I n  the lubrication phenomenon, once the liquid or solid film sepa- 
rating the surface is ruptured, it must be “self-repairing” in order 
to maintain effective boundary lubrication. The film’s self -repairing 
qualities depend strictly on its mobility. The lubrication process of 
ordinary mechanisms requires almost instant film repair; this im- 
plies that the film’s mobility he great. I do not believe that the mobil- 
ity of chemisorbed layers is sufficient to effect a self-repairing film. 

H. M. Davis (Army Research Office, Durham, North Carolina) 

The word “surface” is being required to serve multiple functions. 
When we use it as a noun, we may refer to the geometric surface (the 
interface with an adjacent phase), but we are more commonly think- 
ing also of the composition and the atomic arrangement, normal or 
defeotive, in.th0 first few atomic layers of the material. 

We use this word adjeckivally with similar imprecision. When we 
need an adjeotive denoting the surface .and a little of $he underlying 
material, we could use a legitimate word which has been in the litera- 
ture of geology and geochemistry for decades : we could write or speak 
of the surficial zone, or the surficial layer. 

R. Courtel (Centre National de la Recherche Scientifique, Laboratoires de Bellevud 

I would like to rtsk Dr. &tos what quantitakive, simplified image 
of the periodical potential of a crystalline surface we presently have. 
Using such a representation would allow us to progress in solving a 
problem set by M. Brillouin (ref. 88) in 1899, which has since had 
no precise answer. Brillouin mnsiders friction force to be the result 

Bellevue, France) 
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of energy dissipation accompanying the passage of a series of unstable 
equilibrium positions of two atomic or molecular layers constituting 
the interface of rubbing solids. I n  sketching the map of the distribu- 
tion of surface potentials, one should therefore be able to find &he 
conclusion that Buckley (ref. 89) has recently given to his o m  ex- 
periments: that all other things being equal, friction is minimal on 
the planes of higher occupation (slip or cleavage planes) and, in these 
planes, along khe directions of highest atomic density. It would be 
sficient, therefore, to establish a relationship between the periodic 
variations of potential amplitudes (peak to valley) on the one hand, 
and the degree of instability of the equilibrium positions on the other, 
in order to justify Brillouink hypotheses and to explain Buckley’s 
result. 

LECTURER’S CLOSURE 

Dr. Hren’s discussion is pertinent to our topics and shows clearly 
the strength of some of the recent tools which is brought to bear on 
the complexities of solid surfaces. 

I am pleased that Dr. Ramadanoff chose to accent the importance of 
the electronic work function and to illustrate its significance. He is 
making some very interesting points. 

Mr. Buckley’s first question illustrates vividly the fact that, even in 
the simplest, cases, we are not yet in the position to unambiguously 
determine surf ace energies either theoretically or experimentally. In  
my opinion, however, the prognosis on relevant experimental and 
theoretical refinements is encouraging. 

Regarding the second question, the LEED can indeed tell us when 
we have clean surfaces. Good LEED patterns of a metal surface indi- 
cate that the surface is not contaminated, within a small fraction of a 
monolayer. Ion bombardment is a powerful surf ace-cleaning tech- 
nique, but its effectiveness in each case can only be assessed by actual 
LEED patterns. 

In  answer to Dr. Bikerman, I believe that the existing values of 
surface energies should indeed be taken seriously ; but they should 
not be considered definitive. These values represent our present experi- 
mental and theoretical limitations, and they should be viered in that 
light. 

I agree with Mr. Bisson that chemisorbed layers with relatively 
high energy of chemisorption are probably not useful as self-repair- 
ing films in lubrication phenomena. 

With reference to Dr. Courtel’s remarks, unfortunately I am not 
aware of any quantitative, simplified image of the surface periodic 
potential which might help in solving the problem posed by Brillouin. 
Hopefully, this question will attract the attention of some thoreticians. 
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Topography of Solid Surfaces 

J. B. P. WILLIAMSON 
Burndy Corporation 

Norwalk, Connecticut 

The paper starts with a review of methods of examining surfaces 
and comments on the advantages and limitations of each. M di-s 
how the development of our understanding of surface structure has 
tended to be shaped by the observational techniques available at the time. 

The recently developed itechniques of numerical surface analysis and 
micromapping are described, and the new picture they give us of the 
topography of surfaces and of the nature of static contact is dimwed. 
The approach to contact. theory suggested by this new picture emphasizes 
lthe equal importance of the shape of individual asperities and the .&a- 
tisties of the height distribution of the entire population of asperities 
on the surface. 

A recent instrumental development-the relocating s t a g e h a s  per- 
mitted the obgervation of individual asperities before and after contact. 
The paper describes experiments in which the progressive crushing of 
asperities has been measured as the load on them was increased to many 
times their nominal yield pressure. These have revealed some previ- 
ously unobserved aspects of the behavior of surfaces under extreme 
load&. 

Finally, a possible topographic mechanism of weaT is suggested, and 
a simple experimental investigation of the proposal is described. 

INTRODUCTION 

The Principal Methods of Observing Surfaces 

OGRESS IN A SCIENCE is often closely correlated with advances in 
l%chniques of observation and measurement. This is especially true 
in the study of surface contact. The detailed sha,ne of surfaces is very 
difficult $0 determine; and although a wide variety of techniques has 
been developed, none has yet= proved completely satisfactory. Each, to 
some extent, gives a distorted picturc+anphasizing certain aspects 
and obscuring others; therefore, scientific thinking about surfaces has 
tended to be shaped by the 'techniques available at the time. 

The early metallographic studies of sections through surfaces gave 
%5 
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valuable information on large-scale contact phenomena (such as wear 
tracks and wear particles). They showed that solid surfaces have 
asperities which are typiwlly 10 to 300 pin. high; that their s l o p  
are shallow, so that their bases can be 50 to 3000 pin. across; and that 
individual contact areas (as deduced from observations of transferred 
wear particles) were about 100 to 1000 pin. wide. They also (unique 
among surface observation techniques) revealed the microstructural 
state underneath the contact. However, the technique is deskructive; 
and even when using taper-sectioning methods (ref. 1) , it is not pos- 
sible to resolve the detailed topography. The suboptical scale of surface 
features has led to the development of several interferometric tech- 
niques (refs. 2 through 6) .  These are excellent for stepped surfaces 
or those with local irregularities within large flat planes; however, 
on normal rough surfaces they are difficult to operate and interpret. 
It was only when eleotron microscopy, both replica and reflexion, was 
nl3;plied to the study of surfaces that the fine structure of asperities 
was revealed in detail. Figure 1 shows three electron micrographs of a 
gold surf ace (taken by Mr. Diehl in my laboratory). The large asperi- 
ties in figure 1(A) are very shallow domes, roughly 400 pin. across 
and 50 pin. high; the smallest hills are less than 20 pin. across and 
5 pin. high. Figure 1 (B) shows a contact area approximately 200 pin. 
across; and figure 1 (C) shows wear marks which extend across several 
asperities. 

These photographic techniques can reveal both macroscopic and 
microsopic surface features, but they have two major limitations : 
first, that it is difficult to derive quantitative data-this restricted 
early work on surface contact to qualitative arguments; and sec- 
ondly, because of their inherent limited field of view they have tended 
to encourage scientists to become preoccupied wiith the behavior of in- 
dividual hills, whereas in fact the salient point about surface contact 
is that it involves whole populations of touching asperities. 

The second main group of surface observation techniques is based 
on tactile exploration. Profilometry was introduced by Abbott and 
Firestone in 1933 (ref. 7 )  ; and since then it has been developed into 
one of the most powerful of surface analysis tools. It has the advan- 
tage of presenting a picture of a large population of asperities and 
showing their relative positions. However, the profiles drawn by these 
techniques are deliberately distorted : the vertical magnification is 
often one hundred or more times the horizontal magnification. Con- 
sequently the slopes of the asperities are greatly exaggerated. Since 
the profile is by far the most common representation of surfaces used 
in this science, a false picture of the magnitude of asperities, arising 
from this distortion, has crept into scientific thinking and is the root 
of much confusion-especially in such topics as interlocking during 
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FIGURE 1.-Electron micrograph of 
plated gold surface. (a) General 
view at X 4000. (b) A single con- 
tact area X 15000. (e) Contact at 
heavy load X 4000. 
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sliding and surface deformation under normal loads. In particular, 
the question “Does the stylus record the valley bottoms?” often as- 
sumes false importance because one tends to think of an undistorted 
stylus riding over a distorted profile. At  the scale of a typical profile, 
the hemispherical tip of a high-resolution stylus is a line 0.01 in. wide 
and 1 in. high. 

Mr. Hunt and I have recently performed some experiments to deter- 
mine the size of the track left by the stylus, which is of course re- 
lated to ,the question of resolution. Figure 2 shows a network of 
tracks spaced 0.001 in. apart made on aluminum using a high-resolu- 
tion profile-measuring instrument (stylus ra&us 45 pin. ; stylus load 
60 mg). Aluminum was chosen as it is one of the softest metals on 
which profiles are made. These tracks are approximately 20 pin. wide ; 
tracks on harder surfaces would be narrower. This indicates that noth- 
ing smaller than 20 pin. (horizontal) can be resolved. It can also be 
shown khat for normal surfaces, where the average slope is a few 
degrees, the “lost region’’ at the bottom of a vee valley is about 15 pin. 
These two limitations-the obliteration of minute features due to track 
deformation, and the loss of bottom-detail due to stylus b luntness  
happen to be almost equal. It is thus reasonable to take 20 pin. as the 
horizontal resolution of the best profile instruments. Another pertinent 
question is “How deep are the tracks compared to the surface features 
of interest?” Figure 3 shows four profiles generated by the “east- 

- 

Raum 2.-A network of tracks, spaced 0.001 in. apart, 
made with 8 high-resolution stylus on alnminmn 
(X 500). 



T O P O G R A P H Y  OF S O L I D  S U R F A C E S  . 89 

2 pin L 
‘7- 

400 pin. -il- 
F I Q ~ E  3.-Profiles of the ‘‘east-west” tracks in figure 2, showing the absence 

of serious surface damage caused by the “northmuth” tracks. 

west” tracks in the network of figure 2. The positions where these 
cross the previously drawn “north-south’’ tracks are marked by the 
arrowheads. I f  the stylus tracks were deep compared with the height 
of the surface fea.tures, we would expect this technique to reveal them. 
Since the stylus is clearly sharp enough to sink into tracks that it 
itself has made, the east-west tracks should be evident as notches in 
the north-south pmfiles. The experiment detected no significant de- 
formation at  any of the intersections. This result shows that tracks 
can be clearly visible (fig. 2) and yet be shallow in comparison with 
the surface roughness (fig. 3). The depth is small even compared with 
the asperities on the 1 pin. CLA surfaces studied. A stylus leaving such 
a shallow track, which in any case is probably of constant depth, will 
lead to very little error in the profile. The track depth is not more 
than 1 pin., and the profile will probably reproduce the surface to bet- 
ter than 0.1 pin. I n  another gxperiment we have measured the ab- 
solute height of a profile as indicated by 30 successive traversals made 
on exactly the same track. The recorded height of the surface was re- 
duced progressively during the first ten traverses by roughly 1 pin. 
per traverse; by then the track had grown so that the load could be 
supported elastically and no further increase in track depth occurred. 
The same phenomenon of progressive track enlargement occurs when 
balls roll on flats (ref. 8). It must be emphasized that the above com- 
ments on the resolution and on the nondestructive nature of profil- 
ometry apply only ,to high-resolution styli operated under very lighk 
loads. 
An attempt at finer horizontal discrimination in proflometry (1 pin., 
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for example) would probably not be profitable. The present level of 
20 pin. is adequate for the study of surface topography; indeed we 
have found a resolution of 65 pin. to be satisfactory for most research 
purposes. Under normal conditions, contact areas are very rarely 
smaller than 50 pin. across; and, just as the discriminating ability of 
the observation techniques limiik the understanding we may achieve 
of surface contact, so the size of the contact event limits the scale at 
which it is profitable to examine surfaces. I n  this respect it seems that 
the recent group of experiments in which fine points have been touched 
lightly together inside electron microscopes and field-emision micro- 
scopes (D. Tabor, A. J. W. Moore, private communications) will in 
fact be of greater value to the solid state physicists than to the surface 
scientists. 

The Development of Our Concept of Surface Contact 

So far there have been four distinot stages in the development of 
our understanding of oontact. The first, dating perhaps from Leonardo 
da Vinci’s observations on the contact and friction of rough and 
smooth bodies (ref. 9) ,  was characterized by the belief that the area 
of real contact was the same as, or at least very close to, the apparent 
area. Friction was recognized and studied as an engineering phenom- 
enon in the eighteenth century (refs. 10 and ll), and the two basic 
laws ‘‘3’ is proportional to W’ and ‘‘8’ i!s not dependent on A” were 
accurately verified. Three theories of surface interaction emerged as 
possible explanations of the phenomenon. (Palmer (ref. 12) gives a 
useful review of the eady work on the “interlocking,” “adhesion,” and 
“electrification” hypotheses.) Early work was hampered by only a 
rudimentary knowledge of surface topography and by total ignorance 
of the concept of surface cleanliness. 

The second !stage was initiated by the recognition that solid sur- 
faces have asperities which are large compared with the amount of 
deformation sustained in normal contact. This was perhaps the great- 
est single advance in the history of the subject. It is not clear exactly 
when this concept was first introduced (see references 12 through 
14, all of which refer to early work) ; but the fir& comprehensive 
study of the implications of this picture is presented in the book 
Friction and Lubrication of Solids (ref. 15). The distinction between 
the real and nominal areas of wntact immediately suggested a physi- 
cal explanation .of the two basic laws of friction: the independence 
from the nominal area was obvious; and the assumption that the 
asperities deformed pla&ically led directly to the proportionality of 
contact area and load, and thus to the law ‘‘8’ is proportional to W.” 
Conversely, it was believed that elastic deformation of asperities was 
inconsistent with this well-established observation. I n  the following 
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decade, the implications of this “plastic contact” theory were explored 
in the neighboring fields of adhesion, wear, lubrication, and electric 
oontact. 

The third stage probably began in 1957, when Archard (ref. 16) 
pointed out that although it is reasonable to assume plastic flow for 
the first few traversals of one body over another, it is absurb to as- 
sume this for machine parts which may make millions of traversals 
during their life; the asperities may flow plastically at first, but they 
must reach a steady state in which the load is supported elastically. He  
went on to show that although the simple Hertzian theory does not 
prediot contact areas proportional to load, a generalized model in 
which each asperity is covered with microasperities, and each microas- 
perity with micro-microasperities, gives successively closer approxima- 
tions to this relation as more stages are considered. Archard explained 
that the essential distinction in the argument was whether an increase 
in load creates new contact areas or increases the size of existing ones. 
For physically plausible surfaces, any elastic model in which the num- 
ber of contacts remains constant will give A proporkional to W2l3 ; but 
if the average size remains constant and the number increases, the area 
will be proportional to the load. This argument did not rule out plas- 
tic deformation of the‘asperities; it merely showed that Amontons’ 
first law could be derived from either plastic or elastic contact. 

The latest stage has been the development of a theory of contact 
which combines the basic contaot event (the touching and deformation 
of !two asperities) with its environment (a population of asperities of 
random-but statistically describable-shapes) . Since the early paper 
of Zhuravlev (ref. 17), who studied the elastic content of an array of 
aligned spherical asperities, at  least a dozen analyses have been pub- 
lished discussing the contact of various assumed asperity shapes, height 
distributions, and deformation behavior-for example, Ling (ref. 18). 
Concurrently, severaJ attempts were made to establish criteria based 
on topographic considerations that would determine the mode of de- 
formation. The most general treatment so far available is given in a 
series of papers from the Burndy Research Laboratory (refs. 19 
through 22). They discuss the contact between two populations of 
asperities and also offer a concept of a “plasticity index,” a parameter 
which combines both the surface topography and the material proper- 
ties of the solid in a criterion which determines whether contact will be 
elastic or plastic. This approach proposes that the nature of surface 
contaet is primarily controlled by two topographic feature-the 
height distribution of the tops of the asperities and kheir curvature; 
and two material propertiesthe elasticity and the hardness. It implies 
thak the center line average is useful only in khat it is a loose indication 
of the summit height distribution ; and in retrospect one can see that 
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the long delay in the development of a general theory of contact re- 
sulted from lack of an adequate method of measuring surface struc- 
ture. Our present picture is the direct result of the development of 
numerical analysis and micromapping techniques for surf aces. 

This paper will first discuss the new pictures that these approaches 
give of surface topography and of the static contact between them; it 
will then describe some very recent work on the role of asperities in 
surface contact and finally consider the implications of this new view- 
point to our understanding of friction and lubrication. 

NUMERICAL ANALYSIS OF SURFACE PROFILES 
It is a straightforward matter to feed the output of a Taylor-Hob- 

son Talysurf through a suitable analog-to-digital conversion and sam- 
pling unit into a digital computer. The stylus and the electromechani- 
cal transducer produce the voltage analogue of the surface in the usual 
way. The pen recorder draws the profile, and at the same time a data 
conversion unit samples this voltage at a rate of 36.7 readings per 
second and punches it on paper tape. With the usual horizontal magni- 
fication of 100, this system records the surface height every 65 pin.; 
with the 500X magnification, the horizontal resolution becomes 13 pin. 
In the first case'the height recorded is the average value over the 
previous 20 pin. of the profile; in the second the averaging is over 
4 pin. The heights are recorded to three decimal digits. At the maxi- 
mum vertical magnification available, the low-order digit is in units of 
lob. For precise work, stringent precautions must bo taken to isolate 
the stylus from mechanical vibrations, and the instrument is mounted 
on an elaborate aseismic table. I n  practice the system is limited by 
residual noise, mechanical and electrical, to a resolution of about 50A. 
In  a typical observation, 1800 height readings are recorded from a 0.12- 
in. profile. The tape is converted to punched cards for  storage; 90 cards 
are required to carry the information of one profile. 

After the sample of heights is entered into a computer it is easy to 
obtain the center line height, the center line average, the rms of the 
height deviation, and many other parameters used in the various sur- 
face texture standards. Also, long and short wave components of the 
profile can be separated (in fact with considerably more flexibility than 
with the conventional analog analyzers). The computer can readily 
be programmed to evaluate n0w experimental parameters which can 
then be obtained retrospectively using the stored tapes of previous 
Tdysurf runs. This flexibility is particularly attractive. But most im- 
portant, the ability to represent a surface by a series of regularly 
spaced height readings along a profile offers the theoretician a a m -  
pletely new approach: the computer can locate specific features and 
produce data referring to them only. This capability provides the cru- 
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cia1 advantage of digital analysis over the analog approaches proposed 
by Myers (ref. 23), Eubo (ref. 24), and Silin and Frederick (ref. 25). 
For example, the computer can identify the peaks in the profiles and 
calculate their spacing, curvature, and height distribution. The im- 
portance of these parameters is emphasized in recent theories of 
contact. 

An important benefit of this numerical technique has been the ability 
to describe surfaces in terms of their height distributions. These are ob- 
tained by determining the fraction of the surface lying in each stratum 
(which is also the probability that a randomly chosen point in the sur- 
face will have this height). When Mr. Hunt and I first obtained such 
height distributions in 1960, we were fascinated to find that for many 
surfaces they were closely Gaussian. This was indeed a windfall for 
the theoreticians. The early measurements were crude and the sample 
of heights analyzed was rarely greater than a few hundred. Thus al- 
though it was possible to demonstrate that the middle 90 percent of 
the surface had a Gaussian height distribution, the daca were i n s d -  
cient to reveal whether the extremes of the distribution were also 
Gaussian. This was a serious drawback because the highest points in 
the surface obviously play a major role in the contact. Figure 4 shows 
some recent data we have obtained on bead-blasted aluminum. The re- 
sults are plotted as a cumulative distribution on normal probability 
graph paper. This has a distorted scale so that a Gaussian distribution 
becomes a straight line. The height distribution of the surface (crosses) 
is indeed Gaussian. This is similar to  results reported by Bickel (ref. 
26), Tallian et a1 (ref. 27) ,  and Pesante (ref. 28). However, we were 
able to  record 22 500 height readings while still maintaining an ac- 
curate reference plane over the surface; thus the data show that the, 
height distribution remained Gaussian at the high end for at least 3.5 
standard deviations from the mean, i.e., at most only 0.01 percent of 
the surface was non-Gaussian. At the lower end most snrfaces tend to 
be non-Gaussian ; this is usually noticeable in the bottom 5 percent of 
the distribution. 

Although most common surf ace preparations produce Gaussian dis- 
tributions, some do not; in figure 5 the crosses show the height dis- 
tribution of a mild steel specimen which has been slid against a copper 
flat under oleic acid. This figure illustrates a characteristic which 
occurs in many surf aces : even when the surf ace as a whole is strongly 
non-Gaussian the upper 50 percent usually is accurately Gaussian. The 
circles in figures 4 and 5 show the height distribution of the peaks; 
these, too, are Gaussian. This is very convenient because the peak 
height distribution plays an important role in the theory of surface 
contact. 
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FIGURE 4.4umulative height distribution of bead- 
blasted aluminum. Both the distributions of all 
heights ( X )  and of peak heights ( 0 )  are Gaus- 
sian. The profile of the same surface is shown 
in the upper diagram ; the vertical magnification 
is 50 times the horizontal magnification. 

Mr. Hunt and I have analyzed the surface topography of a number 
of common surface preparations, e.g., lapped, polished, blasted, 
ground, milled, and turned. We find that in many cases the distribu- 
tion is approximately Gaussian over nearly the whole height range, 
and that the height distribution of the upper h%lf, and the peak height 
distribution, are accurately Gaussian. In  other studies, described later 
in this paper, we have shown that contact between two rough surfaces 
only rarely occurs below the center line of either, and tends to be on or 
near the peaks. Thus it is completely justifiable to treat the height 
distribution as Gaussian, provided that the standard deviation is deter- 
mined from the upper half of the sample only. This is most convenient 
and has greatly simplified the mathematical treatment of surf aces. Al- 
though the approach used by Greenwood and Williamson (ref. 20) 
does not assume any particular topographic distribution, it is diflicult 
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to see how a generalized contact theory could have arisen had it not 
been discovered that surf aces were effectively Gaussian. 

Surfaces should be Gaussian because the shape of every point on 
them is the result of many independent deforming processes. It is 
generally true that any quantity (in this case the height of a surface 
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FIGUBE 5.4umulative height distribution of mild 
steel specimen. Distribution of all heights, X. 
Distribution of peaks, 0. This specimen was 
abraded on 400 grade carborundum paper, then 
slid against a copper block flooded with oleic acid, 
a t  approximately 10 kg, 130 cm/s for 30s. Al- 
though the distribution a t  first sight appears 
highly non-Gaussian, in fact nearly 90 percent of 
the surface is Gaussian: the surface, with an 
actual standard deviation of 50p in., would be- 
have in contact as if Gaussian with a standard 
deviation of half this. The profile of the same 
surface is shown in the upper diagram ; the verti- 
cal magnilication is 200 times the horizontal 
magnilkation. 
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at a given point) that is the result of a large number of random incre- 
ments and decrements will tend to follow a Gaussian distribation. This 
follows from the well-known Central Limit Theorem of statistical 
theory. Usually, surface preparation is a repetitive random-event 
process. Under typical bead-blasting conditions, for example, i8t can be 
shown that each point on the surface is hit by a bead more than 1000 
times. Clearly, in polishing, lapping, and grinding, numerous impacts 
occur against each part of the surface. This theorem does not apply 
to single-process surf ace preparations, such as cleavage or machining, 
but i,t can be extended to cover “double-process” surface preparation. 
Consider a specimen that is first prepared by a process which leaves 
a large-amplitude Gaussian height distribution and is then subjected 
to a second process which operates only on the higher parts of the 
surface (for example, an abraded specimen which was subsequently 
worn against a smooth surface). The valley bottoms will still have the 
Gaussian distribution of the abraded structure, but the upper half of 
the surface should acquire the Gaussian distribution of the wearing 
process (as in figure 5). Of course this happens only if the second 
process is finer than the first. 

Certain limitations must always be remembered whenever data ob- 
tained from a linear profile are used to describe the topography of a 
surface. The asperity shape revealed by the profile may be misleading, 
1 jarticularly with strongly oriented surfaces. Further, the profile peaks 
are not the summits of the asperities; the track will usually cut across 
the side of a hill. Recently Mr. Hunt and I have been able to determine 
the height distribution of true surface summits. Our results show that, 
like the profile peaks, the surface summits have a Gaussian height 
distribution. 

Cumulative height distribution curves such as those shown in figures 
4 and 5 are particularly helpful in describing a surface. Abbott and 
Firestone (ref. 7) pointed out that they are “bearing area curves,” i.e., 
the contact area that would exist if the surface were worn down to a 
certain height. Several authors (refs. 29 through 31) have recently 
suggested that these are only “bearing line curves” and that two such 
distributions from perpendicular profiles must be “multiplied to- 
gether” to produce a genuine height distribution. This is not true. A 
height distribution can in principle be obtained from an infinite num- 
ber of closely-spaced parallel sections-the usual process of integration 
over a surface. However, when the profiles are long compared with the 
surface irregularities, they will all contain the same information; so 
that if 10 percent of one profile lies above a certain height, then 10 
percent of every profile does, and the correct interpretation is that 10 
percent of the surface, not 1 percent, lies above this height. This is 
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clearly true for randomly structured surfaces ; with strongly oriented 
surfaces, it is necessary to add that the profiles must be constructed to 
include a representative sample of the topography. I n  practice this is 
not an onerous requirement. 1)t is difficult to obtain a rogue height 
distribution even when the profile location is deliberately chosen to 
produce one. 

It is a paradox that profilometry, which appears to show the shapes 
of asperities and give only a single cross section of the surface, in fact 
yields little information about individual asp6rities but provides exact 
data on the general topographic distribution. 

THE MICROCARTOGRAPHY OF SURFACES 

Recent theoretical treatments have shown that the shape of indi- 
vidual asperities and the height distribution of the population of 
asperities are equally important in determining the nature of surface 
contact. Records of the surface should thus show the details of indi- 
vidual features but must also cover enough area to include a few hun- 
dred asperities. I n  particular, the asperity height distribution can be 
obtained only if a reference plane can be held to the necessary accuracy 
over a large area. The needs of the surface scientist are thus similar 
to those of a surveyor ‘studying the topography of the earth : local de- 
tail and long-range coherence are required simultaneously. As in the 
large-scale analog, the information can most conveniently be presented 
in a map. 

I n  principle, a map of a surface may be obtained by taking a number 
of closely spaced parallel profiles and displaying the data in a two- 
dimensional array. The principal difficulty is in maintaining a height 
reference between successive profiles; clearly this must be done to the 
accuracy with which the height is recorded on each profile (in these 
experiments l O O b ) .  This can be achieved by mounting the surface in 
a special holder which has two reference flats-one each side of the 
specimen. These flats are hardened, coplanar, flat to 1.0 pin. and smooth 
to 1.0 pin. CLA. The specimen is held so that its surface is approxi- 
mately coplanar with the flats. (This can usually be achieved to within 
1.0 pin. by levelling screws and shims.) The stylus is then drawn across 
the specimen from flat t o  flat so that it gives a profile starting and finish- 
ing in the reference plane. The holder is mounted on a stage which can 
be moved in the horizontal plane in small steps perpendicularly to the 
stylus track. I n  a typical analysis, 25 parallel profiles are recorded on 
punched cards. The decks are first roughly synchronized manually in 
the direction of the profile by using a fine scratch in one flat running 
perpendicularly to the tracks. The computer then synchronizes the 
decks precisely by optimizing the correlation between adjacent profiles. 
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Since all the profilw use the same reference plane, any spurious varia- 
tions in height due to the raising and lowering of the stylus or to the 
sideways movement of the specimen can easily be corrected. The central 
portion of each profile, synchronized lengthways and given as a height 
variation from the plane defined by the reference flats, is then re- 
punched to create the working deck. The profiles are then printed 
simultaneously to produce a map of the surface expressed as an array 
of spot heights. The format prints the data spaced 0.25 in. by 0.5 in. 
On the surface the readings are made every 65 pin. along the profiles 
and every 130 pin. between profiles. Thus the magnification of the map 
is the same in both directions and approximately equal to 4000. Con- 
tours can be superimposed on the map and displayed by varying print 
styles in the computer or by coloring the maps manually. 

Figure 6 shows the topography of a bead-blasted aluminum surface. 
The true shapes of the asperities and their relative positions are clearly 
illustrated. The major summits are approximately 0.002 in. apart and 
rise about 200 pin. above the valley floors. The contours are spaced ver- 
tically every 40 pin. 

Apart from offering the ability to visualize a surface simultaneously 
in detail and in extent, this mapping technique enables us to measure 
several topographic parameters not previously available. For example, 
it is relatively easy to program the computer to search for true sum- 
mits. (For this purpose a summit is defined as a spot height higher 
than its eight nearest neighbors.) I n  2 X  lo-* square inches of surface, 
of which figure 6 shows part, there were 400 summits. Figure 7 shows 
that, like the total surface Nand like the profile peaks, the summits have 
a Gaussian height distribution. 

FI~TJRZ 6 .4on tour  map of a bead-blasted aluminum surface. 
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FIGWE 7.4umulative height distribution of summits on 
aluminum surface shown in Sgure 6. 

Microtopography also opens a range of possibilities in the study of 
contact areas. For a rough surface pushed against a flat, the contact 
areas at successively increasing loads am simply indicated by tmntour 
lines. I n  practice, the volume of the rough solid above the level of the 
flat must be accommodated by shape changes in the lower parts of the 
surface. For the present we shall assume that these changes are negligi- 
ble; in fact, preliminary results from recent studies suggest that this 
assumption may be quite reasonable. Contact between two rough sur- 
faces can be discussed in terms of the gap between them. This is merely 
some arbitrary constant minus the s-xm of the two surface heights at 
each pair of corresponding points. As the constant is reduced (which 
corresponds to the surf aces being brought together), contact occurs 
wherever the gap becomes zero. I f  height data from both surfaces 
are entered into the computer, a map of the gap may easily be pro- 
duced. Its contours outline the areas of contact occurring at different 
separations. When these contours are superimposed on a map of one 
of the contacting surfaces (where, of course, they are no longer loci 
of equal height) they show how the total area is divided into subareas 
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and how these are locatad with respect to the surf- features. Finally, 
the separation can be related to the load, using the relations derived 
by Greenwood and Williamson. 

Figure 8 shows how the contact area between the surf ace illustrated 
in figure 6 and a similar one grows as they am brought together. Foar 
gap-map contours are shown, superimposed on one of the surfaces. 
The solid boundaries enclose the areas in contact under the lowest load 
considered (200g on one cm2 nominal area). At this load, 0.4 percent of 
the nominal contact area is touching; and the mean planes are 2.5 
standard deviations apart. The dash boundaries, the dot-dash bound- 
.arks, and the dot boundaries outline the areas of oontact as %he sepa- 
ration is progressively decreased. Although contact is usually on or 

- 
280 0001 I". 

ALUMINIUM SURFACE 

SHOWING CONTACT AREAS 

mcromche.3 

FIGUBJE S.-Section of map shown in figure 6 wil& coatadt area8 superimposed. 

near the summits, it does sometimes occur lower down-presumably 
beoause of a hill on the other surface. The height distributions of the 
contact areas at these four separations, as well as the loads that would 
give these separations, are shown in table 1. I n  figure 9 the unshaded 
Gaussian curve is the height distribution of one of the contacting sur- 
faces. The shaded curves give the height distribution of those parts 
of this surface making contact at the four different separations. At 
light loads, contact occurs 'only on the uppermost 10 percent of the 
surfaces. Even when the separation has been reduced to one standard 
deviation, the cuntact areas are centered around the 85th percentile 
of &he height distribution of either contacting surface ; and 90 percent 
of the contact is above %he mean plane. In interpreting these data,, it 
should be remembered that this discussion neglects the deformation 
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occurring as the surfaces squeeze together, restricting the contact to 
even higher strata of khe contacting surfaces. 

Separation 
between 

mean planes 
in standard 
deviations, 

dlu 

TABLE: l.-Conht Between Rough Surfacm (Both Surfaces Have a 
Stu&rd Deuiation of 60 pin.) 

Location of contact area with r e  
spect to the height dietribution 
of either contacting surface 

Approximate Percentage of 
load on 1 cmz nomiqal 10% of Mean of 10% of 

nominal area in contact contact contact 

below on this above 
this percentile this I percentile percentile 

area,* Kg contact, yo lies lies lies 

2. 5 
2. 0 
1. 5 
1. 0 

0. 2 0. 4 87 97 99. 6 
0. 8 2. 2 77 95 99. 2 
3. 0 7. 4 60 90 99. 0 
8. 0 17. 0 50 a5 97. 0 

*Assuming typical surface topography (ref. 20). 

THE DEFORMATION OF ASPERITIES DURING CONTACT 

As early as 1948, Moore (ref. 32) pointed aut the remarkable per- 
sistence of asperities during gross surface defomx~tion. One of the 
best known pictures in the theory of friction is his micrmection of a 

HEIGHT ABOVE ARBITRARY DATUM (micmincher) 

FIGURE 9.-Height dfstn'bntion of d a c e  shown in figure 8, showing 
location of contact areas. See also the data in table 1. 
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deep indentation made into an mnealed copper surfam. It shows how 
a series of fine paEallel grooves, cut into the surface before indenting, 
persist almost unchanged in the indentation. Mmre found it impossible 
to make the asperities disappear, however hard he pressed. This is most 
remarkable, as one would certainly expect the asperities to flow p la -  
tically before there is bulk flow. More recently Milner and Rowe (ref. 
33) have reported experiments in which roughened surfaces were 
pressed against smooth ones and, depending on the relative hardness, 
eikher the aperities were flattened or they indented the smooth s u r f m ;  
in both cams there was complete mating. Both these experiments have 
given rise to general pictures of the clontaict between surfaces : the one 
based on discrete and small contact nreas; the other postulating the 
possibility of ocntact amm that approach the nominal area. The first 
picture offers an explanation of many aspects of friction and its asso- 
ciated phenomena; the second is required to explain the industrial 
technique of pressure welding. 

Why should asperities sometimes collapse oompletely land sometimes 
persist even when transmitting forces large enough to cause bulk flow 
in the solid ? Greenmood and &we (ref. 34) describe an elegant experi- 
ment in which they oompressed two cylinders, one tall and one penny- 
shaped, between hard‘ anvils. The tall one “barreled,” and the plastically 
deforming region did not extend to the interface. When the short one 
was compressed by the same pemntage, bulk plastic flow did occur 
at the interface, except within a small central dead zone (ref. 35). 
Greenwood and Rowe found that the asperities, those on the tall cylin- 
der and those in the central dead zone of the penny, oollapsled only 
when they were within a region of bulk plastic defomati8on. Now the 
interesting point is not that aperities flakten when within a region 
of bulk plastic deformation-plasticity theory tells us that they should 
do so ; but rather, how khey manage to transmit forces large enough 
to oause plastic flow in a body which has many times their cmss section 
while remaining virtually undef ormed themselves. 

Mr. Hunt, Mr. Osias, and I have recently been studying this phenom- 
enon. We have developed an instrument which enables us to obtain 
profiles along exactly khe same track before and after loading the 
surface. This has considerable ‘advantages over techniques in which 
independent random profiles are made before land after the loading. 
Often only a few asperities are deformed; then, even though these may 
be heavily distorted, the random @ample, being predominantly made 
up of asperities which were not in contaot, will show little change. The 
repeated profile technique permits us to select asperities which have 
been deformed, and if necessary study their behavior individually. To 
ensure that the stylus traces exactly the same track, it is necessary bo 
relocate the specimen to a positional accuracy of Wter than 5 pin. (the 
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track of a high resolution stylus being 20 pin. wide), and It0 an angular 
accuracy of 0.001 degree. (Otherwise the tracks will diverge during 
the 0.2-in. traverse.) Further, it is necessary lko remove and replace 
the spechen by lowering and raising it below the stylus beoause the 
mechanism for lifting and lowering the Tdysurf arm does not relocate 
accurately enough. This is achieved with the instrument shown in 
figure 10 (ref. 36). The main box is built of half -inch thick steel and 
is firmly attached to the T.alysurf base plate. The actual relocating 
table is also a half -inch thick steel plate, onto which the specimen is 
rigidly mounted. During the construction of this device, this plate 
vas bolted onto the lid of the box, and threa lmting holes were 
drilled and reamed through both at  the same time. The relocating 
table nomdly  rests on two roller tracks halfway up the sides of hhe 
box, and from this position it can be removed and reinserted. When 
the air bag, which lies under ik, is inflated, the plate is lifted against 
the underside of the lid. First the three guide pins (sea fig. 10) locate, 
and the compression rings on them level the plate ; then the three ball 
bearings which rest in hardened sea&, in the reamed locating holes in 
the plate are driven into the lower end ob the mating holes in the 
lid to provide the final positioning. When the air is released, the plate 
falls and can be removed. The instrument relocates to %he required 
accuracy provided two precautious are taken: first, the ball bearings 
must not be allowed Q revolve (their asphericity destroys the align- 
ment) ; and second, the pressure in the air bag in the ra id  position 
must be controlled rto 1 torr (SO that the distortion in the steel box is 
constant). The table also relocates to better than 2 pin. in the vertical 

SPRING (3) 

ilNG 
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FIGURE lO.-Relocating table. 
3234'72 0-49-8 
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direction. Figure 11 illustrates the accuracy which is achieved. The 
first track is 35 pin. wide; lthe second traverse, m d e  &r the specimen 
had bean removed and reinserted, increases the track to 40 pin. and 
is symmetrical about it at both ends. The tracks shown in this Sgure 
were made by regular stylus; a high-resolution stylus leaves tracks 
about half as wide. 

In our experiments, a cylinder of aluminum is first forced under a 
pressure of 80 000 psi i n t ~  a tight-fitting hole in a massive hardened 
steel jacket. This of course greatly exceeds its yield pressure; and after 
the aluminum is imbedded in the steel, there are no voids and it can 
no longer flow plastically. The exposed surface of the specimen lies 
just below that of the steel and can bo pressed with the end of a hard- 
ened steel cylinder which fits tightly into the hole in the jacket. Under 
these conditions the deformation of asperities can be studied without 
the complication of bulk plastic deformation. The steel-encased 
duminum specimen was mounted on the relocating table, and a profile 
was made of its surface. Initially the aluminum had the smoothness of 
the anvil with which it had been embedded (top profile in Sg. 12). The 
t.able was then removed and the aluminum bead-blasted to a roughness 
of 200 pin. CLA, and a second profile was made. The rough surface 
was then pressed with the hardened anvil under ,successively increas- 
ing loads up to 9000 lb (giving 80 00 psi over the specimen), and a pro- 
file was recorded between each pressing. Figure 12 is a selection from 
these 30 profiles and shows how the asperities have progressively flat- 
tened. In an auxiliary experiment we found that a force of 900 lb 

I 
I 
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FIGUEE ll.-fiuEle tracks made using relocating table. 
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 FIG^ 12.-Profiles showing progressive deformation of 
asperities in high pressure experiment. ( a )  Virgin sur- 
face. (b) Bead-blasted to 200p in. CLA. (e) After load- 
ing to 200 lb (1800 psi). (a) After loading to loo0 lb 
(9000 psi). (e) After loading to 3800 lb (34200 psi). 
( f )  After loading to 8000 Ib (72 000 psi). The pressures 
stated are the apparent pressures ; the real pressure on 
the contact spots is much greater. 

caused bulk deformation in these aluminum cylinders; yet when this 
force was applied, the asperities showed little deformation, even up to 
a6 least four times the force (fig. 12). Since the real area of contact is 
then approximately half the nominal area, the asperities must have car- 
ried a local pressure of eight times their normal yield pressure. "his 
system has the advantage of permitting asperities to be studied under 
high forces that would destroy on ordinary specimen. 

A very convenient way of describing a surface in deformation ex- 
periments is in terms of the deciles of its height distribution, i.e., to 
state the height below which 10 percent, 20 percent, 30 percent, etc., 
of the surface lies. In figure 13 these deciles are used to describe how 
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LOAD, pound8 

FIOUEE 13.-Behavior of aluminum surface in high-pres- 
sure experiment, as shown by the changes in the deciles 
of its height distribution. 

the surface changes as the load is increased. At first sight the behavior 
is surprising. The highest points of the surface flatten with increasing 
load, as they should. But it was not expected that the rest of the surface 
would rise as the load increased. Yet the upward slope of all the lower 
percentiles clearly shows that this is so. Indeed at very low loads, 
when the area of contact is less than 10 percent of the nominal area, 
even the 90th percentile rises. As the load increased from 0 to 500 lb, the 
level of the contact plane was pushed down by 140 pin.; the lowest 10 
percent of the surface rose 30 pin., but the height below which 60 
percent of the surface lies rose 50 pin. Initially the 50th percentile did 
not lie on the mean (or center line) because the surface was not sym- 
metrical. At the end of the experiment the surface was flat, and thus 
symmetrical; the mean and the mode then coincided. The fact that the 
mean is observed at a constant height throughout, the experiment 
demonstrates the vertical reproducibility of the relocating table. 

Because ;the volume is constlalit, i k  is obvious that ak very high loads 
all the surface must lie on the mean p1,ane; but ik is not obvious that 
the only parts of ithe surface rnoving downward 'are those aotwally in 
contact with the mvil and that at all loads all the surf ace not in contact 
rises. This hsas an important implioation. I f  lthe deformation of an 
(asperity were a localized phenomenon confined to the asperity and its 
immediate roots (cs one might ,assume by 'thinking about surfaces of 
the exaggerated shape shown in profiles) ) then deformation would pro- 
ceed progressively downward through ;the deciles and considerable flat- 
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b ~ g  could occur at &he summilts before the overspill from the a- 
penities affected 'the valley floors. Figure 13 shows that Ithis picture 
must be wrong. The region of plastic deformation associated wiith 
each ,asperity must be considerably larger khan its base so khat as 
khe summit is flattened the redistribution of volume occurs lthroughouk 
an area covering  he asperity, its neighboring valleys, and probably the 
adjacent gasperikies as well ; otherwise the lower deciles would not be 
affected by very lighit loads. 

I n  figure 13 the height of ,the 90th percentile above the mean is B 

direct measure of lthe mparation. Further, the percent of the nominal 
area sdually in con6aot can be determined by $analyzing khe associated 
profiles (fig. 12). Since the profile is a rzndom sample of the surface, 
this is given by the percentage of  he profile length contained within 
lthe plateaux (assumed it0 have been oaused by conbact wiith the flat 
#anvil). Finally, it oan be shown bhat lthe number of contact areas per 
unit area of the surface is proportional to the number of plakeaux per 
unit length of the profile. Thus the experimenk on 'asperity persistence 
has also provided a means of determining the behavior of the separa- 
tion, the rea? conziad area, and the number of subareas gas functions of 
the load-and of doing this from light loads to  extremely heavy loads. 

The (top graph in figure 14 gives the clue to khe situation. At first the 
number of plateaux in lthe profiles increases proportionally to the load ; 
however, above a certain load khe number suddenly becomes constant. 
This break in the curve seems to divide the phenomena of surface con- 
taot into ttwo completely different regimes. At light loads, the real area 
of conbaot and the number of contact areas are propol.tiona1 to the load; 
and thus the average size of each subarea is conscant (fa condition that 
leads to Amontons' first law). At loads above this break, the number of 
oonltact spots is mnstank and their size increases with load. The real area 
of contack (middle, fig. 14) also ceases to be proportional .to the load at 
this point nand begins b increase less than linearly with it. This means 
&he real pressure at the contact areas ceases to be constant (it was 20 000 
psi) land beoomes very great (reaching 90 000 psi at lthe highest loads 
used). Finally, the graph of separation versus load (bothm, fig. 14) 
also shows a eharp kink in this region. 

Clearly some major change in the nature of the contad has been 
revealed by this experiment. But whak is it? It cannoit be a change from 
elastic to plastic conbad beoause the entire experiment is performed in 
the plastic regime. Perhaps the behavior shown in figure 14 marks 
the point at which lthe asperities cease-to 'act independently and begin 
b deform en masse. It hm already been suggested, as a deduotion from 
the daha of figure 13, khat the plastioally deforming region associated 
with each asperity extends over a wider area. than the asperity's base. 
Let us temporarily 'assume Ithat the deforming area has twice the 
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diameter of the contaet area. This would mean that when .the real area 
of oon.tiaot reaches 25 percent of khe nominal area, the deforming re- 
gions would cover the entire surface. At this poink the resistance So 
crushing might well increase, causing the bends in the three graphs. 
Against this hypothesis it can be argued that the bends in the “area” 
and “number of subareas” graphs occur at 600 lb, whereas that in the 
“separation” curve is sh,arply defined at 900 lb. This last force is sug- 
gestively equal to khat necessary ;to reach bulk plasticiky in the speci- 
men, although why this should coincide with an increased resistance 
bo surface deformation is not at all clear. 

FRICTION AND WEAR 

The nature of the deformation of the contacting asperities (Le., 
whether plastic or elastic) is basic to a discussion of the wear of sliding 
surfaces. Greenwood and Williamson (ref. 20) have shown that this 
is controlled by a dimensionless parameter, the plasticity index, 
which depends on both material and topographic properties. They 

define the plasticity index as - where E is the elasticity, H the 

hardness, Q the,standard deviation of the height distribution of the 
summits, and p their mean radius of curvature; and show that con- 
tact will be plastic only when it exceeds unity. This immediately 
implies that the widely accepted view that contact generally is 
elastic at light loads and becomes plastic with increasing load is wrong; 
the deformation mode is determined by the material and topographic 
properties and has only a very minor dependence on load. Most con- 
tacts are either always plastic or always elastic over the range of 
practical loads. 

More recently we have measured the plasticity indices of many 
common engineering surfaces and shown that values ranging from 30 
to 0.25 can readily be created by normal techniques; and further that 
abrading and polishing reduce the plasticity index. This suggests a 
possible topographic mechanism of wear. The wearing-in process 
may be lthe gradual reduction of the plasticity index from an initial 
plastic value to one in the elastic range. The detailed mechanism of the 
creation of a wear particle is not relevant here ; the hypothesis assumes 
merely khat wear is more probable when asperities touch plastically 
than in purely elastic contacts. The repgated plastic impact between 
asperities will reduce their height and increase their radius. This will 
cause Ithe plasticity index to decrease and, in the absence of any other 
process, this trend would continue until the contacts become elastic, 
after which, in principle, no further change should occur and the 
“worn-in” surface would continue to operate in the elastic regime. 

Our first attempts to demonstrate this were unsuccessful. Although 

“’d? H P’ 
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FIGURE 14.Behavior of contact under very high pres- 
sure. (a) Number of plateaux, showing initial pro- 
portionality to load and then limiting value. (b) 
Real area of contact expressed as percentage of 
nominal area. (e) Separation, showing break in re- 
lation at 900 lb-the force required to cause bulk 
plasticity in the specimen. 

elastic surfaces could readily be made by several he-polishing proc- 
esses, we could not generate them by rubbing two plastic surfaces 
together. Initially the plasticity index fell ; but always the process 
would reverse: the surfaces would become rougher and the plasticity 
index would become large again. Microscopic examination of the 
worn specimens revealed small areas that were in fact very smooth. 
Values of the plasticity index as low as 0.5 (which is definitely elastic) 
were measured in selected areas; however, the specimens were COT- 

ered with shallow scratches that increase the spread of asperity heights 
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and caused the surface as a whole to behave plastically. Wear may 
be the result of two concurrent opposing processes : one which smooths 
the surface, and one which roughens it. Plastic deformation does not 
always merely change the shape of the asperity; it  can cause a wear 
particle. Archard and Hirst (ref. 3’7) suggest that perhaps one in ten 
thousand contacts results in a detached particle. Wear debris can 
completely reverse the smoothing process. Even under conditions 
where the individual wear particles are small, large composite par- 
ticles can form in the wear process, either by prow-formation (refs. 
38 through 40), or by accretion as the debris rolls along the interface. 
These large particles score the surface as they travel to the edge 
of the nominal contact area. At first this leads to a surface which 
is “elastic” between scratches but which, when taken as a whole, is 
“plastid’; as the process continues, the entire surface becomes scored, 
and in extreme cases this can lead to seizure. 

This suggests that if a means can be devised of removing wear par- 
ticles rapidly from the interface before they can accrete, the smoothing 
process will dominate and the plasticity index should fall steadily into 
the elastic range. It occurred to us that sliding a flat specimen against a 
woven metal grid would still permit the repeated plastic contact be- 
tween asperities which leads to smoothing, but would minimize damage 
by allowing the wear particles to fall through the grid after only 
very short sliding distances. To test this suggestion three surface- 
ground mild steel specimens were slid at 100 cm/s under a load of 
1.5 kg against a stainless steel woven grid which was flooded with 
ordinary machining coolant oil. The grid was changed regularly to 
avoid the development of wear flats. Figure 15 shows that under these 
conditions the plasticity index does indeed fall until it reaches the 
elastic range. The rate of change decreases as sliding proceeds, pre- 
sumably as the fraction of the contacts which are elastic increases. 
The manner in which the plasticity index falls from an initial high 
level to a constant is mmh more significant than its absolute value. 
The essence of this argument is that plastic contact (indicated by a 
high plasticity index) tends under lubricated sliding to become elastic 
contact (giving a lower, constant, plasticity index). This wearing-in 
is prevented by the roughening action of wear debris. Under special 
conditions where the debris is removed rapidly from the sliding 
interface, this natural tendency towards elastic contact can be ob- 
served. When sliding was continued, the roughening process even- 
tually became dominant and the plasticity index rose again. At the 
same time, wear flats appeared on the grid. It is not clear whether 
these were responsible for the roughening, or whether a transition 
from mild to severe wear from some other cause was responsible for 
both. 
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FIGURE 15-Effect of continued sliding on the plasticity in- 
dex. The behavior of three mild steel specimens slid against 
a stainless-steel woven grid at 100 cm/s under loads of 
1.5 kg: 0 and 0 show results for two specimens with 
initial plasticity indices of 9; the crosses show the be- 
havior of a specimen which had a lower (though still 
plastic) value. 

CONCLUSION 
The new techniques of observation and measurement of surface 

structure described in this paper have given a pioture of the topog- 
raphy of solids which in several ways is different from earlier views. 
The salient points can be summarized as follows. The first three are 
based on general theory and observations of a wide range of surfaces; 
the last three refer to experiments on bead-blasted surfaces, but there 
seems to be no reason Go doubt that these conclusions are equally 
general. 

1. Surfacm typically are covered with asperities which are from 
10 to 300 pin. high, and spaced from 50 to 3000 pin. apart. Their slopes 
occasionally are as h e p  as 25" but usually lie between 5" and 10". 
The range of summit radii is very large. Many surfaces have mean 
summit radii of 400 to 800 pin.; but values of over 0.02 in. are not 
unusual. A summit 4 pin. high may have a radius of 0.04 in.; it is 
certainly not true that the radius is always of the same order as the 
height, as is sometimes assumed. 
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2. Many surfaces have heigh2, distributions which are Gaussian. I n  
nearly all cases, the height distribukions of the upper half of the 
surface and of bhe summits of the asperities are accurately Gaussian. 
(Stridly, the heights of the upper half of the surface do not form a 
Gaussian distribution; they are the truncated upper half of such a 
population). Apart from its mathematical convenience, the significance 
of the Gaussian distribution in contact theory se~ms to be that over 
the physically important region it approximates to an exponential dis- 
tribution. It Can be shown that for the exponenltTa1 distribution there is 
exact proportionality between the number of contacts, the area of 
contact, and the load ; and thus that the average size (and the distribu- 
tion of sizes) of a codact area is independent of the load. It follows 
that the two basic laws of friction are a direct consequence of the 
6opography of real surfaces. Their existence is not the result of any 
particular material properties. 

3. The contact between solids is controlled by two material prop- 
erties: the plane-stress elastic modulus and the hardness; and lthree 
topographic properties : the surface density of the asperities, the stand- 
ard deviation of their height distribution, and the mean radius of ltheir 
summits. These combine to give a generalized surface roughness param- 
eter involving h t h  material and topographic properties, the “plas- 
ticity index.” The commonly quoted parameter “center line average” 
is useful only in ,that it is an approximate measure *of the spread of 
asperity heights. For most surfaces, the deformation mode cannot be 
affeoted by changes in the load. It will be elastic if the plasticity index 
is low, and plastic if it is high. 
4. When two surfaces touch under light load, contact is most likely 

to occur above the 90th percentile. Even at high loads, contact is ex- 
tremely improbable below the center line. The separation is not very 
sensitive to the pressure; in fact the mean planes of two similar sur- 
faces in contact are usually separztted by one to two times the standard 
deviation, or roughly by the center line average. This means that the 
average gap between 20 pin. CLA surfaces is, for a wide range of 
loads, approximately 20 pin. This explains the difficulty of making 
hermetic metal-to-metal seals between nominally flat surfaces (as, for 
example, in space vehicle applications). 

5. Asperities are remarkably persistent under heavy loads. They will 
transmit forces large enough to cause t,he bulk solid to flow without 
themselves becoming flattened ; indeed they can withstand local pres- 
sures of at least ten times their nominal yield pressure. 

6. At very high loads, i.e., those creating pressures equal to or ex- 
ceeding the bulk yield pressure of the solid, there seems to be a 
change in the nature of contact which shows as a bend in the separation- 
load, real area-load, and number of subcontacts-load graphs. This 
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may correspond to the stage at which asperities cease to deform inde- 
pendently and begin to react as a coherent block 

These recent observational and experimental techniques have pro- 
vided a stimulating, new viewpoint on surfaces and surface contact. 
They have led to several new ideas about contact under static condi- 
tions. It is not yet clear, however, how directly this new knowledge 
of surface topography may be applied to sliding. This is now a vital 
area of interest in surface physics because we have almost no detailed 
observations of the topography of sliding contact. These techniques 
are capable of being extended, and further experiments are in progress 
h the Burndy Research Laboratory to study the sliding case. Mean- 
while, it would be prudent to regard views which have been estab- 
lished quantitatively under static contact conditions as merely qualita- 
tive when applied to sliding contad. 

DISCUSSIONS 
E. P. Kingsbury (MIT Instrumentation Laboratory, Cambridge, Massachusetts) 

This paper presents a careful and detailed summary of the study of 
contacting surfaces now in progress at the author’s laboratory, against 
a background of the historical development of the subject. We are in- 
debted to Dr. Williamson and his colleagues for their contribution 
toward a useful understanding of this topic. 

What quantities are necessary to characterize the fine structure of 
a flat metal surface? How may these quantities be measured? What 
conclusions may be drawn concerning real areas of contact, asperity 
deformation, normal approach, friction and wear processes, when two 
of these surfaces interact Z 

One emphasis in Dr. Williamson’s paper is on the use of profilometry 
as an experimental technique. He deals effectively with the questions 
of surface damage, resolution, and applicability, comparing electron 
microscopy and interferometry as alternatives. He considers prodilom- 
etry to be superior partly because it can be coupled with a computer 
for manipulating large data inpxts in various ways, even though there 
is some sacrifice in resolution, Recently there has been considerable 
interest in accounting for Amontons’ Law, “contact area proportional 
to load,” by means of an asperity deformation theory. Dr. Greenwood 
has given an elegant proof that for a certain surface topography, the 
law follows independent of asperity shape or deformation mode. The 
essential part of the argument is that each increase in load will form 
new small contacts which compensate for increases in existing contacts 
so that ithe average area per contact remains constant. There is then 
a theoretical interest in those parts of the surface giving small contact 
areas. Referring to figure l ( A ) ,  we see that the smallest asper&ies 
are easily resolved by the electron microscope, but that even if the 
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best resolution quoted by Dr. Williamson is invoked, they would be 
overlooked by his computer. . 

The author has found many types of surface to have a Gaussian 
height distribution and claims that their cumulative height distribu- 
tion curves may be used to describe them. If  I understand him cor- 
rectly, these curves are, or could be, obtained from a single traverse of 
the surface, yet they show percentage of surface, i.e., area, as ordinate. 
The transition from linear measurement to areal result is made by 
arguing that the surfaces are random so that a profile in any direction 
will give equivalent information. With nonrandom surfaces, the pro- 
files “must be made so as to include a representative sample of the to- 
pography.” This raises the quwtion of what is meant by a random 
surface. By itself, la Gaussian height distribution need not imply 
randomness. One a n  imagine a surface consisting of a single 
symmetric continuous asperity having a Gaussian distribution of ordi- 
nates. A truly random surface, with each height completely independ- 
ent of its neighbors but possessing the same height distribution, is 
harder to visualize. Perhaps it resembles a vapor rather than a solid. 
The real surface (with the same distribution) lies between these 
extremes; some further information is necessary for a complete descrip- 
tion. As an example, refer again to figure 1 (A). Two classes of asper- 
ities, large and small, are present. An observer located on a large 
asperity is most likely surrounded by other large asperities, and con- 
versely. This is not a random topography ; how do we choose a profile 
direction beforehand which will include a representative sample of 
this topography? A quantity mentioned by the author, but not ex- 
panded upon, which could be useful in this connection is t.he autocor- 
relation function for the series of height readings making up ;the 
profile. The distribution of the slopes of the surface and its deviation 
could also be useful and should be available from the computer. 

A further shortcoming of the height distribution curve as a specifi- 
cation is revealed when it is needed to make a micromap of a surface. 
In  this case the author must use a multiple profile technique which 
requires a careful height and horizontal reference to be maintained 
between successive profiles. The author obtains the profile spacing by 
a consideration of the autocorrelation function along a profile. A three- 
dimensional description of the surface, which cannot be obtained from 
its height distribution curve, emerges from the computer. 

The experimental difficulties of the multiple profile technique per- 
haps approach those required for an interferometric analysis (which 
yields the same information directly). It would be interesting to be 
able to compare an interferograph of a suitable surface with its micro- 
map as supplied by the profilometer. 

The section of the paper on asperity deformation describes some 
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experiments which show that, at least for aluminum, one cannot cause 
an asperity to flow by the application of the bulk yield pressure to it. 
One gets the impression that the asperities remain elastic for very 
large stresses while the bulk material flows plastically under them. 
Dr. Williamson rejects this view on the grounds that his setup requires 
the whole specimen to have yielded. Assuming that the asperities are 
t.he same chemically as the bulk aluminum, is it fair to attribute the 
same laws of deformation and the same physical properties to them 
as are found for the bulk material? In  general, materials become 
stronger 'as they are Wted in smaller sizes; the asperities are very 
small indeed. It is not inconceivable to realize an increase in yield 
strength for aluminum by a factor of 8 merely by severe coldworking 
such as would be suffered by an asperity during bead-blasting. (This 
point could be checked by annealing after bead-blasting.) It does not 
then seem unreasonable to consider the behavior of figure 14 as a 
delayed elastic-plastic transition. I f  this is a general result, the ques- 
tion of what fraction of asperities would have yielded plastically had 
they had the bulk hardness is irrelevant. 

With regard to friction and wear, Dr. Williamson is concerned with 
the influence of topography in general, and his plasticity index in par- 
ticular, on friction and 'wear phenomena. His index depends on two 
topographical properties : mean asperity radius and standard devia- 
tion of asperity height; and two bulk material properties: elastic 
modulus and hardness. The theoretical treatment that results in this 
index is concerned strictly with the normal approach of a rough sur- 
face onto s plane. The prdblem of the approach of two aligned rough 
surfaces is considered to be equbalent to that of a (different) rough 
surface onto a plane. But when two real rough surfaces are contacted, 
most of the asperities will undergo a combined loading, producing 
stress patterns not included in a Hertzian type analysis. This is true 
without any overall tangential movement whatever. With gross slip, 
the divergence is greater. The author does not mention any effect of 
surface contamination which will certainly 'be present, although his 
wear experiments are carried out in the presence of a boundary lubri- 
cant (under conditions which make hydrodynamic lubrication a p s i -  
bility). One can change wear rates by several orders of magnitude 
through the introduction of a boundary lubricant, yet the lubricant 
does not change the height distribution, the mean asperity radius, the 
elasticity, or the hardness of either sliding member. What it does 
change is the strength of their tangential interaction. 

I n  summary, I feel that the author's comments are well taken inso- 
far as they concern the description of a surface, methods for measure- 
ment, behavior during normal approach, estimation of contact areas 
and their dependence on load, and so on. This work offers an excellent 
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basis for a more detailed study of friction and wear, but as it stands 
should not be extended too far without some consideration of tangen- 
tial effects. 

A. J. Melmed (National Bureau of Standards, Washington, D.C.) 
I wish to compliment Dr. Williamson fur writing a very enjoyable 

and informative exposition. I n  general, I consider it a good review ; 
however, it contains some logical inconsistencies, raises questions about 
technical details, and advances conclusions which are not, in my opin- 
ion, justified. I will discuss these in the given order, although there 
may be some overlap. 

LogicaZ inco72sistemies.--At the ’beginning, the author states that 
progress in the study of surface contact is closely correlated with ad- 
vances in observation and measurement techniques. Later it becomes 
clear that all of the surface contact problems have not been solved, 
and there is still room for considerable progress. Yet the author 
would have us believe that advances in observation and measurement 
techniques, such as improved resolution afforded by h e r  horizontal 
discrimination in profilometry and experiments using electron micro- 
scopes and field-emission microscopes, are not really worth pursuing. 
Now these advances are aiming in the direction of providing us ulti- 
mately with the ability to characterize surface contacts and underlying 
regions in atomic detail. It seems that the achievement of this ideal 
would indeed shed considerable light on the metallurgical aspects of 
surface contact. 

The author states that “Early work was . . . hampered . . . by total 
ignorance of the concept of surface cleanliness,” and yet surface 
cleanliness or lack of it is not considered by the author in discussing 
his experimental procedures and results. Surface cleanliness is a very 
large factor affecting experimental results in friction studies (refs. 
41 through 43). 

The author suggests in his conclusion that “the two basic laws of 
friction are a direct consequence of the topography of real surfaces. 
Their existence is not the result of any particular material properties.” 
He also states that the contact between solids “is controlled by two 
material properties . . . and three topographic properties. . . .” 
These statements are certainly contradictory. 

@uestiom about technical details.--In the discussion of recently- 
performed experiments on track size in tactile profilometry, aluminum 
was chosen “as it is one of the softest metals on which profiles are 
made.” However, the surface studied almost certainly was oxidized 
aluminum. Care was taken to use very light stylus loading. This raises 
the question of whether the tracks were, in fact, made in aluminum 
or in an aluminum oxide layer, which might really be a rather hard 
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surface. (Similar experiments on a gold swfttce would be more con- 
vincing.) 

Some questions arise concerning the experiment on surface contact 
using an aluminum specimen under compression. What were the time 
durations in the applications of the successively larger loads? If  the 
profilometer traces of figure 12 were taken after short-time applica- 
tion of loads, it may cbe that the asperities were actually continuously 
deforming and that longer load times would produce further deforma- 
tion, as in a typical creep experiment. Under such circumstances the 
resdts would not be particularly remarkable. 

How much work-hardening can one expect for the asperities, and 
how completely does this explain the qwntitative results ? Certainly 
increases in tensile flow strength by factors of 8 have been measured 
for aluminum at plastic strains of 5 percent (ref. 44). 

The author states that the material which disappeared from the 
asperity tops is accounted for by a redistribution of volume in the 
asperities, neighboring valleys, and neighboring asperities. How can 
such extensive material flow occur inside the sample which is under 
the great compression condition of the experiment? It seems more 
reasonable that the asperity tops have either fallen away or been dis- 
torted in a manner which would not be seen by the profilometer. In  
this regard, would the profilometer stylus faithfully reproduce the 
shape of an anvil head or other shape involving reentrant side walls? 
One further comment here. Caution should be exercised in generaliz- 
ing the results of this experiment, done under very specialized condi- 
tions, to describe the deformation of asperities on real-world surfaces. 

Concerning concZmiom.-The word ‘ 6 ~ ~ r f a c e ~ 7 ’  as used in the con- 
clusion is far too general. Strong explicit qualifications should be 
made. Otherwise, some of the statements made by the author are not 
believable. 

The conclusion purporting to explain the “difficulty of making her- 
metic metal-to-metal seals” ignores factors such as overall flatness, 
surface cleanliness, and proper choice of materials. When these fac- 
tors are properly considered, there is no difficulty in mating gas tighk 
metal-to-metal seals, using high loads. In  fact, part of the great suc- 
cess of modern metal vacuum systems results from the ease of rou- 
tinely achieving such seals. The author should qualify the conclusion 
instead of making a general statement. 

I have already commented on the contradiction in the author’s con- 
clusions regarding the controlling factors in contact and friction. 
Furthermore, if one accepts the author’s conclusion that “Surfaces 
typically are covered with asperities7’ having a specific range of gem-  
etries, then it would seem that different materials would have the 
same friction coefficients if topography alone were the governing 
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factor. Most tables of experimentally measured friction coefficients 
for different materials clearly show that this is not so. The last con- 
clusion in the paper apparently is derived from the data of one set 
of experiments (done under the very special conditions of high sample 
compression). A statement regarding asperities in general, therefore, 
does not seem appropriate. 

Finally, I would like to suggest that two instruments, one still in the 
development stage and the other commercially available, could con- 
tribute significantly to advances in understanding contact and fric- 
tion. The field-emission ultramicrometer (ref. 45) promises to do 
profilometry with a vertical accuracy of better than em and a 
horizontal discrimination of about cm, without touching the speci- 
men. The scanning electron microscope (ref. 46) can look at rela- 
tively large surface areas, revealing the shape of surface asperities 
with sufficient depth of focus t o  see into reentrant regions. 

T. E. Tallian (SKF Industries, Incorporated, King of Prussia, Pennsylvania) 

The author gives a progress report of his studies of surface topog- 
raphy, focused on the use ‘of stylus-type surface profile tracers. 
Known tracing systems are used by the author in conjuntion with two 
innovations : a coordinate table and a digital method of data recording 
and analysis. Of these, the more unique is the coordinate table. This 
permits, for the first time, instrumental analysis of a two-dimensional 
surface. Digital processing of profile information is also relatively new 
but has been performed in both the author’s and the discussor’s 
laboratory for a few years (ref. 4’7). 

The illustrations given by the author of the use of his surface 
analysis method are both fascinating and frustrating : fascinating, 
of course, is the wealth of detail revealed about the surfaces, but 
frustrating is the fact that the surfaces illustrated are bead-blasted, 
with a topography so far removed from most typical sliding and 
rolling surfaces that its selection must have been related to uses for 
electrical contacts (the main area of interest of Burndy Corpora- 
tion) rather than for lubricated mechanical contacts. 

The author correctly states that it is insufficient to know the rms 
height of asperities in predicting Dlastic or elastic contact behavior of 
surfaces. Williamson, based on his and Greenwood’s analysis, favors 
the plasticity index 

This Greenwood index is based on the assumption of hemispherical 
asperity shapes. Blok and then Halliday (ref. 48), using a sinusoidal 
asperity model, earlier proposed an index based on the maximum 
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asperity slope 6, and plastic flow occurs when ex exceeds a 
limiting value, depending on the material. 

The latter index has the advantage that the asperity slope 6 is easy 
to measure. As an example, figure 16 shows distributions of slopes for 
three typical, abrasive-hished surf aces. They were obtained by the 
tracing and processing technique described in reference 47 for asper- 
ity amplitudes, except that an analog differentiator was inserted in the 
circuitry. From these distributions, it is seen that the typical slope of 
abrasively-finished hard steel surfaces varies widely. On a ground 
surface, the 95 percentile slope is e0.95=290. Even for much smoother 
honed surfaces 80.95=3.80, and only lapped surfaces show 
~0.,5=0.70. Halliday cites &=1.60 as the limiting slope beyond which 
plastic flow of asperities occurs on hard steel, and thus there must be 
significant plastic flow of asperities on new ground surfaces and some 
on honed surfaces. Only lapped surfaces would be expected to be purely ' 

elastic when new. It would be very interesting to compare these results 
with predictions using the Greenwood index, but unfortunately, the 
asperity tip radius for these surfaces is not known at this time. 

The author quotes Archard to the effect that linearity of total real 
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contact area with load is to be expeded if an increase in load results 
in more numerous, not larger, individual contact areas. I n  deriving 
their plasticity index, Greenwood and Williamson state that lthe wide 
applicability of a single plasticity index, independent of load, results 
from the fact that for a variety of plausible asperity tip height dis- 
tributions, such as Gaussian, the contact areas (of hemispheric asperi- 
ties) do become more numerous with load at just the right rate to keep 
stress within an asperity essentially load-independent. 

Another view of the plastic flow criterion is possible and is impor- 
tant in the analysis of partial elastohydrodynamic conditions in rolling 
contact. It will be shown that a load-independent plastic flow criterion 
applies to any single asperity, irrespective of the statistical height 
distribution of a population of asperities and thus independent of the 
rate of total contact area growth with load, if only the profile of the 
single asperity satisfies a simple geometric condition. This condition 
is that the Hertz contact area of the asperity must increase; pmpor- 
tionately with its elastic deflection under load (squashing). Figure 17 

k o m  17.-Asperity model cross section. 
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shows an idealized two-dimensional asperity shape, similar to what one 
would expect to find on ground, honed, or lapped surfaces, formed by 
a multitude of cuts by sharp and straight-edged abrasive grains. The 
asperity is a plane-sided ridge, with a tip radius so selected thak the 
rounding of the tip extends over a small constant fraction of the 
asperiky height ( (I& v of the rms height or 1/12 of the average total 
height). Figure 18 shows the elastically calculated maximum sub- 
surface shear stress T~~~ and its depth coordinate Z,, beneath the as- 
perity contact surface, as functions of contact area width (and, 
approximately, deflection) for three slopes and rms amplitudes. (These 
slopes and amplitudes are typical of real surfaces described in figure 
16.) The stress calculation follows a theory developed by Chiu of the 
discussor’s laboratory and assumes the plane sides to be inhitely long 
in both directions. Thus, it is valid for deflections which are small 
compared to the asperity heighk %. It is seen that the maximum shear 
stress (which is critical for the onset of plastic flow) increases with 
load for low loads, as expected for a cylindrical contact. Then, how- 
ever, the stress levels off as more of the plane sides of the asperity come 
into contact. Each of the stress curves has a horizontal asymptote 
which is approached within 20 percent for deflections in excess of 
1 . 5 ~ .  The magnitude of the asymptotic value of T~~~ depends only on 
the asperity slope, provided that the height occupied by the tip radius 
is small in comparison to the deflection. Compared with a plastic flow 
stress in Hertz contad of about 7k= 120 000 psi for steel of 60 RC hard- 
ness (ref. 49), the asymptotic value of the calculated shear stress 
predicts elastic deflection for all loads for the smoothest surface and 
plastic flow for the two others, in agreement with Halliday’s criterion. 

This calculation contains no assumption regarding the height dis- 
tribution of a population of asperities. A similar result can be obtained 
for a three-dimensional asperity contact if ‘the profile of the asperity is 
a suitable nonparabolic curve, giving proportionality between deflec- 
tion and contact area. 

These deformation phenomena suggest a series of questions of cen- 
tral importance to rolling contact performance. As described elsewhere 
(ref. 50),  surface failure in rolling contacts can take three forms: sur- 
face fatigue characterized by near-surface plastic occurrences and sub- 
sequent microcracking and pitting (often a precursor of spalling fail- 
ure which, of itself, is not a failure of .the surface), wear with loose 
particle removal, and smearing (metal transfer). Of these, smearing 
requires substantial macroscopic sliding in the contact and will not be 
considered here. Surface fatigue and wear have in common the facts 
that they can occur with little, if any, sliding, and that neither occurs 
under full elastohydrodynamic conditions, i.e., without asperity con- 
tact. But otherwise the two differ. 
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FIGURE 18.-Maximum shear stress and its depth coordinate under the asperits 
of figure 17. 

Surface fatigue does not entail material removal (except in extreme 
cases) and seems strongly controlled by surf ace geometry and material. 
It is secondarily influenced by some lubricant properties. What is 
called surface fatigue actually initiates in the near subsurface strata 
(ref. 49) in that plastic deformation zones form at depths of a few 
hundred pin. in the metal structure, just as they form in the deep sub- 
surface region in the course of common spalling fatigue. Microcracks 
develop later, apparently originating in the plastically worked near- 
surfacemetalbut opento thesurface (ref. 51). 

Wear, of course, is a material removal phenomenon, acting on one 
asperity at a time, and is strongly influenced by the lubricating prop- 
erties of the fluid or solid material between the surfaces (ref. 47). 
By all theories, wear is a traction phenomenon: asperities must weld 
or strongly adhere so that tensile forces are transmitted before they 
can wear away, unless abrasive particles ktervene, acting by plowing, 
i.e., again in traction. The presence of even small sliding velocities rap- 
idly increases wear. Surface fatigue appears to be a phenomenon not 
dependent on macroscopic sliding; in fact, if there is much sliding be- 
tween the surfaces, it may not develop but be overtaken by smearing 
failure. 

It is intriguing to speculate on the fact that neither wear nor surface 
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fatigue occurs in the presence of an uninterrupted elastohydrody- 
namic film. In  the case of wear, the reason seems obvious: the elasto- 
hydrodynamic film cannot transmit the high tractive forces required 
for a wear particle to form. Considerable shear stresses can be gener- 
ated in an elastohydrodynamic film, but as pointed out by Smith (ref. 
52), they are extremely unlikely to reach the order of flow stresses of 
hard metals. 

This discussor has previously proposed that a full elastohydrody- 
namic film prevents surface fatigue because of the absence of high 
tractive forces (ref. 50).  This hypothesis is, upon close scrutiny, awk- 
ward. It may be true that in any moving contaot, when metal touches 
metal with at  most a boundary layer of lubricating material interven- 
ing, there always is substantial shearing of the interface because even 
small sliding velocities impose large magnitudes of shearing on the 
very thin boundary layers. It is not necessarily true, however, that high 
tractive forces are generated. I f  the interposed layer is of low shear 
strength (and boundary lubrication provides just such layers), then 
high forces will not act. Thus, high tractive forces will arise only where 
the boundary layer has been pierced (the typical wear situation). Since 
surface fatigue often arises over large surface areas in the presence 
of good boundary lubricants without the accompaniment of massive 
wear, it is difficult to believe that it results from the few metallic as- 
perity interactions that take place. 

The author’s description of compressive asperity deformation under 
very high pressures offers an explanation for surface fatigue that does 
not require tractive forces. To begin with, inside an elastohydrody- 
namic film, in the high pressure region of a rolling contact, the surface 
pressure does not vary appreciably over distances comparable to asper- 
ity spacings, at least over surfaces with moderate asperity slopes, such 
as the honed and lapped surfaces illustrated in figure 16. Therefore, 
subsurface shear stresses, which are related to the presence of surface 
pressure gradients, will be low at depths comparable to asperity spac- 
ings. Asperities separated by elastohydrodynamic film thus have no 
reason to undergo plastic deformation requiring high shear stresses. 
That they, in fact, do not undergo such deformation is suggested by 
the as-new appearance of surfaces that have withstood many (IO9) 
cycles of Hertz stressing with full elastohydrodynamic film. Now, if 
asperities touch because the film thickness/composite roughness ratio, 
h/u, has dropped and negative separation points have arisen in the 
author’s “gap map,” then the most obvious change in the surface pres- 
sure field at  these asperities will be that a sizeable pressure gradient 
arises ; the pressure is higher over the asperity contact areas because 
these must be depressed to pass over one another. Assuming that con- 
tinuum mechanics calculations are permissible, high stresses similar to 



124 F R I C T I O N  A N D  W E A R  

those shown in figure 18 will be generated, even under small total 
Hertzian loads. Their depth below the surface will be of the order of 
asperity spacings, as shown in the same figure. At that depth, near- 
surface plastic flow will arise if the stress exceeds the flow stress of the 
material. Microscopic observation (ref. 51) has shown that plastic flow 
does occur at these depths if there is visible evidence of surface fatigue. 

Experience shows that such evidence is likely to be found in rolling 
bearings if h / u S  and not likely if h/&2 (ref. 50). Apparently, real 
asperity shapes are such tbat a significant amount of plastic flow does 
not occur at  typical asperities unless their deflection is large by com- 
parison to their amplitude. 

It seems confirmed that the first stage of surface fatigue is plastic 
flow under contacting asperities. It has been shown that this type of 
plastic deformation is progressive for hundreds of millions of cycles 
by involving increasing numbers of favorable martensite platelets (ref. 
53). Eventually (and mysteriously) a crack forms in the plastically 
worked zone. That is the genesis of the second stage of surface fatigue : 
microcrecking. 

In  bhe absence of localized geometrical defects and for good (largely 
elastohydrodynamic) lubrication, it appears that spalling failures in 
rolling contact (bhe typical, deep, crater-like spalls which can destroy 
rolling bearings) originate at the depth of high microscopic Hertzian 
shear stress (several thousandths of an inch below the surface). How- 
ever, it is also known (ref. 49) that for low values of h/u or in the 
presence of surface defects, spalling is often surf ace originated. This 
has led to considerable speculation about hydrostatic crack propaga- 
tion (ref. 54) and the tractive forces acting in these cases to originate 
cracks at  the surface; the macroscopic Hertzian stress field, in the ab- 
sence of traction, does not provide the shear stresses at the surface 
which are believed necessary to start cracks. Recently, workers at A. D. 
Little Incorporated have shown that if a crack (or void) is already 
present, a Hertzian compressive stress field can propagate it because 
there will be shear stress concentrations at the tip of the crack or near 
the wall of the void (ref. 55). Using this bheory, one can see that sur- 
face-initiated spalling failure can propagate eibher from a virgin (un- 
fatigued) surface if tjhere is a preexistent localized sharp discontinuity 
(crack), or from any surface that has undergone surface fatigue which 
opens up huge numbers of shallow but sharp cracks. Microscopic eVi- 
dence exists to show that surface-initiated spalling is generally pre- 
ceded by surface fatigue (near-surface plastic flow), i.e., that it fol- 
lows the latter route to failure (ref. 53). 

The above description shows how typical asperities of rolling sur- 
faces can initiate surface fatigue when they make contact through a 
partial elastohydrodynamic film. Another important mode in which 
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surface fatigue can occur is by local thinning of lthe elastohydrody- 
namic film. Figure 19 shows intensive surface fatigue surrounding a rel- 
atively deep grinding “furrow” on a rolled-over surface. It has been 
shown by Schoeler in the discussor’s laboratory that during cyclic 
stressing the oval area of surface fatigue acquires a slope towards the 
furrow (fig. 19). It is not yet known whether the slope results from 
wear or from subsurface plastic flow, but it was demonstrated (ref. 53) 
that plastic flow takes place. This series of events at the furrow is 
attributed to localized thinning of the elastohydrodynamic film in the 
area surrounding the furrow because of side leakage of oil into the 
furrow, to the resulting pressure loss, and to the consequent elastic 
rebound of the material. It a p p r s  that a “dynamic asperity” is 
created near the furrow (much the same as one is created near the 
exit of every elastohydrodynamic contact) and at the sides of three- 
dimensional contacts (ref. 56). I f  this “asperity” makes contact, it may 
cause surface fatigue. Once surface fatigue has arisen at a furrow, 
spalling failure can result and, indeed, numerous spalls originate at 
f ’rr0WS. 
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It is suggested that by using the following parameters one can pre- 
dict whether surface plastic flow-and ultimately surface fatigue- 
vi11 occur on rolling contact surfaces. 

(1) A quantity giving the variation of typical asperity cross sections 
as a function of the “elevation” of the section determines the stress- 
deflection relationship of the asperities and yields a plasticity criterion. 

(2) The magnitude of the elastohydrodynamic film thickness/com- 
posite roughness ratio, h/u, determines the magnitude of khe deflections 
imposed on those asperities that, come into contact through the elasto- 
hydrodynamic film. 

Of these, the quantity in (1) can be approximated by the use of a 
suitable plasticity index, e.g., one related to the asperity slope 0 which 
is readily measured. *here are several current (electrical and optical) 
methods to measure h/u as stated in (2) in areas where the surface is 
undisturbed by defects (ref. 47). 

A new optical method to elucidate the topography of an elasto- 
hydrodynamic contact area in the presence of localized surface defects 
is illustrated in figure 20. This is an interferogram showing an elasto- 
hydrodynamic point contact between a steel ball and a glass flat (ref. 
56). It is different from the pioneering interferograms of Archard 
(ref. 57). and Cameron (ref. 58) in that it was taken with an ultra- 

. 

~~~ 2O.-Elastohydrodynamic contact interfero- 
gram with imperfection marked with mow. 
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viscous (106 cs) oil at very slow (10-2 in./sec) rolling speed. As a 
result, one observes clearly a surface defect (scratch) passing through 
the contact and distorting the elastohydrodynamic film. The hori- 
zontal magnification is X 600, so khat the resolution is very good. This 
type of interferogram permits one to follow the action of rare surface 
features in elastohydrodynamic contacts. 

I n  summary, the author, with his two-dimensional tracing method 
and with the study of asperity plasticity, has contributed significant 
and sorely needed solutions to the complex problem of surface geom- 
&ry and asperity behavior in contact. His imaginative and new 
approach to the problem has yielded insights that serve well in the 
interpretation of surface fatigue phenomena. It is hoped that he will 
continue to have the means and the inclination to pursue these studies 
further. 

J. F. Archard (University of Leicester, Leicester, England) 

Dr. Williamson's stimulating paper contains so much of interest 
that I must necessarily confine my remarks to a single topic. The fol- 
lowing discussion is based upon a program of research carried out in 
collaboration with Mr, D. J. Whitehouse of Rank Taylor Hobson, 
Limited. 

Dr. Williamson shows that for a profile having a Gaussian distribu- 
tion of heights, the distribution of peak heights is also Gaussian. We 
ask the question : is this to be expected on theoretical grounds? Re- 
cently we have been developing a theoretical analysis of random sur- 
f ace profiles, beginning with the simple assumption that such a surf ace 
is defined by two parameters : the height distribution and the correla- 
tion length. The correlation length ( pWx) is defined as the length over 
which the autocorrelation function has declined to a defined, negligibly 
small value; its physical meaning is that two points on the profile 
separated by a distance pmax can be regarded as statistically independ- 
ent events, but that points separated by distances less than pmax are not 
statistically independent. 

We start by assuming that the height distribution is Gaussian and 
confine ourselves, here, to outlining the way in which the peak height 
distribution can be deduced. Consider three events upon a profle 
separated by distances equal to pmm, as shown in figure 21. The prob- 
ability of finding a peak at, or near, a height y can now be defined by 
three conditions : 

(1) Event 1 is lower than y. 
(2) Event 2 is at, or near, height y. 
(3) Event 3 is lower than y. 

The probabilities of each of these events is shown by the shaded por- 
tions of the height distribution functions (fig. 21). 
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FIG= 2l.-Illustration of simple theory, the probability 
of finding a peak between y and (y+Sy). 

Using this approach, it has been shown that if one assumes a profile 
having a Gaussian distribution of heights, of standard deviation u, 
the distribution of peak heights is also approximately Gaussian. This 
peak height distribution has a mean which lies above the mean height 
by a distance of 0.81q and the standard deviation of the peak height 
distribution is 0.71~. These relationships between the height distribu- 
tion and the peak height distribution are not identical with those 
measured by Greenwood and Williamson using a bead-blasted surface ; 
however, considering the simplicity of the present analysis, the agree- 
ment is sufficiently close to suggest that further development along 
these lines might be appropriate. 

A more complete account of the work just outlined will be published 
elsewhere. I n  the present contest it is, perhaps, relevant to consider 
ways of extending the excellent, work on the analysis of surface profiles 
which Dr. Williamson has described. It seems reasonable to suggest 
that the statistical characteristics of any random surface should be 
described completely by the height distribution and the autocorrelation 
function, and that both of these parameters are required for a complete 
statistical description. (It is of interest to note here that, in his 
invited discussion, Dr. Kingsbury also suggests the inclusion of the 
autocorrelation function.) From these two parameters it should be 
possible to forecast any other statistical characteristic of the surface 
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that might be required, e.g., peak height distribution, peak height 
radius distribution. A somewhat weaker suggestion is that intuitively 
we might expect the shape of the autocorrel'ation function to be basi- 
cally the same for a considerable range of surface profiles. I f  this be 
true, then for this class of surfaces it should be acceptable to  simplify 
the analysis using the correlation length (rather than the full auto- 
correlation function) somewhat along the lines indicated in the simple 
analysis outlined above. 

Finally, the use of surfaces having a Gaussian distribution of 
heights has attracted some questioning comment. I would commend 
Dr. Williamson's emphasis, at this stage of the subject's development, 
upon the analysis of this type of surface. Indeed, I would suggest 
that the further development of this same study towards a more com- 
plete analysis, perhaps along the lines suggested above, is desirable 
as the next stage. The completion of this analysis seems to be a nec- 
essary prerequisite for the understanding of the characteristics of 
other surface types less clearly defined in terms of statistical theory. 
J. W. Lancaster (Royal Aircraft Establishment, Farnborough, England) 

The plasticity index, as defined by Dr. Williamson, and involving 
both material properties E/H and characteristics of the surface topog- 
raphy u/p, is a particularly valuable concept. It enables one, at least 
in principle, to rationalise much previous experimental data which 
has so far merely been either qualitative or only semiquantitative. 

One of the long-term objectives in the fundamental study of wear 
is to relate the wear rates of materials to their mechanical properties. 
In  most laboratory experiments, rates of wear are measured after the 
attainment of steady state conditions between surfaces sliding repeta- 
tively over the same apparent areas of contact, e.g., pin and disc tests 
and plain bearings. In  such conditions it is the exception rather than 
the rule to find significant correlations between the wear rates and 
mechanical properties of different materials. The main reasun is that 
each material generates its own characteristic topography, i.e., the 
ratio u/P changes with the material as well as EJa. This point can 
be illustrated by describing some results obtained with different grades 
of carbon brushes sliding on copper slip rings. 

The elastic mbduli of manufactursd carbons are, in general, about 
two orders of magnitude lower than those of metals. The slopes of 
asperities which can be deformed elastically are thus in the range of 
about 5 to 15", in contrast to 0.1 to 0.5" for metals. On most surfaces 
produced by conventional routine engineering methods, it may there- 
fore be assumed that the deformation of carbons will be predomi- 
nantly elastic and, if so, an attempt to relate their wear rates to 
E is reasonable. 
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The results shown in the upper part of figure 22, obtained with differ- 
ent types of carbons at two loads, indicate that there is no significant 
inverse relationship between the wear rates and the elastic moduli of 
the various materials. Microscopic observations showed that some car- 
bons wore the counterface very badly, whereas others hardly affected 
it at all. The lower part of figure 22 shows results obtained in condi- 
tions where a constant surface topography was maintained on the cop- 
per slip ring; each brush was worn at  a light load (80g) in the wear 
track generated at a heavier load (1 kg) by one particular grade of 
brush. Three sets of results are shown, corresponding to three grades 
of "track-generating" brushes. There are now significant linear inverse 
relationships between the wear rate and elastic modulus. What remains 
to be done is to characterize the topography generated during sliding 
in detail, i.e., to determine a /p  with the aid of the sophisticated tech- 
niques described in Williamson's paper. I n  this way it should be pos- 
sible to determine which material properties are of most importance 
in determining a//3 and which determine the wear rate; these two sets 
of properties are not necessarily thesame. 

An alternative way to keep the topographical feahures constant dur- 
ing wear is to spiral a small sample of material over a larger rotating 

FIGURE 22.-Variation of the rate of wear with modulus of elasticity : A, in own 
track, 1 kg ; B, in own track, 80g ; C, in a baked carbon, 9, track, 8Og ; D, in an 
electrOgraphite, 18, track, 8Og; E, in a natural graphite, 2, track, Wg. The 
digits are the code numbers of each material, and the figure below it the rate 
of wear. 



T O P O U R A P H P  OF S O L I D  S U R F A G E B  131 

drum. This kind of approach has recently been used at  R.A.E. with 
the object of relating the wear rates of polymers to their mechanical 
properties. I n  one series of experiments, the drum temperature was 
varied, and the left-hand side of figure 23 shows the variation of wear 
rate with temperature for four materials. Values of E / H  were obtained 
from indentation measurements but generally showed little variation 
with temperature until very near the softening points of the polymers. 
Other mechanical properties are therefore likely to be involved. Ratner 
and coworkers (ref. 59) have suggwted that one of the most important 
parameters in polymer wear is the elongation to break ( s ) .  Qualita- 
tively it is clear that the magnitude of the elongation together with the 
ultimate strength must determine whether material is ruptured be- 
neath a moving penetrating asperity, leading to a wear particle, or 
merely displaced plastically. The right-hand side of figure 23 shows 
values of l/U.T.S. X E plotted against temperature for the polymers 
already given. It may be noted that the shapes of the curves are very 
similar to those for the wear rates. An exact correspondence is hardly 
to be expected in view of the fact that mechanical properties measured 
at low rates of strain are being compared with a wear process involving 
much higher strain rates. The results therefore suggest that some 
caution must be exercised in extending or extrapolating the use of 
criteria, such as the plasticity index, from static contact conditions 
to situations involving sliding. 

I n  a second series of experiments, the surface topography of the 
drum was changed by abrasion with different grades of silicon carbide 
paper while the temperature was kept constank (low speeds of sliding). 
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Figure 24 shows that the wear rates of‘polymers are extremely depend- 
ent on the roughness of the counterface, and much more so than those 
of metals. The relationships obtained with metals are those to be 
expected assuming plastic deformation and “fling” by relatively hard 
asperities on the counterface. For the polymers, however, the mode of 
deformation changes with increasing counterface roughness from pre- 
dominantly elastic to a mixed elasticJplastic regime. Order-of -magni- 
tude calculations suggest that plastic deformation will become the 
predominant mode only if the surface roughness is increased to values 
of the order of at least 1000 pin. CLA. Since it is reasonable, as already 
mentioned in the paper, to assume that wear is more probable when 
the deformation is plastic, the observed increase in wear rate with 
roughness in figure 24 may be interpreted qualitatively as being a 
consequence of the increasing importance of plastic deformation. Once 
again, a knowledge of the ratios o/p for each surface is required to 
make the analysis quantitative. Perhaps this information is already 
available for surfaces randomly abraded with different grades of 
abrasive paper. The methods described by Dr. Williamson for charac- 
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tarking surface topography are clearly going to play an increasingly 
important role in the future analyses of friction and wear phenomenrt. 

J. J.’ Bikerman (Horizons Incorporated, Cleveland, Ohio) 

Today we heard two papers dealing with solid surfaces, and they 
had nothing in common. I shall try to establish a link between the two. 
Professor Gatos spoke of surface energy, and Dr. Williamson, of 
surface roughness. I n  my opinion, the existence of surface roughness 
shows, not the absence of a surface energy of solids, but at least the 
impossibility to apply rules derived for liquid surfaces to those of 
solids. Remember the profiles shown by Dr. Williamson. Should we 
look at a string of this shape, we would immediately conclude that the 
string is not taut, is not under tension; if tension were present, the 
string would have been straight. 

It is known that the vapor pressure above convex liquid surfaces is 
higher than above concave ones. This rule was uncritically extended to 
solids, and it was supposed that the vapor pressure of the hills ex- 
ceeded that of the valleys. But solids which lay undisturbed for a 
million years still are rough; a million years was not sufficient for the 
hills to distil into the neighboring valleys. It is difficult to believe that 
a process which did.not occur in geological time intervals can be 
respansible for such rapid effects as grain growth or the coarsening of 
crystals in saturated solutions. 

D. G. Flom (General Electric Company, Valley Forge Technology Center, Philadelphia, 

When two solids ‘are plfaced in contact, increasing the force between 
them tends not only to lower the summits of the largest asperities, as 
might be expected, but more significantly it also tends to raise other 
portions of the surfxes not yet in contact. (This is shown in figure 13 
of Dr. Williamson’s paper.) This meam that localized asperity de- 
formation involves much subsurface deformation as well. 

Subsurface deformation is clearly observed in the deformation of 
single crystals. Many at this symposium may be familiar with the 
classic experiments of Gwathmey, Bailey, Dyer, and others showing 
the produotion of “square” craters in (001) faces of cubic crystals by 
deformation with round-tipped indentors. Furthermore, concentric slip 
patterns form around these deformations owing to interception of 
(111) glide planes with the surface. Similar considerations apply for 
other crystal systems (e.g., hexagonal), and the slip patterns can be 
predicted from a knowledge of the preferred glide planes. I have db- 
served during the indentation of maIiy different crystals that, depend- 
ing upon the load, these slip patterns can form at distances up to five 
or more times ;the radius of the centpal indentation. 

Pennsyivania) 
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I have found *also that with translucent polycrystalline materials, 
such as pore-free alumina or spinel, the slip systems are not as easily 
observed but another interesting phenomenon occurs, namely, the 
production of contrasting “light” (optical) regions within the solids. 
On sliding an indentor on the crystal, these regions appear at as much 
as six times the track width away from the track. Presumably they 
result fmm intergranular slip within the material causing unique 
optical effects. 

These observations lead me to propose that we should be concerned 
not only with “areas of contact” but even more signifioantly with “areas 
of influence.” Admittedly, the latter may be difficult to measure or even 
to define; but this does not minimize their role in the mechanism of 
sliding and material deformation. 

D. Tabor (University of Cambridge, Cambridge, England) 

I should like to raise one point concerning the fascinating results 
displayed by figures 13 and 14 in Dr. Williamson’s paper. It seems to 
me that one of the factors not considered in the discussion of these re- 
sults is the constraining pressure exerted by the jacket on the alumin- 
ium cylinder. The cylinder is held in a tight fit in the jacket and then 
subjected to a uniaxial compressive stress of 80000 psi. Very large 
hoop stresses must exist in the jacket and when the deforming anvil is 
removed; these must exert large compressive stresses on the aluminium 
cylinder. When the surface of the aluminum specimen is later rough- 
ened and then flattened by pressing with a hard smooth anvil, these 
stresses could show themselves in two ways : (1) Plastic flow around 
individual asperities might release some of the compressive stress im- 
posed by the jacket and so allow the free surface of the specimen to 
move upwards. This might account for the observed rise of the sur- 
face. (2) Because of interaction with the normal stress, gross plastic 
flow will occur only when the applied anvil pressure approaches the 
pressure initially applied in forming the specimen, Le., at a normal 
stress approaching 80 000 psi. 

I f  this argument is valid, one should obtain a very different be- 
havior if the jacket were split and removed after the aluminum cylin- 
der had been formed so that the constraining pressure no longer exists. 
I f  this is not practical, an alternative ‘approach would be to carry out 
the experiment at different initial compressive stresses. The amount of 
“rise” of the surface and the bulk plasticity condition should be di- 
rectly dependent on the magnitude of the initial compressive stress. 

H. C. Rogers (General Electric Company, Research and Development Center, Princeton 

The early rise in the “floor” of the surface upon “high pressure” con- 
New Jersey) 
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tact as measured by Dr. Williamson (fig. 13) is probably the result of 
the highly stressed asperities acting, in essence, as indenters. It would 
appear that on initial loading, up to about 500-lb load, a substantial 
metal flow occurs in the asperities themselves, flattening and broaden- 
ing them. On further increasing the load, the high surface shear 
forces restrict continued flow in the body of the broad, flat asperities 
that actually have, as Dr. Williamson pointed out, a factor of 10 smaller 
height-to-width ratio than is indicated by the graphs in his figure 12. 
The asperities with flow restricted are therefore relatively harder t.han 
the substrate metal and can act as indenters on both of the contact- 
ing surfaces. The deformation zone will be similar to that shown in 
figure 25 (ref. 60). Plastic deformation takes place within the metal 
substrate, the metad flowing out to each side of the asperity as the load 
is increased, filling the gap betwem contacting asperities. There is also 
a small amount of flow in the periphery of the asperities because the 
surface tractions are much reduced there. This further aids in flatten- 
ing and broadening the asperities. 

LECTURER’S CLOSURE 

Dr. Kingsbury raises an interesting point when he discusses the 
problem of developing a description of a surface that takes into 
account both the short-range order and the long-range order. The 
“height description” approach does not do this; in the treatment de- 
scribed in the paper, it is supplemented by a “lateral” measurement 
(e.g., the curvature of the asperity tops). The autocorrelation func- 
tion is another obvious candidate for the task of providing the lateral 

FIGUBE 25.-Slipline field and plastic zone in indenting a semi- 
infinite medium with a flat die (ref. 60). 

323472 0--68-10 
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description. There are, however, two difficulties to be considered. First, 
although this function reflects the lateral scale of surface features, 
it does not tell us in which stratum of the surface the features occur. 
This can be illustrated by a very simple example: the two imaginary 
profiles have the same autocorrelation function but would obviously 
possess different contact properties (fig. 26). Second, no one has yet 
shown how to use the autocorrelation function as the basis of an ade- 
quate theory of surface contact. I agree with Dr. Kingsbury that this 
should be a fruitful area for future work. 

It would be most instructive to compare an interferograph of a 
surface with its micromap. I should be happy to map a surface if 
anybody will provide one that hf~s been interferographed 

It seems unlikely that the observed asperity deformation can be 
explained by a delayed elastic-plastic transition. The data in figure 
14(b) were obtained at zero load from the profiles of figure 12, and 
thus all points indicate plastic deformation. The bend in the curve 
should not be confused with the onset of plasticity in a conventional 
stress-strain diagram. 

Since the average slopes of engineering surfaces are usually only 
about lo”, it seems unlikely that significant tangential stresses are 
generated when two rough surfaces touch as Dr. Kingsbury suggests. 
However, I agree that one must be extremely cautious when applying 
the static contact theory to friction and wear. 

Dr. Melmed begins by discussing my comment on recent surface 
contact studies using electron microscopy and field-emission micros- 
copy. It is obvious that, the paragraph was worded to produce an inter- 
pretation on his part which I had in no way intended, and I welcome 
this opportunity of rectifying that impression. I did not say, and I 
did not intend to imply, that “advances in observation techniques are 
not really worth pursuing.” I merely wished to sound a note of warn- 
ing that not all directions of advance may be equally fruitful. To look 
at things in ever-increasing detail does not necessarily imply that one 
has become more pertinent to events in the macroscopic world of engi- 
neering processes. It seems to me useful to remind ourselves of this 

FIGURE 26.---Comparison of two surface praliles. 
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every now and again; and I feel certain that the scientist whose work 
I was discussing in the paragraph in question would not object to my 
view, for he has himself given a very succinct expression of the same 
opinion : 

The physicist must match the technique he uses to the scale of the problem he 
is investigating. He must also use all the physical concepts that can be applied 
to the explanation of his observations. He must know how solids deform elasti- 
cally, how plastic flow occurs, how contact stresses can produce slip in ductile 
solids and cracking in brittle solids. He needs to know how surfaces react with 
environments and how surface films are formed. But he must also be realistic 
in his approach. If he studies the sliding of single crystals he may be able to 
explain the gross effects in terms of plasticity theory; if he is lucky he may be 
able to explain some of the detailed processes in terms of dislocation theory. 
But if he describes the frictional process in terms of wave mechanics it is prob- 
able that though he may possibly understand wave mechanics he does not 
understand friction.* 

As Dr. Melmed says, surface cleanliness is a very large factor affect- 
ing experimental results in friction studies; it is also critical in studies 
of adhesion. However, it has very little influence on the topography 
of surfaces or on their behavior under static normal contact-to which 
themes the main part of this paper is limited. I do not believe that 
the alleged inconsistency exists. 

The two laws of friction “ f  is proportional to W” and “f is not 
dependent on A” hold independently of any particular mode of defor- 
mation of the surfaces. They are the result of surface topography, not 
of material properties. The property that mild steel and mild cheese 
have in common, which makes them obey these laws, is not their 
strength but their topography. The constant of proportionality in the 
relation between f and W certainly depends on material properties. 
But the existence of the law does not. I cannot accept Dr. Melmed’s 
contention that my statements are contradictory. 

Stylus tracks made on gold are the same width as those on aluminum 
of the same hardness. 

Dr. Melmed asks how the rise in the valley floors can be accounted 
for by flow occurring inside the sample that is under great compres- 
sion. I do not see this difficulty at all: the valley floors are the only 
part of the aluminum cylinder not restrained by khe jacket or pushed 
down by athe anvil. Surely this is exactly where we should expect the 
volume removed from the asperity tops to reappear. The profilometer 
could not, of course, reproduce an anvil-headed asperity with reentrant 
side walls; but, on the other hand, it is extremely difficult to see how 
such a shape could occur when a surface whose average slope is only 
10” is compressed under a static normal load. Although at  first sight 

*Written by Dr. Tabor in the Bulletin of the Institute of Physics last 
September. 
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the loaded-cylinder experiment appears to study surface deformation 
under very specialized conditions, the imposed constraint-that there 
is no macroscopic radial flow-must be very similar to that existing 
in the middle of a large apparent area of contact, and I believe the 
results to be of greater generality than Dr. Melmed suggests. But, of 
course, one must not casually extrapolate the results of static loading 
experiments into discussions of sliding contact. 

It is indeed difficult to make gas-tight seals between two nominally 
flat metal surfaces. I n  metal vacuum systems one usually fills the val- 
leys between the contacting surfaces with some soft metal; but if this 
approach is not permissible, as in certain space! applications, it becomes 
a major problem to ensure a gas-tight seal. I f  the problem could be 
dismissed as easily as Dr. Melmed Suggests, the Government would 
not now be spending large sums on contract research to seek a solution. 

Bead-blasted surfaces were not chosen for this study because of any 
particular correlation with the, topography of electric contacts as Mr. 
Tallian has suggested. Our purpose was not to work with “typical” 
surfaces. (Indeed, I doubt if any can properly be called typical ; elec- 
tric contact surfaces, like those of ball bearings, are special cases.) 
We chose bead-blasted surf aces because they are intrinsically well 
suited for basic research on surface contact phenomena. They are 
simple to create : the short-range texture can be superimposed on any 
macroscopic shape and, when necessary, even on specimens after they 
are mounted on jigs. The texture has no orientation and does not 
reflect bulk features such as grain structure. It is easy to control and 
reproduce and remains constant over each specimen and between 
specimens of the same batch. At this stage in our understanding of 
surface contact, it seemed to us more fruitful to study a simple real 
surface than to develop the theory of a special geome!try, which, how- 
ever accurately it describes a particular model, can be of little gen- 
eral use. 

It is rather misleading to state that the theoretical arguments put 
forward by Greenwood and me in developing the plasticity index 
referred to in the paper are based on the assumption of “hemispherical 
asperities.” The theory merely r9quires that the caps of the asperities 
(Le., the surf ace above the 90th percentile) be approximately spherical. 
This qualification seems to me to elevate the assumption from the im- 
probable to the highly plausible. However, the important difference 
between ‘the plasticity criterion discussed in this paper and similar 
criteria proposed by other workers does not lie in the model of surface 
geometry chosen (i.e., whether randomly distributed peaks with spher- 
ical caps represent a particular surface more realistically than sinus- 
oidal or triangular prisms), but in the fact that the index is computed 
using only data from the regions where contact is likely to occur. There 
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is clear evidence that rough surfaces touch near the summits of their 
asperities, and it seems reasonable that it is the geometry there which 
determines the nature of the contact rather than some parameter 
averaged over the whole surf ace and consequently influenced strongly 
by the topography of parts not involved in .the contact. 

It is encouraging to hear of the formal similarity found by Dr. 
Archard and Mr. Whitehonse between the theoretical dependence of 
the peak height distribution on the surface height distribution and 
that which Mr. Hunt and I observed experimentally. The numerical 
ratios quoted depend on the particular assumptions used concerning 
the nature of the short-term order of the profile, and, as Dr. Archard 
suggests, the disagreement merely underlines the need for further 
work. Somehow spatial information such as is contained in the auto- 
correlation function of a profile must be introduced into the general 
thmry. At the moment, however, it is not at all obvious how this may 
bo done, or even how to extract the pertinent data from #the autocor- 
relation function. 

I agree completely with Dr. Lancaster when he comments that one 
cannot simply extend the use of the plasticity index criterion from 
static contact conditiqns to situations involving sliding. The most 
that can be said at present is that recent experimental techniques have 
led to some new ideas about static contact and may prove a helpful 
step in the study of sliding contact. With sliding metals it seems 
probable that phenomena similar to those described in the paper do 
occur ; but it would certainly be unwise to apply the theory to sliding 
polymers where other parameters, such as ductility, can play signifi- 
cant and perhaps controlling roles. 

Some experiments which Dr. Snowball and I have carried out are 
relevant to Dr. Bikerman's question concerning the persistence of 
surface roughness. We took coupons of gold with rough bead-blasted 
surfaces and measured their topography while they were aged at 
elevated temperatures. I t  was necessary to limit the aging temperature 
to about 600" C to avoid topographic changes due to thermal etching. 
The surface texture parameters derived from values averaged over the 
entire surface (such as the CLA) shmved no detectible change even 
after 120 hours at 600" C. However, this does not mean that the sur- 
faces were unchanged; it is another example of how overall surface 
parameters can give misleading results. Measurements of the asperity 
radii showed small but reproducible changes. The asperities were 
blunted; and those with the smallest radii of curvature showed the 
largest changes, as would be predicted by arguments based on surface 
energy considerations. These experiments will be reported more fully 
elsewhere. 
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It seems likely that the initial rise in the valley floor (shown in fig. 
13 of the paper) is caused by a flow pattern of the type suggested 
by Dr. Rogers. The deformation zone which he discusses might well 
correspond to the “area of influence” proposed by Dr. Flom. The in- 
teresting question is how these individual deformation zones can 
produce the bends in the three graphs of figure 14. Perhaps the bends 
occur at; the load at which the areas of influence of the individual 
contacts begin to interact so that the asperities behave collectively. 

I agree with Dr. Tabor that the compression stress exerted on the 
aluminum cylinder by the jacket might have some effect on the surface 
deformation. Unfortunately; one cannot remove the jacket during the 
loading as its only purpose is to restrain the aluminum cylinder from 
flowing under the high loads. But it is straightforward to repeat the 
experiment using several different pre-loads ; we will follow this 

’ suggestion and hope to report the result at  a later meeting. 
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Surface Interactions in Sliding 

F. F. LING 
Rensselaet Polytechnic Institute 

Troy, N e w  York 

Various actions at the surfaces and domain of influence, occasioned 
by two bodies in sliding contact, are viewed in totality through irreversi- 
ble thermodynamics. Because of the complexity of these actions, quanti- 
tative treatments exist for only one or more of these actions in a single 
analysis. Topics summarized in this paper are surface temperatures, 
thermomechanical coupling, surface behavior of composites, model sur- 
faces, and the implication of these on friction and wear. 

'ACE INTERACTIONS IN SLIDING (the title proposed to the author by 
Steering Committee) is indeed an imposing subject if one were 

to expect the totality of what the title embraces. I n  practice this 
toltality can be studied only in a general way at this juncture in the 
development of science; of necessity detailed studies are more limited 
in scope. 

For example, various actions at the surfaces and domain of influence, 
occasioned by two 'bodies in sliding contact, can be treated in totality 
through a thermodynamic consideration. That is to say, the chemical, 
mechanical, and thermal effects, among many others, form the spokes 
that emanate from the hub which represents irreversible thermody- 
namics of the system. The wheel is of course the totality in question. 
Because in practice the individual spokes are sufficiently complicated 
to handle in a quantitative way, only one or a few of them can be 
treated at a time. Subsequent sections will cover such segmented topics 
as surface temperature, thermomechanical coupling, and surface be- 
havior of composites. Final sections will be devoted to model surfaces 
and implications of the above discussions on friction, etc. 

IRREVERSIBLE THERMODYNAMICS 

The subject matter is treated elsewhere in a quantitative furm (refs. 
1 and 2). In view of the interdisciplinary nature of the symposium for 
which this is written, the treatment here will be qualitative. Some of 
the ingredients that go into the subsequent thermodynamic considera- 
tion are Cauchy's law of motion, the First Law of Thermodynamics, 
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the fundamental postulate of thermodynamics, and the constitutive 
relationships. 

Cauchy's Law of Motion 

The balance of momentum leading to a vector relationship betw'een 
displacements, stresses, and body forces is called the Cauchy law of 
motion. Displacements measure the change of distances between two 
neighboring material points in a body as a result of deformation. 
Stresses are the forces per unit area across a surface (internal or ex- 
ternal) of infinitesimal size and a generic orientation. Body forces are 
those which are proportional to the volume.* These may be gravita- 
tional or electromagnetic forces. 

First Law of Thermodynamics 

The balance of energy, subject to the Cauchy law of motion, leads 
to a relationship between the product of stresses and strain-rates, heat 
flux, heat source, and internal energy. This is called the First Law of 
Thermodynamics. 

Fundamental Postulate of Thermodynamics 

In irreversible thermodynamics, the basic equations of classical 
thermostatics are applied to elements of volume in a moving material 
or in a mixture of materials. Thermodynamics is viewed primarily as 
a study of entropy. According to Gibbs, the thermodynamic substate 
is regarded as influencing the internal energy density e. The substate 
is, in general, the set of parameters v,(a=l ,  . . ., n). The parameters 
may be volume, deformation gradient, etc. The substate plus a single 
further dimensionally independent scalar 7 suffices to determine E, 

independently of time, place, motion, and stress. That scalar is called 
the specific entropy for a given particle. The fundamental postulate 
is this: E depends on 7 and the 0,'s. deli37 gives the temperature T 
and be/bv, defines the thermodynamic tension T ~ .  For example, when 
v1 is the specific volume, -q is the thermodynamic pressure. In  the 
case of a homogeneous mixture, when the substate includes both the 
total volume and the masses of the constituents, then the tension 
T~ corresponding to the masses of the constituents is called the chem- 
ical potential. Where v, is the deformation gradient, T, is the stress 
vector. 

Depending on the generality required, a relationship now connects 

*Here classical continuum mechanics is used, i.e., the field theory that assumes 
,that the material body is indefinitely divisible while retaining its defining prop 
erties. In so choosing the phenamenological method for describing materials, its 
preference over electron, molecular, or atomic theories is not inferred. Much of 
the usefulness of many of the theoretical expressions has been established through 
decades of experience accrued through experimental mechanics. 
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the internal energy density, temperature, entropy, etc. The equating of 
this relationship to that derivable under the First Law leads t o  the 
Second Law. Note that in this approach the Second Law is a con=- 
quence and not a fundamental law. I n  other terms, in the final analysis, 
a fundamental postulate is made such as the one on entropy. 

Constitutive Relationships 

Within materials constants relationship between stresses, strains, 
temperature, chemical effects, etc. can be derived from the above rela- 
tionship. Again, the degree of generality depends on the extent de- 
sired. This is the first of the constitutive relationships of a given mate- 
rial. Then for each of the relevant vari8,bles (e.g., temperature) there 
is a constitutive equation. In  the case of temperature, there is the gen- 
eralized heat equation. In  the same fashion there should be one govern- 
ing the chemical potential and current potential in the event chemical 
and electric effects, respectively, are involved. 

Summarizing, the above may best be depicted diagrammatically in 
figure 1. The wheel consists of two parts: (1) field equations such as 
the Cauchy law of motion, electromagnetic field equations; and (2) 
constitutive equations such as the thennodastic stress-strain law, gen- 
eralized heat equation. ‘These are the ultimate equations to be solved. 

IRREVERSIBLE 
HERMODYNAHI 

F ~ W E  1.-Diagram showing the unifying feature 
of irreversible thermodynamic& 
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These equations come forth through the various spokes representing 
such items as : (1) balance of energy, (2) balance of momentum, (3) 
fundamental postulate of thermodynamics, (4) Fourier law of heat 
conduction, and (5) Kirchhoff’s law. They merge at the hub through 
irreversible thermodynamics, which serves, in a very general way, as 
the unifying and conceptual tie for materials of various properties 
under the influence of various fields. Theoretically, there is no reason 
why chemical effects cannot be treated in conjunction with mechanical 
and thermal effects. In  practice, however, two interacting effects are 
already rather complex to treat quantitatively. Suffice it to say that the 
above should serve to indicate the path for further challenge in re- 
search in a quantitative way; this said, individual facets of surface 
interaction in sliding will follow. 

SURFACE TEMPERATURES 

Dynamic Thermocouple 

Some theoretical results will be summarized here; the use of dynamic 
thermocouples will be mentioned briefly later. Figure 2 shows schemat- 
ically two nonsmooth bodies in contact and the thermoelectricity gen- 
eration. The Peltier coefficient is TAB: TiS is the interface temperature 
averaged over the spot of contact, To is the cold junction temperature, 
and P is the potentiometer reading. It has been shown in an analysis by 
Gaylord et al. (ref. 3) that if the spots of contact are round and 
sparsely located and if the leads are placed far away from the contact 
region, then 

where En is the emf generated at the nth spot of the contact region, 

FIGURE 2.-Schematic diagram showing 
two bodies in contact and thermoelectric- 
ity generation. 
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A ,  is the contact area of the nth spot. Equation 1 shows that the 
potentiometer reading measures -the average emf of the spots weighted 
by the square root of the area of the spots. 

Later it was shown by Hughes and Gaylord (ref. 4 )  that for a 
continuous contact area, the potentiometer reading gives the average 
emf weighted by the area divided by the distance from the perimeter 
of the circle. For a rectangular contact area in sliding contact, the 
interface temperature based on continuity at the interface has been 
computed numerically by Shu et al. (ref. 5 ) .  

The above shows why experimental results for sparsely distributed 
contacts do not check with analytical results that are computed on 
the basis of straight average. Also, for continuous contact, experi- 
mental results do not always agree with analytical results computed 
on the basis of area average. 

Juncture Condition at  Moving Interfaces 

Calculated temperatures are usually obtained by using continuum 
theory and assuming smooth surfaces. In these calculations, it has 
been tacitly assumed also that the temperatures due to frictional 
heating on both surfaces in contact are the same. This condition, 
which is certainly valid for smooth surface without contaminating 
films, was first used by Blok (ref. 6). Using known solutions for the 
given geometries, the surface temperature on both bodies shown in 
figure 3 within the squares can be found (ref. 7). Uniform and con- 
stant heat flux is used: up for the stationary body 1 and (1-u)q for 
the moving body 2, where u is the fraction of heat flux p which goes 
into body 1. Examination of the surface temperatures a t  y=v=O 
(as shown in figure 4), Tl(z ,  0 ,O)  for body 1, and T2(E, 0,O) for body 2, 
shows that generally Tl(z, 0, 0) # Tz(T, 0, 0). However, ( T J m a x  and 
(Tz)mrtx can be set equal to each other through the parameter u. 
Blok argued that the probable temperature is somewhat in between. 
It is easily shown that 

where R=Va/41c~, V is the speed of movement of body 2 ,  a is the 
semi-length of the contact area, KZ is the thermal Musivity of body 2, 
KI and KZ are the thermal conductivities of bodies 1 and 2, respec- 
tively. In addition, 

0-z- for R=O 
K2 

l+Z 
(3) 
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while, in between, the expression would be more complicated. In 
fact, for the whole range of R (ref. 7J, 

Kz 23T 
4= 

''Z [ 14- .414(1--e-1-aR)]I(R) 
(4) 

where I(R) is shown in figure 5.  Strictly speaking, the matching of 
TI(%, y, 0) and T&, q, 0) leads to an integral equation, the inversion 
of which should give u as a function of (2, y). This has been done in 
one instance by Ling (ref. S ) ,  and it was found that the picture shown 
in figure 4 is not too far off. 

So much for the condition of perfect matching of temperature. 
What of the actual situation? For static contacts, experiments by 
Konwenhoven and Potter (ref. 9) and Fenech and Rosenow (ref. 10) 
have shown that there is a temperature break at the interface, i.e., 
temperature at the surfaces considering the surfaces smooth. In  other 

BYWEE 3.-~omponents of two solids in slidlihg contact. 
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FIWE 4.-Matching of the surface temperature maxima of 
two solids. 

words, if the mating surfaces are considered smooth, then the tem- 
peratures extrapolated by means of continuum theory to the surfaces 
are not necessarily the same. The basis of extrapolation is measured 
temperature away from the surface in one instance. The solid curves 
in figure 6 show the data of h,, thermal conductance, vs average 
pressure at  the contact region for various values of surface roughness 
between 3 to 3320 pin. for static contact. The definition of h, is such 
that the heat flux is equal to the product of h, and the temperature 
jump of the surfaces in contact. 

For moving contacts, the measurement of h, was first carried out by 
Ling and Simkins (ref. 11) as shown in the schematic diagram, figure 7. 
The essential components of the apparatus are the friction wheel, A, 
and the friction arm assembly, B. AfFrxed to the drive shaft, C, between 
layers of insulation, is a thin ring plate, A, whose exterior surface is in 
sliding contact with the stationary rider, D. The ring plate is the 
slider and is insulated from the shaft. The rider is insulated on all of 
its flat surfaces. The concave surface makes at  least a line contact 
with the rider, and the convex surface is cooled by water, thus en- 
abling control of the cooling rate. Thermocouples formed by D and 
pins pressed against it record temperatures at many points. Using the 
analytical solutions obtained by Ling and Ng (ref. 12) of heat con- 
duction problems associated with the geometries involved, surface 
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temperatures are calculated. It should be emphasized surface tem- 
perature or macroscopic surface temperature means the extrapolated 
temperature to the surface using continuum theory from data ob- 
tained away from the surface. Figure 8 shows a typical set of data; i.e., 
macroscopic surface temperatures vs angular position -rJl€i 5 6  5 ~ J 1 8 ,  
a19 being the extent of the ring sector. Solid curves show the temper- 
ature on the rider and dot-and-dash curves show those on the slider. 
Many of these data were used to obtain average surface temperature 
and to compute the heat transfer coefficient across the sliding inter- 
face. Let Q be the heat flux generated at  the interface. Let Q1 and Qz 
be the heat flux through the periphery of the slider and the back of the 
rider, respectively. Of course, Q=QI+QZ. If A T  is the area-average 
macroscopic temperature jump at  the interface and h, is the average 
heat-transfer coefficient, then the heat transmitted across the 
interface, Qh, by conduction, convection, and first-order radiation 
is &AT. Since Qh is not exactly known, bounds on h, can be calculated 
from experimental data: xc and h, for the upper akd lower bounds, 
respectively. Where g h  and Qh are for the upper and lower bounds, 
respectively, h,=gh/AT and hc=_&h/AT. If Q1 were entirely generated 
on the surface.or within the rider, then ?&=Ql is certainly true. For 
the same materials in sliding contact, the rider wears more than the 
slider based on the amount of exposure to  sliding contact. Using 
an equal probability argument, let half of the Q be generated on each 
body. A lower bound is then &?h=&~-&/2. In  this way, xc and 5, for 
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FIGURE 6.-Dynami~%~ and?, vs average normal pressure. 

FIWJBE ‘I.-Sehematic diagram of apparatus for surface 
temperature measurement. 
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15 sets of data are shown in figure 6 together with data for static 
situation. The horizontal bars of the elongated 1 's  represent the upper 
and lower bounds on h,. 

Returning to the question of heat generated on the surface or within 
the body, let hq denote that associated with the stationary body. I n  
other words, h refers to heat generation (e.g., through deformation and 
asperity breakage). Then (1-h)p  is that associated with the moving 
body ; q is as defined earlier in connection with the heat removal frac- 
tion u. The following observations have been made by Ling and Pu 
(ref. 13) and Ling (ref. 14) : 

(1) In general, frictional heat is not generated in the space between 
two bodies in sliding contact. Most of the heat is generated on the 
surface of both bodies because friction derives from either the breaking 
of adhered junctions, or from the thermodynamically irreversible 
process of plastic deformation of asperities and the bulk body. That 
is, X Z a  in general. 

(2) Whenever the capacity of one of the bodies to remove heat 
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FIGURE 8.-Typical data obtained from the ap- 
paratus shown in figure 7. 
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away from the interfacial zone is less than the amount of heat gen- 
erated on that surface, there will be a temperature jump acros~ the 
interface. The surface will then have a higher temperature. 

(3) Observations (1) and (2) may be used as quantitative tools for 
selecting sliding material pairs. 

Interface Temperature Measurement 

Some methods of measuring interface temperatures include the fol- 
lowing : 

1. Indirect method for macroscopic temperature with the aid of 
analytical solution of the heat equation (as above). 

2. Dynamic thermocouple method. For very high loads it has found 
success in metal-cutting investigations as shown by Shore (ref. 15), 
Gottwein (ref. 16), and Herbert (ref. 17). I n  these applications, theo- 
retical calculation agrees with the experiment. This method has also 
been used for gear temperature studies as shown by Nieman and Lech- 
ner (ref. 18). For friction studies the checks between theoretical cal- 
culations and experiments have not always been good, eg., the case of 
ball on cylinder by Furey (ref. 19). Choice of material pair is not 
altogether free. 

3. Change of color method as shown by Schwerd (ref. 20), which 
requires transparent mating surface. 
4. Infrared radiation method, which requires transparent mating 

surface, as shown by Bowden and Thomas (ref. 21). 
5. Imbedding thermocouple beneath the surface. This method is 

widely used although not very accurate. 
6. Kripton gas detection method. Surfaces have to be separated for 

detection. 
Surface Temperature Transients 

It is clear from the above discussion that, experimentally, macro- 
scopic surface temperature may be measured indirectly. The use- 
fulness of this measure of surface temperature may be limited or un- 
limited, depending on the purposes at hand. From fundamental as 
well as utility points of view, however, it would be desirable to have 
some measure of the actual surface temperature at points of contact 
as sliding time goes on. Qualitatively, several of the methods listed 
may be useful in this regard; but, for metal systems, there does not 
seem to be any direct method for measuring these transients. All the 
available methods are indirect. In  all cases, the manner of indirect 
measurement depends on the model of surfaces in contact. 

Models creep in as soon as surface details are being discussed (e.g., 
the dynamic thermocouple). Recently, much attention has been given 
to the profilometric description of surfaces. The main strength of pro- 
flometric representation lies in the reproduction, to the degree of ac- 
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curacy of the instrumentation, of the actual surfaces before or after 
sliding engagement. Its drawback is at least twofold : First, it does not 
give the situation while sliding is taking place. Second, a reproduction 
of actual events, even with true integrity, is not exactly useful if the 
events are complicated. I f  statistical treatment of these events becomes 
necessary, a typical basic event is all-important. This leads to a more 
basic modeling of surfaces its far as temperatures are concerned. 

Modeling of surfaces for deformation studies, among others, will 
be treated in detail later. A model for interface surface temperatures, 
however, will be given here. For this purpose, it is tacit.ly assumed that 
insofar as heat transfer is concerned surfaces of the material bodies 
are smooth, but contacts are specified only where and when physical 
contacts ar0 supposed to be taking place. 

At this point it may be appropriate to digress for a moment to  see 
what sort of error this assumption may cause. Assume that surface 
asperities are truncated right circular cones of various semiopening 
angles Bo. Then according to Pu (ref. 22) - -  

T- To(1 +P/Z> (5) 
where ?;is the average surface temperature on the truncated face for 
a uniform heat input, p=T/2-eo is measured in radians, and To is T 
for p = Q  (Le., ?a flat surface). This formula is found empirically from 
calculated solution; it is good for small p, a condition satisfied by most 
surfaces. For Bo=8Qo, for example, equation 5 indicates that To is 
8 percent higher than 'T: 

Because in time the population of numerous contact points may 
move in position and change in temperature magnitude and conse- 
quently be very cumbersome to monitor, its statistics may be very 
useful. To this end, a simple stochastic model has been constructed by 
Ling (ref. 23)  as follows : (1) Given a geometric contact area (figure 9 
shows one area of a square (ZX I), although it need not be a square) ; 
(2) given a load W ,  based on existing friction theory, the fraction of 
the geometric area in actual contact d,oes not change with time; (3) 
subdivide the geometric area into equal unit areas, each of which rep- 
resents the smallest possible arew ; (4) for a given time interval, suit- 
able for the speeds of sliding and computational requirements, the 
number of units in contad, n, is fixed as discussed above; (5) by ran- 
dom processes, n units are populated; (6) coalescence of units makes 
larger area of contacts than the basic unit ; and ( 7 )  ;the same process 
is carried out for each succeeding time interval. Given such a model, 
heat conduction analyses using basic solutions lead to the following 
observations : (A typical histogram of surface temperature transients 
is shown in fig. 10.) 

- -  

- .  
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I?IGWRE 9.-Schematic diagram of sliding 
contact model. 

(1) The average surface temperature of the stationary body differs 
in general from that of the moving one. 

(2) The average surface temperatures of the stationary and the 
moving bodies, as well as lthe actual contact temperatures, are low 
relative to the maximum. 

(3) The ratios of standard deviations of surface temperaturm of the 
stationary and the moving bodies to the respective average surface 
bmperatures are between 0.3 and 3.7 with the added observation that 
(a) the smaller the speeds, the smaller the ratios, and (b) the larger 
the contact areas, the smaller the range level for the ratios and the 
lower the levels at  which the ratios occur. 
(4) The ratios of standard deviations of surface temperatures over 

contact areas to the average of contact surf ace temperatures are 
between 0 and 0.3'7. 
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(5) The spectral information on temperatures is insensitive to the 
particular program of heat-input distribution for a given percentage 
of contact, a f a d  which gives credence to the simplified stochastic 
process. 

Interface temperature is important to processes that go on at khe 
interface. One of the main significances of the above is shown in figure 
10. While the average temperature may be T=0.07, there is a signifi- 
cant peak average at T=0.37. It is suggestive that the former tem- 
perature may affect the general metallurgical state, while the latter 
may affect chemical actions. 

THERMOMECHANICAL COUPLING 

The subject of thermomechanical coupling may be put into two 
categories. Interaction includes the classical thermoelasticity, for ex- 
ample. Referring to the wheel in figure 1, the law of motion is to 
be solved with stress-strain law incorporated so as to have thermal 
effects on the one hand and the heat equations that govern heat flow 
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JWXTBE lO.-Typical histogram of surface tempera- 
ture transients. 
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on the other. Actual coupling involves the law of motion with stress- 
strain law incorporated as before and the heat equation with heaE 
generation term due to mechanical work. In  other terms, the relevant 
equations describing this situation have to be solved simultaneously. 

Many investigators have worked in this field and their contribu- 
tions have been summarized in several recent books (refs. 24 to 27). 
In  spite of these contributions, however, few have dealt with sur- 
faces in motion. Several examples will be cited to indicate the scope 
of possible coverage of the subject. At the same time, the effects of 
elasticity, viscoelasticity, and plasticity will be discussed. 

Thermoelastic Interaction 

Figure 11 shows a large body moving under a distributed heat 
source which is arbitrary. The surface is allowed to lose heat by con- 
vection. This interaction problem (i.e., elasticity problem with allow- 
ance for thermal expansion and the heat equation for a moving source) 
has been solved by Ling and Mow (ref. 28). 

The solution has been applied to an elastohydrodynamics problem 
for which a typical set of heat input data q(x) is given in table 1. 

Typically for steel the result on the displsacemenk perpendicular it0 
the surface, U,, is shown in figure 12. This thermoelastic effect was 
applied in a problem of e1,astohydrodynamics. This type of Caotion may 
well take place on the micro scale in mixed boundary friotion regime. 

A problem for constank temperature boundary condition over a 
h i t e  length and impervious surface outside the heat source has been 
solved by Johanshahi (ref. 29). 

Thermoviscoelastic Interaction 

The thermomechanical coupl.ing for visooelastic materimals can also 
be puit into two cakegories, the actual coupling one being more com- 
plicaked than the interaction category. The theory has been summarized 
rmnt ly  by Sternberg (ref. 30). Isothermal viscoelasticity involving 
surfaces has been examined by A.tack and Tabor (ref. 31), Hunter 
(ref. 32), Flom (ref. 33), May et al. (ref. 34), and Morland (ref. 35). 

A problem of the type shown in figure 11 for viscoelastic mate- 
rials, though amenable .to solution, has yet to be solved. However, a 
simple problem has been worked ouk and the sulution will (serve It0 show 
an aspect of thermomechanical intermtion for viscoelastic materials. 
The model tto be examined is la large plake that is kept at an initial 
temperature To and insulated on the bottom. It is constrained to ex- 
pand in the direction perpendicular to khe flat surfaces. Now suppose 
the surface is brought up to a temperature T, with TI > To. For this 
model the amount of expansion is trivial but the normal stresses u 
developed along directions in  the plane of the plate are of interest. 
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ARBITRARY HEAT 
INPUT 
q (X I )  

HEAT LOSSES THROUGH 
CONVECTION 
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CONVECTION 
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FIGURE 11.-Schematic diagram of the mechanical model. 

Specifically u as a function of time is of interest since the short-time 
results represent' those encountered in a moving plate under a fixed 
heat load at high speed, while the long-time results are at  low speed. 
I n  other words, this simple example may give some insight into the 
problem of the moving plate. Also, while it has been worked out, the 
solution for the more general viscoelastic stress-strain laws will not be 
shown. Rather, those corresponding to  the simpler but well-known 

TABLE 1 .-q(x) Data Encountered in Elastohydrodynamics 

x, in. q(x), ( Btu/h2 hr) X 

-0.0125 
-0.0875 
-0.005 
-0.0025 

0 
0.0025 
0.005 
0.0075 
0.008125 
0.00875 
0.009375 
0. 01 
0.01125 
0.0125 

0.2015 
0.3129 
2. 378 
6.070 

12.53 
10.97 
16.20 
5.513 
2.389 
1.243 
0.6064 
0.2714 
0.0565 
0. 1069 
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FIGURE 12.-Normal displacemen$ of Uz ( E ,  0 )  vs E for -1<E>1 and data given 
in table 1. 

laws (i.e., Maxwell and Kelvin), will be considered. Of course, the 
standard linear law is a conglomeration of the two, figure 13 shows a 
plot of a dimensionless normal stress, s, vs a dimensionless time, 7. For 
the purpose at hand, the exact definitions of those normalizing quan- 
tities for arriving at s and 'P are not important and therefore not shown. 
This is done for the idealized Maxwell and Kelvin materials, respec- 
tively. For reference, the result for purely elastic case is also shown. 
The major parameter is the Poisson ratio V.  This example, contained 
in the paper by Muki and Sternberg (ref. 36),  is given to show the 
effect of temperature on stress for viscoelastic material which often 
forms friction material. 

Thermoplastic Interaction 

As with the case of thermoviscoelssticiky, khe thermoplasticity coun- 
terpart of the problem shown in figure 11 has not been solved. Again, 
a simpler plate problem, which has been solved, might serve to show 
the character of thermoplastic behavior. 

The model is that of a large plate initially at a constant tempera- 
ture. It is exposed to a uniform heat input that varies with time, 
while the rest of the faces are insulated. The heat input increases from 
zero to'some maximum over a period of time and then decreases to zero. 
Therefore, this simple model simulates what a moving plate might see 
under a heat load due to sliding, for example. As in the last example, 
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the surface expansion for this simple model is trivial, but the extent of 
the growth of plastic zone is of interest. This is so because thO extent 
of plastic zone is related to the penetration, and therefore deformation 
friction, when this has tu sustain mechanical load as well as heat load. 
For the analysis, the plastic material is assumed to be elwtk and per- 
fectly plastic and satisfies a temperature-independent Mises yield con- 
dition. The stress-strain relationship contains thermal stress effect. 
Figure 14 shows the result as expressed by two curves: and 
cvs. 4. The dimensionless measure of the maximum heat input rate 
is is a dimensionless measure of the distance from the center 
of the plate to the edge of the plastic zone which started at the heated 
surface (only for c>1.3 in the case shown). The dimensionless 
measure of the extent of the plastic zone which started from the center 
of the plate (only for 7>3.3 in the case shown) is This example is 
contained in the paper by Weiner (ref. 37)). 

vs 

and 

SURFACE BEHAVIOR O F  COMPOSITES 
Composites embrace a very broad category of material which is 

formed by more than one material, each component having distinct 
properties but collectively having still a different set of properties. Be- 
cause it is not the purpose here to cliscuss all composites, only three 
examples will be given. 

Layered Elastic Discs 

Of concern is an elastic disc with a layer of elastic material on the 
surface having properties distinct from those of the disc. The surface 
is loaded with an arbitrarily distributed load over a finite arc and the 
equilibrating force is concentrated at the center. This center condition 
is the only model treated that simulates many machine elements. Such 
an analysis is shown by Beck and Ling (ref. 38). Many analyses on 
layered elastic systems, mostly having to do with soil systems, have 
been made in the past decade (refs. 39 to 49). 

The main results of thks work, without showing tables of numbers, 
are that in using composites one may achieve a great variety of sys- 
tem behavior both in terms of the surface displacements that are normal 
to the surface and state of stress within the body and near the surface. 
The surface displacements influence the deformation friction and the 
stresses influence the failure of surfaces. 

Layered Elastic System Under a Moving Load 

This model diflers from the previous model in that there is a layer 
of elastic material which is adhered on a large body. The composite 
has a flat surface and is moving with a constant velocity 7. For low 
values of 7, this model is also akin to those worked out for soil me- 
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FIGURE 13.-!L%ne dependence of s at surface for 
various Poisson's ratios. 

J ~ G U R E  14.-Growth of plastic zones in the slowly heated free plate. 
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chanics (e.g., ref. 47). I n  this problem, the effect of inertia on the 
shear stress at the interface and normal displacements are sought. 
Only the quasi-stationary solution (i.e., standing wave problem) is 
examined, however. This analysis has been carried out by Hsu and 
Ling (ref. 50) and an experimental counterpart is in progress. Other 
efforts for fast moving loads have been examined by Sneddon (ref. 
51), Cole and Huth (ref. 52), and Sackman (ref. 53). 

Two findings of reference 50 were that (1) there is large effect 
of speed on the surface and surface layer behavior and (2) when 
the speed exceeds the sonic speed of the layer material, the shear stress 
at the layer-substrate interface under load undergoes many stress 
reversals. This indicates that the probability of fatigue failure of the 
layer is greatly increased. The kinds of failure may be those which 
Lancaster had discussed (ref. 54). 

Layered Elastic System Exhibiting Couple-stresses 

For polar materials that exhibit couple-stresses, the stress tensor 
is asymmetric in general. An analysis similar to that of the elastic disc 
now shows the stress discontinuity at the interface (fig. 15). This 
work by Maye and Ling (ref. 55) shows the importance of couple- 
stress in bonding strength considerations. 

Viscoelastic Layer on an Elastic Half-space 

The mechanical model that involves a viscoelastic layer on a half- 
space was studied by Batra and Ling (ref. 56). In  particular, surface 
displacements were computed ; this in turn reflects upon deformation 
friction. This kind of analysis is very complex, but a simplified analysis 
was made by Abrahamson and Goodier (ref. 57) which preserved quali- 
tatively the behavior as predicted by the above. 

MODEL SURFACES 

By the very deiinition of model surface, profilometric studies of 
surface are excluded from this discussion. Work of this class has been 
carried out by Greenwood and Williamson (ref. 58), Greenwood (ref. 
59),  Abbott and Firestone (ref. 60), and Rathbun (ref. 611. 

In  some work, the profilometric approach is necessary, as indicated 
by Rathbun (ref. 61) and Schram (ref. 62). In  other contexts, model 
surfaces have been extremely successful. 

Undoubtedly, models will enter any discussions on friction in this 
symposium. Suffice it to say that there have been many contributions 
in the category-Bowden and Tabor (ref. 63), Dyachenko et al. (ref. 
64), Archard (refs. 65 and 66), Ling (refs. 67 to 70), Ling and Lucek 
(ref. 71), Peterson and Ling (ref. 7 2 ) ,  and Green (ref. 73). T o  these 
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F ~ a m  15.--Radial variation of 7 g r  for 8=0.%00 
radians (2.86' ) . 

should be added the models treated in the last section (e.g., layered 
disc) and the very classic one of Hertz (ref. 74). I n  the latter case, 
the model has been used as an ingredient of later models. Where this 
is inadequate, new ones have evolved like that of Mow et al. (ref. 75). 

IMPLICATIONS 

This paper has dealt with the use of continuum mechanics. As quali- 
fied at the beginning, it is not the intention to preclude molecular, 
atomic, or electron theories, nor is it the purpose here to show prefer- 
ence. The purpose was, however, to show that continuum mecha.nics 
can be useful in a quantitative way because it is a phenomenological 
approach in the first place. 

Having arrived at this stage, the reader may feel that the subject 
of surface interaction has yet to be touched upon. This is indeed true. 
The reason is that when interaction is discussed, one would be discuss- 
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ing friction and lubrication, which is not the aim of this paper. 
Instead, the. discussions so far have been viewed as ingredients which 
have been or can be used. 

For example, the discussion on deformation led to quantitative data 
on surface displacement where the particdar model is appropriate; 
these displacements can lead to significant quantitative information 
on friction. I n  the case of the viscoelastic layer material under moving 
load, the coefficient of deformation friction is proportional to the load 
and thickness of the film (ref. 56). I n  the case of the layered elastic 
disc (ref. 38), calculations have shown friction coefficient compara- 
ble to measurements of Tabor (ref. 63). The thermoelastic analysis 
has been applied to t%e case of elpstohydrodynamics, a case of inter- 
acting surfaces. 

DISCUSS10 NS 

W. J. Anderson (NASA Lewis Research Center, Cleveland, Ohio)  

Dr. Ling has given us some insight into the current understand- 
ing of phenomenological occurrences when surf aces are brought into 
contact. One’s first impression is that the situation is rather dis- 
couraging; the war ‘has not been won, nor is victory in sight. As a mat- 
ter of fact, the victories so far have been in back alley skirmishes, 
so to speak, rather than in battles of any significance. 

The complexity of the subject, by the most conservative estimate, 
is vast. We are on the brink of an age in which man will travel beyond 
the boundaries of this planet, but we really do not know with any cer- 
tainty what constitutes a surface. The author very ably discusses the 
various facets of the continuum mechanics approach to surface interac- 
tions. Since an engineer ordinarily deals with matter whose dimen- 
sions are considerably greater than atomic, the use of a continuum 
mechanics approach certainly appears logical. I n  a broad Sense this 
represents a statistical averaging of the trillions of individual molec- 
ular scale events that occur when two objects slide or roll against 
each other. The size aspect of the typical surface interaction prob- 
lem leads to the intuitive conclusion that valid explanations of 
observed phenomena are more likely to result from a macroscopic ap- 
proach, such as the use of continuum mechanics, than from a molecular 
approach. To some extent, history bears this out because the molecular 
hypotheses of friction set forth by Erving, Tomlinson, Hardy, and 
Deryagin have not met with wide acceptance. 

In  defense of the chemists and others who think in terms of mole- 
cules, we must ask if a fundamental understanding of the interactions 
of surfaces (which are really huge masses of molecules) can be 
achieved without developing an understanding of what happens dur- 
ing the interaction of individual molecules. Undoubtedly there is 
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much merit in both the molecular and macroscopic approaches, but I 
suspect that the major difficulty may lie in bridging the gap between, 
say, the viewpoints of the chemist and the thermodynamicist on par- 
ticular problems. 

During early investigations of lubrication phenomena, efforts gravi- 
tated into development of hydrodynamic theory or into studies of 
boundary lubrication. The idea quickly developed that these were the 
two regimes of surface interaction, with a sharp line of demarcation 
existing between them. As researchers gained knowledge and sophisti- 
cation, however, it became increasingly apparent that this demarca- 
tion between full fluid film and boundary lubrication is a regime, or 
several regimes, in itself. This is now commonly referred to as the 
region of thin film or elastohydrodynamic lubrication. As one would 
suspect, elastohydrodynamic theory is more complex than hydrody- 
namic theory because the elastic properties of the materials, as well as 
the rheological properties of the fluid, become of prime importance. 

The study of surface interactions appears to be of least importance 
in the full film regime. What goes on at the -two solid-fluid interfaces 
may not be well understood, but the assumptions used in developing 
hydrodynamic theory are apparently valid. I n  most instances theory 
can be used to predict quite accurately behavior in the full-film regime. 

Surface interactions become considerably more important in the 
elastohydrodynamic regime. The rheological behavior of the fluid is 
really not understood. Indications are that viscosity theories developed 
using a continuum mechanics approach may nut be adequate. Brush 
discusses the problems in developing a satisfactory theory of liquid 
visoosity because of disparities between the theories of mechanics and 
the theories of chemistry (ref. 76). Smith points out that the Bernal 
approach (considering liquids as composed of irregularly packed ag- 
gregates of spheres) may have certain advantages in developing a 
more satisfactory theory to explain liquid behavior (ref. 7 7 ) .  I n  a 
sense this work bridges the gap between the continuum mechanics 
and molecular approaches because the spheres are analogous to mole- 
cules. Dr. Ling mentions a viscoelastic layer on an elastic half space, 
among the various models that have been studied. This analysis is 
complex, however, and only the mechanical aspects of the problem have 
been touched. 

Finally the study of surf ace interactions under conditions where 
the surface layers come into intimate contact-the so-called boundary 
lubrication regime-& more or less the whole ball of wax. With 
chemical, mechanical, and thermal effects entering the picture, the 
problem is truly complex. It is not known yet whether sufficiently 
realistic models can be devised which are amenable to solution. 

The task at  hand is not merely a matter of inbnsi6ed, multidisci- 
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plinary analytical effort. The theoretician can judge the value of his 
work only through experiments, and he is limited by the degree of 
realism he can maintain in a model while still retaining mathematical 
tractability. The experimentalist, on the other hand, is limited by his 
measurement techniques and instrumentation. Transducer size limi- 
tations form a barrier to obtaining highly localized measurements. 
Inherent response rates of measuring, readout, and recording 
instrumentation determine how accurately transient phenomena can 
be studied. 

Present techniques for measuring surf ace temperatures are really 
quite crude. I n  the area of wear measurement, the use of radioactive 
tracer techniques has resulted in a significant improvement in detect- 
ing and quactitatively measuring minute wear rates. Perhaps a similar 
niethod of “twging” surface molecules and observing their transient 
thermal behavior could be developed. 

H. S. Cheng (Mechanical Technology Incorporated, Latham, New York) 
Dr. Ling not only thoroughly reviewed past important contribu- 

tions on various thermal and mechanical effects related to sliding con- 
tacts, but he also gave a totally new perspective on surface interaction 
in sliding. This perspective involves employing irreversible thermo- 
dynamics as the center through which all the thermal, mechanical, and 
even chemical effects in sliding contacts and the governing laws are 
connected. It is indeed a great pleasure to comment on this valuable 
work. 

Four methods have been developed by the author to calculate the 
maximum surface temperature in a sliding contact. The first method 
is essentially a refinement of the well-known Blok theory in which the 
heat division is determined by matching the maximum surface tem- 
perature at the interface. This approach is conceptually simple and 
its results are usually compact and usable. For this reason, the Blok 
theory, and any of its refinements, has been used most extensively in the 
correlation of surface temperature measurements and in the study of 
the failure of sliding contacts by scoring. However, as pointed out by 
Dr. Ling, these methods are incapable of giving the detailed tempera- 
ture distribution in the contact md are also inadequate for the cases 
where a large temperature jump exists across the interface. 

To remove the first weakness, the author has developed the second 
method in which the detailed temperature distributions are matched 
exactly everywhere throughout the interface. This gives rise to the 
heat partition as a function of (2, y) in the eontact instead of a single 
heat partition factor. While this method represents a definite improve- 
ment over the Blok approach, it is somewhat cumbersome and com- 
plex for many engineering applications. 
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The author’s third method departs from the classical approach of 
matching the interfacial temperature for smooth surfaces. Instead, 
he postulates that the heat generated is concentrated at the asperity 
contacts and the fraction of heat generated on the interface of each 
body is not necessarily equal to that flowing into the body. This re- 
quires the heat excess to be transferred across the interface throughout 
the area where asperities are not in contact and results in a tempera- 
ture jump between the surfaces. The equation developed by the au- 
thor (ref. 14) provides a quick means to predict this temperature 
jump and the surface temperatures. However, it must be noted that this 
method requires the accurate knowledge of A and h,, which must ;be 
determined independently by two separate experiments. The experi- 
ments carried out by Ling and Simkins (ref. 11) establishes a range 
of h, for the particular conditions in their experiment. These data seem 
to indicate that thE value of h, is still highly dependent on A. Until 
reliable data on h. are available, the prediction of surface temperatures 
by using the author’s third method may not necessarily be accurate. 

The last method repremnts a most complete treahment of the surface 
temperature in sliding contact between two rough surfaces. It differs 
basically from the other three methods in that the heat input is repre- 
sented by randomly distributed point sources both in space and in time. 
The location of these sources cornponds to points of real contact. 
By using a randomly distributed heat input function, the temperature 
on the surface as well as in the interior of each body at any time 
interval can be calculated employing the well-known analytical solu- 
tion of the temperature distribution due to a point source. Two as- 
sumptions are still inheren% in this method. First, the temperature at 
the actual contacting paint is continuous; in other words, the surface 
temperatures at  the contacting points are matched. Second, the heat 
transfer across the surfaces where there is no actual contact is negligi- 
ble. These assumptions certainly appear to be reasonable. 

The last method has a special significance because it is the first 
successful solution of the detailed surf ace temperature considering two 
real surfaces with discrete contacting points. It is interesting to note 
two peaks in the histograms. The first peak at the lower temperature 
reflects the temperature level throughoui the apparent area ; the second 
peak at  the higher temperature obviously indicates the temperatures 
at the Contacting points. As suggested by the author, the temperature 
at the first peak is likely to have a significant influence on the general 
metallurgical state and the thermomechanical action in the solid. 

The significance of the latter peak is dBcult to asxw. I n  a lubricated 
contact, it has been believed that the local temperature during asperity 
collision, even though it may be many times higher than the so-called 
transition temperature, will not cause scoring failure until the bulk 

323472 0-4-69-12 
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surface temperature exceeds the transition temperature. I n  view of 
recent controversies on this topic (ref. 78), there is a need to re- 
examhe this concept. To this end, the Ling and Pu’s general method 
is certainly an effective tool. 

The effect of lubrication is not included in the above four methods. 
It is interesting to consider the applicability of these methods under 
various regimes of lubrication. 

I n  the regime of full-film elastohydrodj namic lubrication, the sur- 
faces are completely separated and the heat is generated by the Viscous 
shear of the lubricant. Under these conditions, no matching of the 
surface temperatures is necessary. The methods based on the matching 
of surface temperatures of the solids are not applicable here. However, 
for these oases, the surface temperaturM can be calculated directly by 
coupling the hea6 transfer equations in the solids with the energy equa- 
tion in the fluid. Successful solutions have been obtained in references 
79 and 80. Figure 16 gives typical curves for a glass disk sliding 
against a steel disk at various sliding speeds. Note that the tempera- 
ture of the glass sur$ace is considerably higher than that of the steel 
because of its lower conductivity and surface speed. 

I n  the regime of partial EHD lubrication or boundary lubrication, 
there will be actual physical contact between asperities. Under these 
conditions, temperature continuity must be imposed at the contact, and 
the author’s last method on the general treatment of surface tempera- 
ture is applicable here. Actually in these regimes there are two other 
associated problems that are just as important as the gurface tempera- 
ture calculation and for which there is still no good solution. 

a (half  of Herrrran width) = 0 010 I“ 

0 -3 .0  - 2 . 5  - 2  0 -1.5 - I  0 -0 5 0 5  I O  1 5  
X - 

FIGUBE 16.-Surface temperature rise of the glass and steel discs. 
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The first problem is the determination of the bulk temperature of 
the solids considering the heat transfer of the support. This problem 
is significant because of the influence of bulk temperature on viscosity 
and hence friction. Unfortunately, the solution for bulk temperature 
is coupled with the heat transfer of the entire system of the support. 
Its calculation is not difficult in principle but is likely to be tedious. 
Nevertheless it deserves more attention than has been given it in 
the past. 

The second important problem associated with the surface tempera- 
ture calculation is the local friction. Experimental friction studies 
Sield only an average coefficient of friction but not the local value. 
To investigate the local friction during asperity collision, one almost 
has to use the approach described by the author (ref. 68). I n  the 
experiments on the collision of two conioal tips, Ling and Lucek 
(ref. 71) found that the effect of lubrication is important for cone 
interval angles greater than 110". Since asperities for most machined 
surfaces have cone interval angles greater than 150°, one can be quite 
certain that lubrication plays an important role in local friction. 
Therefore, unless the local sliding friction between two lubricated 
asperities is understood quantitatively, the calculation of surface 
temperature is likely to.be inaccurate because of uncertain heat input. 

Let us take a brief look into the problem of asperity cullision in 
the presence of a lubricant. When two conical or spherical tips slide 
against each other, a thin lubricant film is possible if the ratio of the 
asperity height to width is sufficiently small. This mode of lubrication 
has been suggested by Christensen (refs. 81 and 82) as micro-elasto- 
hydrodynamic lubrication. Under this condition, the friction will be 
governed by the interfacial pressure and the fluid film shear. To deter- 
mine these two quantities, one must consider the interactions between 
elastic and plastic deformation and the hydrodynamic action using 
realistic rheological properties of the lubricant for that condition. 
The major roadblock to this problem may not be the complexity of the 
analysis, but the lack of reliable static or dynamic rheological data 
under high pressure and high shear rate. It appears that this is an 
important and challenging problem deserving major attention. 

Dr. Ling's review of solutions to thermomechanical coupling prob- 
lems is quite thorough. I merely wish to add that these tools have been 
used to investigate the effects of temperature on stresses as well as on 
deformation in sliding contacts with full-film EHD lubrication (refs. 
83 and 84). At least for moderately-loaded cases with slide-to-roll 
ratio up to 25 percent, the effects were found to be not as pronounced 
as originally speculated. 

Dr. Ling has certainly compiled an impressive list of the available 
tools for studying surface interaction in sliding contacts. The useful- 
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ness of some of these tools has been proved in various friction and wear 
problems as well as in elastohydrodynamic lubricati,on. One can be 
certain that they will be used beneficially in future problems. We are 
indeed fortunate and grateful for his devotion and foresight in this 
field. 

K. L. Johnson (University of Cambridge, Cambridge, England) 

Frofessor Ling has given us a valuable bird’s-eye view of surface in- 
teractions in sliding, rightly stressing the importance of thermal and 
mechanical interaction in the behavior of sliding contacts. 

I should like, therefore, to turn first to the section on thermoelastic 
interaction. Ling and Mow (ref. 28) show how the profile at  a sliding 
contact is modified by thermal expansion due to an arbitrary distribu- 
tion of heat generated by friction at the interface. The analysis is ap- 
plied to the example of an elastohydrodynamic contact in figures 11 
and 12 and table 1. From the point of view of interaction, it is im- 
portant to ask how their results influence the distribution of contact 
pressure and, in turn, the estimate of heat generation in the oil film. 
Although a complete analysis is very complex, it is possible to give a 
rough answer to the question. I f  the thermal displacements shown in 
figure 12 represent a direct change in film thickness, the influence on 
the pressures in the film would be very great. But this is not the case. 
The film is very resistant to compression compared with the surface 
so that we should really compare the displacements in figure 12 with the 
amount of elastic flattening of the two elastic solids. In  the example 
quoted, I would estimate this to be about 1.0 X in., which is almost 
two orders of magnitude greater than the thermal distortion. In  this 
case the influence of thermal distortion upon the pressure distribution 
within the contact region will be small. It would appear, therefore, that 
the interaction between thermal and elastic effects by virtue of expan- 
sion in elastohydrodynamic contacts is small. 

The predominant thermal interaction in elastohydrodynamic con- 
tacts is, of course, through the influence of temperature on the shear 
properties (effective viscosity) of the lubricant film. However, in dry 
sliding contacts with conforming surf aces, the thermo-elastic inter- 
action can have an important effect. This is due to concentrations of 
contact pressure and frictional heating at high spots on the surface. I f  
modification to the surface profile by wear is added to the process of 
thermal expansion by frictional heating, Barber (ref. 85) has shown 
that a closed interaction loop is formed that can lead to periodic be- 
havior. The cycle is as follows : (1) The load is carried at a few high 
spots on the stationary surf ace ; (2) thermal expansion due to frictional 
heating raises those spots above the surrounding surface and concen- 
trates the pressure at those spots; (3) the high spots wear until new 
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spots come into contact and begin to take a share of the load ; (4) the 
original spots unload, generats less heat and contract, leaving a hollow 
in the surface; and (5) the new spots take over the load and the cycle 
is repeated. The period of this cycle is measured in seconds and is long 
compared with the period of individual asperity contacts. 

I should like to turn now to the question of heat generation in sliding 
contacts. Professor Ling distinguishes between the heats generated 
within the materid of each of the two surfaces in his experimental 
system, and thereby deduces values for a heat-transfer coefficient h., 
across the interface which are compared with static thermal resistance 
measurements in figure 6. It would appear that for these two coeffici- 
ents to be strictly comparable, it is necessary that either the heat be 
generated at a distslnce from the contact point which is large compared 
with its size, or that the heat transfer by conduction be small com- 
pared with that by convection and radiation. On the other hand, if 
the depth of heat generation is small cornpared with the contact dimen- 
sions, the heat flow will be almost indistinguishable from that emanat- 
ing from heat generated at the interface itself. I n  typical sliding 
experiments it would seem likely that the depth of heat generation is 
of a similar magnitude to the asperity contact dimensions. I f  this is 
so, the heat flow and bulk temperature distribution will lie between 
these two extremes. 

The existence of a macroscopic temperature jump, as observed by 
the author, is not conclusive evidence of heat generated below the sur- 
face. In  fact, a temperature jump will occur whenever the proportion 
of heat removed from the bodies differs from the “ideal” division given 
by Blok’s solution (ref. 6), even though all the heat was generated at 
the interface. This conclusion will be appreci,ated if we consider the 
ideal case when the extremities of the two bodies are cooled to the 
same temperature; the heat will then be distributed according to Rlok. 
I f  now the cooling effect on one body is reduced-a not improbable 
circumstance is an actual experiment-its -temperature will rise and 
the distribution of heat flow will be disturbed. We can solve this new 
problem by superposing two solutions: (1) the solution for heat gen- 
eration and equal temperature boundaries and (2) the solution with 
no heat generation but with a temperature difference at the boundaries. 
The second solution introduces a temperature jump. Furthermore, 
values of h, calculated from this solution will be comparable with 
static measurements, since we are here considering heat flow between 
t*he distant boundaries of the solids instead of between points near to 
the contact area. It is possible to calculztte the value of h, due to con- 
duction alone from Blok’s solution as follows : 

Assume UQ and ( 1 - u) Q are the heat flows into the two solids with 
zero boundary temperatures and the interface temperature is T(@. 3). 
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Since a temperature difference T produces a heat flow u Q  into the 
first body, a temperature dif€ereace -T(l-u)/u will produce a heat 
flow ( 1 - cr) Q out of it. Thus a temperature difference of T + T( 1 - cr) /u 
causes a heat flow of ( 1  -u) Q between the two extreme boundaries, 
whence 

(l--a)& &4-4  
T+ ~ ( 1 -  T 

Finally, I should like to refer briefly to the problem of an elastic 
disc having a surface layer of different elastic properties which is 
loaded on its periphery. Rolling contact between layered discs is 
frequently encountered in processing machinery. Reference 38 gives 
only a summary of the work of Beck and Ling, so I should like to ask 
the author whether he has used the approach outlined in the reference 
to obtain the numerical solution to particular problems. 

We have been interested in the rolling contact of such a system 
taking into account the influence of friction at  the contact interface 
between the two rollers. If the surface layer is thin compared with the 
length of the contact area between the rollers, the state of stress in 
the layer is very dependent upon the magnitude of the friction forces 
at the interface.* 

This communication is the outcome of rewarding discussions of 
Professor Ling’s stimulating paper with my young colleagues J. R. 
Barber and R. H. Bentall. 

D. G. Flom (General Electric Company, Valley Forge Technology Center, Philadelphia, 

Interactions at sliding interfaces are sufficiently complex so that 
any discussion of them is certain to raise further questions and engen- 
der controversy. Professor Ling has stated correctly that irreversible 
thermodynamics, thermomechanical coupling, and continuum mechan- 
ics must be considered in any serious treatment. To the latter must 
also be added atomic and molecular interactions for a proper physical 
underst anding. 

At  the expense of clouding the issue even further, I would like to 
point out that, in calculating surface temperatures, idealized treat- 
ments that neglect surface films can give misleading results. This is 
especially true if the two sliding solids and/or the interposed surface 
film have widely different thermal properties. Metals sliding against 
plastics represent a case in point. It is known that in rubbing steel 
against Plexiglas over a range of speeds and at different ambient tem- 

Pennsylvania 

*A paper by R. H. Bentall and I(. L. Johnson describing the investigation is in 
preparation. 
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peratures, rather sharp inflections in the curves are obtained (ref. 86). 
-4 possible explanation for the inflections is that localized tempera- 
tures within the contact zone can reach the glass transition tempera- 
ture of the Plexiglas. The interesting point, however, is that the tem- 
peratures required for this explanation do not agree with the item- 
perature rises calculated from the equations of Archard (ref. 87), 
Jaeger (ref. 88)’ and Blok (ref. 89)’ if it is assumed that shearing 
occurs only at the steel-Plexiglas interface. On the other hand, good 
agreement is obtained if shearing is assumed to take place also witkin 
the plastic and if films of Plexiglas of the order of 0.6 to 0.8 micron in 
thickness are built up on the steel rider. Measurements with a Zeiss 
interferometer of films formed during sliding show that the observed 
thickness is closer to 3 microns. The film, however, is not continuous 
but exists in discrete “islands” covering about 1/3 of the total area. 

These results have been obtained for a single sliding system (i.e., 
steel on Plexiglas), and it remains to be seen how many other systems 
behave similarly. We do know that Teflon is transferred to metals 
during sliding even though electrical methods are sometimes required 
to detect tho presence of the polymer film. I suspect that inclusion of 
film effects in Professor Ling’s treatment may not be an easy task, 
but I heartily encourage the attempt. 

LECTURER’S CLOSURE 

I am very grateful for the pertinent comments of Mr. Anderson. 
I agree with him wholeheartedly that there is a gap that needs to be 
bridged between the viewpoints of the chemist and the engineer. I 
might add also the gap between those who work at  the microscopic 
scale and those who work on the macroscopic scale. I believe the com- 
mon ground is modern thermodynamics and through it we can indeed 
look forward to bridging some of these gaps. With regard to the micro 
and macro approaches, I believe the modern continuum mechanics 
which has imbedded feature of the micro structure is in the right di- 
rection. Mr. Anderson’s comments on possible techniques in measuring 
surface temperature are certainly welcome and should be attempted. 

I am indeed overwhelmed by the complimentary remarks of Dr. 
Cheng, whose work has been a shining example of the power of con- 
tinuum mechanics. Aside from my own susceptibility to flattery, I 
am happy indeed about Dr. Cheng’s remarks 03 behalf of those who 
have devoted their entire lives to the development of what me know 
as modern continuum mechanics. To this group we may well point 
to Maxwell, Hertz, von Mises, and Mindlin. Perhaps it would be ap- 
propriate here to say the power of continuum mechanics was again 
demonstrated in a few minutes by Professor M. C. Shaw, through his 
comments on the orientation of fractured asperity and the associated 
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friction calculations.* Also, a t  the risk of being too trite, I believe 
it is important to point out that continuum mechanics is a very gen- 
eral tool, and the notion that it can only handle homogeneous prob- 
lems is, of course, a complete misunderstanding. 

Dr. Johnson’s comments are valuable and pertinent and I am cer- 
tainly very appreciative of his frank discussions. There are several 
points I would like to discuss. The first has to do with the sample 
elastohydrodynamic calculation which I made. Of course, it is only an 
example that I used to estimate the thermomechanical interaction for 
that case. It gave me the indication that the thermal interaction is at 
best weak. However, the main contribution of the paper is that it pro- 
vides a simple tool which can be used in many other ways. I shall cite 
an example later. I am pleased that attention is drawn to the interest- 
ing paper by Drs. Barber and Johnson in which they use an ingenious 
experiment to demonstrate the thermomechanical interaction in a slid- 
ing process involving wear. I should like to take this opportunity to 
indicate that the same phenomena occur in the real sliding situation 
as exhibited by the Barber/Johnson experiment. Of course, for this 
calculation the main thermoelastic result in the paper which Dr. John- 
son discussed would be most useful to obtain quantitative result. 
Finally, coming to Dr. Johnson’s discussion on the coefficient of heat 
transfer, I should like to point out that the suggested reason for the 
temperature jump is one of the two reasons mentioned in my paper. 
Incidentally, this is thn, favored model. 

Finally, I wish to thank Dr. Flom for his provocative discussion. 
I want to clarify first that continuum mechanics has been effective in 
describing actions of matter in its usual phenomenological manifesta- 
tions. Atomic and molecular description, while more basic, has not been 
as effective for quantitative use. I wish to reiterate that it is not my 
purpose to ignore the atomic slnd molecular scale. On the contrary, I 
wish to emphasize that modern development in micro-continuum is 
offering a chance to bridge the gap between macro-behavior and micro- 
structure. 

Based on our multi-contact mode1 and experience in our laboratory 
and elsewhere, the simple formulas of Archard, Jaeger, and Blok are 
not expected to give the proper values. This is the reason for our 
original model. In  fact, considering time and spatinl divisions, there 
we generally two peaks in the temperature spectrum : (1) grand aver- 
age of values for various space and time divisions and (2) average of 
values for the divisions where intimate contacts are or have been. The 
second peak may be one order of magnitude larger than the first. It is 

*See Dr. Shaw’s discussion of Dr. Tabor’s lecture on Critical Appraisal and 
Research OppontunitiesThe Lubrication Research Viewpoint. 
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to be noted that the Blok-Archard formula gives the first peak value. 
" 5 s  model, as such, has usually given us good results for cases where 

films exist. In  certain cases the results are good because of the intimate- 
contact nature of the model. During the last 4 months, we have been 
developing techniques to incorporate film effects. 

NOMENCLATURE 

area 3f the nth spot of the contact region 
semi-length of contact square 
emf generated at the nth spot of the contact region 
thermal conductance 
an upper bound of h, 
a lower bound of h. 
function 
thermal conductivity of bodies 1 and 2, respectively 
length of contact square 
number of contact spots 
potentiometer reading 
heat flux generated at the interface 
heat flux through the periphery of the slider and the back of rider, 
respectively 
heat flux through the interface 
an upper bound of Q h  
a lower bound of Qh 
heat %ux 
dimensionless measure of the maximum heat input rate 
dimensionless number Va/4kz 
dimensionless normal stress 
cold junction temperature; reference temperature 
averaged interface temperature 
temperature on bodies 1 and 2, respectively; specific temperature 
temperature jump at interface 
averaged temperature 
averaged surface temperature 
displacement perpendicular to the surface 
speed of moving body 
the a th  substrate 
normal load 
coordinates 
index 

internal energy density 
dimensionless measure of the extent of plastic zone from the center 
of plate 
entropy 
semi-opening angle of cone 
thermal diffusivity of body 2 
fraction of heat generated on the stationary body 1 
Poisson's ratio 
dimensionless measure of the distance from the center of plate to 
the edge of plastic zone 

s/2- 90 
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E ,  v ,  r coordinates 
T A B  Peltier coefficient 
U 

7 dimensionless time 
Tu the a th  thermodynamic tension 

fraction of heat going into the stationary body 1; normal stress 
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Friction and Adhesion 

M. E. MERCHANT 
The Cincinnati Mi l l ing Machine  Co. 

Cincinnati, Ohio 

This paper reviews the understanding of the fundamenbals of friction 
and adhesion at present. Adhesion-a major factor in the friction proc- 
ess-is preseuted ‘as an inherent aotiwn @f most solid bodies when 
brought into contact. Its effects, however, are normally masked by sur- 
face contamin’ation, very limited area of actual contact, and the effects 
of elastic remvery. Friction, then, results primarily from the force re- 
quired to shear the junctions formed (o r  the contaminant films present) 
at the areas of actual contact, the area to be sheared being virtually 
iproportional to the applied load in all normal cases. 

NDERSTANDING AND CONTROL of surface friction between solids, and 
its relation to adhesion, is, and always has been, one of the most 

practical and necessary pursuits of man in conquering the physical 
world. Friction, with the burden of useless force and wasteful dissipa- 
tion of useful energy it places on all of man’s mechanioal doings and 
creations, can also be most beneficial. 

Imagine, for example, the consequences of the ridiculous situation 
whereby a huge cosmic switch labeled “friction” could be pulled, 
“turning off” all surface friction in the universe. As the last traces of 
friction faded away, man would find himself on the ground or floor 
almost immediately, unable to rise unless he were fortunate enough to 
obtain a hook-like grasp on some properly shaped object, not itself 
supported by friction. He would also be unable to propel himself 
except by grasp on properly shaped and anchored objects. He would, in 
fact, find himself ,and his neighbors, together with numerous objects, 
gliding swiftly via recurring collisions to the lowest point in the neigh- 
borhood (perhaps already occupied by water). There, he would be 
joined by automobiles, trucks, and buses, whose drivers were turning 
their steering wheels without avail, while the vehicles disintegrated im 

their nuts, bolts, and screws unwound under the slightest load. One 
could go on imagining and perhaps determine whether mankind could 
survive even in such a situation-but enough of such speculations. 
Friction is very mal and we can be grateful for it, even as we wrestle 
with the problems of harnessing and controlling it in virtually every 
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phase of modern technical activity. Because a realistic understanding 
of the fundamentals of friction and adhesion is required, this paper 
reviews our present state of such understanding for the benefit of those 
not presently well acquainted with the field. 

I n  investigating the nature of friction, man has found that his ap- 
proach must be interdisciplinary. The early (15th through 18th 
century) theories of friction consisted of simple mechanical concepts. 
However, experimental and analytical methods in subsequent research 
made it evident that such simple explanations were inadequate. TO- 
dafs understanding of friction and adhesion draws on knowledge 
from all fields of physics and chemistry, and continuing development 
and application of that understanding challenges the best talents and 
requires some of the most advanced knowledge of physical scientists 
and engineers in all disciplines. 

Similarly, the more technically sophisticated man’s world has be- 
come, the greater have been his problems in controlling or harnessing 
friction. Early work was largely concerned with engineering problems 
related to such simple mechanisms as ropes and belts on pulleys and 
sheaves, and whwls on axles. Today, complex mechanical equipment 
and processes .operate at temperatures, speeds, and loads that were 
undreamed of a few years ago, and these variables will increase in 
the years ahead to meet rapidly rising requirements for performance 
and utility in manufactured products. Furthermore, man’s venture 
into space has opened up a new environment, characterized especially 
by the “hard vacuum” in which equipment and p r m s s s  must now 
opera tean  environment particularly conducive to producing high 
friction and strong adhesion between solids. 

I have not been in close working touch with the research being done 
on friction in recent years, even though I worked actively in the field 
in the past. Coming thus “fresh” upon the results of recent research, 
I can particularly feel its impact. Understanding the fundamentals 
of friction and adhesion between solids, which have greatly increased 
in the past decade, can do much to improve the practical use and 
control of these phenomena. Those who have worked in the field in 
recent years are to be congratulated on the excellent progress they 
have made. At the same time, it is satisfying to note that many con- 
cepts developed 2i3 to 30 years ago, e.g., that of the major role played 
by adhesion in the friction process (one which I helped develop), 
have proved sound and serviceable and provided a good foundation 
to the modern understanding of friction. 

ADHESION 
General Considerations 

As intimated above, 20th century research on friction has served 
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to demonstrate with ever-increasing clarity that adhesion betwesn 
solids is the major factor contributing to friction between them. 
Thus, I open this review with a discussion of adhesion as essential 
background for a general understanding of friction. The discussion, 
then, is not a discussion of adhesion in general, but of those aspects 
important to frictional phenomena. Since friction between metals is 
of particular importance, adhesion between metals is emphasized. 

Adhesion between solids can be looked upon as an extension of the 
cohesion (or internal “adhesion” between their various elemental or 
particulate constituents) holding them together. Ideally, if chemically 
clean surfaces of two solid crystalline bodies of the same composition 
are brought in intimate contact in the absence of a contaminant, there 
should ‘be nothing remaining to distinguish the original interface from, 
for example, a grain boundary in the original crystalline material. 
Thus, they should adhere in a manner indistinguishable from the co- 
hesion of the original material. We all know, however, that we do not 
experience such odd behavior normally. Why do two smooth dimes, 
$hen rubbed together, not stick to one another? The two key p’hases 
in the above idealization are “chemically clean surf ages” and “intimate 
contact.” 

Surface Contamination 

Ordinary solid surfaces are never chemically clean, being the reposi- 
tory of various oxides, adsorbed gases, condensed vapors, and organic 
films from exposure to their environment. These surface contaminants, 
normally low in strength or adhesion, will touch and adhere to each 
other when the solids “contact,” keeping the host material separated. 
That is one reason the dimes do not stick. Secondly, the surfaces of 
solid bodies are never ideally flat and smooth ; they always have some 
waviness and roughness, even if on a microscopic (or even submicro- 
scopic) scale. Thus, when two apparently flat solid surfaces are brought 
together after being chemically cleaned in a vacuum, they will touch 
and adhere to each other at only a few scattered points. Thus, the solids 
can be pulled apart with little (often scarcely detectable) force, break- 
ing the miniscule junctions. 

Bailey (ref. 1) , using cleaved mica mrfaces, has demonstrated that, 
if surfaces are chemically clean and molecularly flat, they wisll indeed 
unite to produce strengths virtually equal to the cohesive strengths of 
the parent bodies. Mica has the unusual characteristic of being cleav- 
able along a single ’plane of atoms over very large areas. The resulting 
surfaces pick up contamination slowly, even in air at atmospheric pres- 
sure. Bailey measured the energy (-300 erg/cm2) required to produce 
such surfaces, then brought them back into contact, whereupon they 
reunited. The energy required to oleave along the same surfaces a sec- 
ond time was measured at 15 percent lower than that for original 
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cleavage. This small reduction was attributed largely to the difficulty 
of avoiding entrapping air when the surfaces are reunited. 

The Area of Actual Contact 

When two conventional solid surfaces (either clean or contaminated) 
are brought into contact and touch at minute scattered points, the 
stresses developed at these points of contact are very high. Thus, under 
all but the most minute load, their value exceeds the elastic limit of 
the weaker of the two materials and reaches its yield pressure or in- 
dentation hardness (mean pressure hardness). Thus, plastic flow of 
the contacting asperities take place, enlarging the area of actual 
contact and permitting additional asperities to come into contact. 
The size of the area of actual contact thus generated can be calculated 
(ref. 2),  knowing that the yield pressure or indentation hardness of 
most materials is virtually a constant and thus the area is proportiond 
to the load: 

where A is the area of actual contact, p the yield pressure for the 
weaker material; and W the load. 

It can be argued that the deformation of the contacting asperities 
may remain purely elastic under proper conditions of load and surface 
roughness, and that, in any case, the asperities undergo not only plastic 
but also some elastic deformation, which has not been taken into 
account in the above simple analysis. More sophisticated approaches, 
taking account of elastic deformation, have therefore been made by a 
number of investigators in recent years, including Archard (ref. 3) ,  
Lodge and Howell (ref. 4), and Greenwood and Williamson (ref. 5) ; 
however, these studies also generally conclude that, for usual surface 
topographies and most materials, equation 1 is a good approximation 
to reality. 

Direct experimental determination of the relationship between 
actual area of contact and load is not wholly possible at this time, but 
the best approximations are offered by electrical resistance measure- 
ment in the w e  of metals (refs. 6 and 7) ,  and direct optical observation 
in the case of transparent nonmetals (refs. 8 through 11). Results of 
these methods of measurement further serve to confirm the fact that 
equation 1 is a good approximation to reality. However, since all of 
the present methods for experimental determination of true contact 
areas between solids have some degree of uncertainty, this subject re- 
quires further research. 

Elastic Recovery 

Supposing now that our two smooth dimes had chemically clean 
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surfaces and were pressed together with a force great enough to pro- 
duce a sizeable area of actual contact. After release of the load, it may 
still be found that, although they did stick together, the force required 
to pull them apart would be considerably less than the load originally 
applied. This result may seem somewhat puzzling in the light of equa- 
tion l. I f  the contact area developed by loading is proportional to the 
load, we might expect that the force required to separate the two 
bodies by plastic deformation of the multiple minute junctions be- 
tween them would approximate that required to establish the junctions. 
In  fact, this apparent anomaly has led some investigators to argue that 
the areas of actual contact between surfaces must have resulted solely 
from elastic rather than plastic deformation, or that adhesion between 
contacting asperitiss does not occur. However, even if the contacting 
asperities deform wholly by plastic deformation and adhere with a 
strength equal to the parent material, the above result must be expected 
in the case of bodies having a reasonably high elastic modulus. This 
was first pointed out by Ernst and Merchant (ref. 12). Consider, for 
example, the case of a hard ball indenting a softer plate, as in hardness 
testing. When the load is decreased, the two surfaces that have been 
in intimate (though not necessarily total) contact are peeled apart by 
elastic forces in a prockss known as elastic recovery. I f  this process 
does not occur whenever the load is decreased on an area of contact 
established by plastic deformation, Hertz’s equations of elastic con- 
tact, as applied to the final macroscopic surface curvature, would be 
violated. 

Ernst and Merchant reasoned from this fact that equation 1 may be 
expected to hold approximately, even for decreasing load, when the 
contacting bodies have high elasticity, the contacting surfaces are 
initially of (at least slightly) different curvature, and the actual area 
of contact between them is less than the apparent contact area. Under 
such conditions (fairly usual for metallic bodies) the peeling intro- 
duced by the elastic recovery can produce plastic flow in the scattered 
junctions between the two surfaces when the load is decreased. The 
tensile stress necessary to produce plastic flow in a work-hardened 
metal rod with extremely small cross-sectional area is approximately 
equal to the yield pressure, p? of the given metal. Thus, the variation 
of contact area with decreasing load shuuld obey, at least approxi- 
mately, equation 1. Bowden and Tabor (ref. 13), in a more sophisti- 
cated analysis of this situation, show that this result is not true if the 
material of at least one contacting body is significantly ductile. Their 
model, figure 1, illustrates that the junctions or “asperity bridges” of 
ductile materials can elongate appreciably as elastic recovery peels the 
surfaces apart. Thus, the elongated junctions can bridge at least a por- 
tion of the gap, as shown, leaving a significant area of true contact 
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between the bodies at  zero load; a detectable force should be required 
to pull the bodies-apart after their chemically clean surfaces have been 
brought together under load W .  This adhesion force should be influ- 
enced by ductility, elastic modulus, and load. The greater the ductility 
(allowing greater elongation of the junctions), the less the elastic 
modulus (resulting in less elastic recovery), and the greater the initial 
load (resulting in a larger initial area of actual contact), the greater 
should be this force. 

The Adhesion Coefficient 

I n  the light of the above, it becomes interesting to consider the 
ratio of force 2 (required to separate two adhering bodies) to load 
W (with which they were originally pressed together). This ratio, 
Z/W,  is known as the adhesion coefficient y. Equation 1 and the 
discussion above indicate that, for a given material and a given set 
of surface conditions (e.g., geometry and cleanliness), the coegcient 
of adhesion should be relatively constant and independent of load. 
The area of actual contact may be expected to increase linearly with 
applied load, and the residual area of actual contact, after load is re- 
moved, may be expected to be a constant fraction of the original contact 
area for a given material and surface geometry. Thus, the force to 
separate the surfaces should bear a constant relation to the original 
load. I f  no elastic recovery occurs and the areas of actual contact 
adhere fully, force Z required to sever those areas should be approxi- 

RGUBE 1.-Diagram of theoretical model of elastic 
recovery effect@. (a) Sphere on flat under load. 
(b) Effect of elastic recovery on removal of load. 
(e) Asperities and asperity bridges between sur- 
faces (ref. 13). 
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mately equal to the load W that joined them. This is true because, 
as mentioned earlier, the tensile stress necessary to produce plastic 
flow in a work-hardened metal rod of extremely small cross section 
is approximately equal to the yield pressure p of the given metal. 
Thus, for the ideal case of full adhesion with no elastic recovery, the 
adhesion wefficient may be expected to have a value of the order of 
magnitude of unity. 

McFarlane and Tabor (ref. 14) studied the adhesion of a steel 
ball to an initially flat indium surface by applying various loads, 
removing them, and then observing the resulting adhesion. Although 
tlie experiments were done in air, the ball was carefully cleaned 
and the surface of the indium freshly cut. In  addition, the thin and 
brittle surface oxides of indium as well as its low elastic modulus 
and high ductility facilitate adhesion to other metals. Figure 2 shows 
the relation between the applied load and the resulting adhesion 
force. It can be seen that, for a given loading time (indium undergoes 
severe creep) and ball diameter, the relation between the two is linear. 
The adhesive force is roughly equal to the original load and thus the 
adhesion coefficient y is approximately 1. 

When the surfaces were separated, a thin film of indium was found 
adhering to the ball, showing that the junctions formed were at least 
as strong as the indium itself, even though the experiment was done in 
air. Furthermore, tlie adhesion force was found to be directly p ~ o -  
portional to the area of the indentation, figure 3. Similar experiments 
were conducted with other soft inetals of increasing modulus of elas- 
ticity and decreasing ductility, namely, lead, tin, cadmium, and alu- 
minum. The results are shown in table 1. It may be seen that the adhe- 
sion coefficient decreases as the metals become less elastic and ductile, 
is., harder. It should be remembered that since these experiments were 
all run in air, the surfaces were protected to some extent by oxide films. 
Had chemically clean surfaces been exposed in a hard vacuum (lo4- 
lo-" torr), the adhesion co&cients might all (with ithe exception of 
indium, which adhered completely) be expected to be higher. Neverthe- 
less, the results validate much of the theory outlined in the previous sec- 
tions, namely, (1) that surfaces of solids freed reasonably well from 
contaminating films will adhere, (2) that the area of actual contact 
between them, and thus the adhesion force, increases linearly with load, 
and (3) that increased tendency to elastic recovery (higher modulus of 
elasticity, lower ductility) decreases the residual adhesion remaining 
after the applied load is released. 

In  connection with the last point, Buckley (ref. 15) has recently 
reported some very interesting adhesion experiments on chemically 
clean surfaces of single pure-copper crystals in a hard vacuum (10-l1 
torr). The experiments were conducted on matched planes with 
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matched directions, where the same crystallographic plane was exposed 
and brought into contact on both specimens ; the Crystallographic direc- 
tions in b d h  planes coincided. The specimens were in the form of a 
hemispherical-ended rider contacting a flat surface. The results are 
shown in table 2. The adhesion coefficients obtained before sliding, 
shown in the third column of the table, may be compared with the 
modulus of elasticity values shown in the second column. Increasing 
elastic modulus, signalling increasing elastic recovery, again decreases 
the adhesion coefficient. The data further show that significant ad- 
hesion coefficients occur even with high-modulus metals when chem- 
ically clean surfaces are brought into contact under load. 

The Effect of Tangential Stress or Sliding 

The data found in the last column of table 2 illustrate another im- 
portant feature of adhesion phenomena, namely, that sliding between 
contacting surf aces of ductile metals under load increases adhesion 
tremendously. Since the contacting surfaces were in this case chemi- 
cally clean, the increase must result from an increased area of actual 
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contact brought about by plastic deformation. This is so because under 
the action of combined shear and normal stresses the phenomenon 
known as “junction growth” can take place and equation 1 no longer 
holds. The theory of this phenomenon is described in the section on 
friction. 

For the more usual case of contaminated surfaces in air, sliding 
has also been found to promote adhesion between metals, because the 
ability of the sliding action to displace or bury the interfering con- 
taminants undw the action of the plastic deformation taking place at 
the interface. Anderson (ref. 16) and Sikorski (ref. 17) studied this 
aztion and obtained considerable information on the mechanisms in- 
volved. Anderson, for example, found that when he placed two copper 
rods, with ends cut in planes normal to their axes, end-to-end under 
a 5-pound load and then twisted them through an angle of 180” in 
air, adhesion occurred. The value of the adhesion coefficient varied 
from test to test but, by making a sufficiently large number of tests, the 
median value for y was found to be approximately 1. Anderson also 
carried out a microscopic examination of the interface between alu- 
minum and copper rods adhered in the same manner and found that 
aluminum, copper, and the surface oxides of the two were all quite 
thoroughly mixed at  the interface. Aluminum had penetrated into 

p.l 
E 
E 

i 
P 
c 
c a z n 
z 

ADHESION, kg 

 FIG^ 3.-Adhesion of clean steel sphere of fixed 
diameter on indium. The adhesion is directly pro- 
portional to the area of the indentation for loading 
times of +, 10 see, and 0, lo00 see (ref. 14). 
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the copper up to about y2 mm, and some penetration of the copper by 
aluminum also occurred. Sikorski used this method to compile data 
on adhesion coefficients for a large number of pure metals in contact 
with themselves and correlated these results with measurements on 
the friction coefficient and with various bulk properties of the metals. 
He concluded that high hardness, low capacity for strain-hardening, 
high elastic modulus, and high recrystallization temperature inhibit 
adhesion and that a high adhesion coefficient indicates a high friction 
coefficient. (The reasons for this latter correlation become evident in 
the section on friction.) Sikorski also made some determinations of the 
adhesion coefficient for dissimilar pairs of metals, the results of which 
are presented in table 3. The surprisingly low adhesion of the pair 
Ag-Fe will also be dealt with in the next section. 

Atomic and Molecular Considerations 

Mechanical considerations play a part in all the adhesion phe- 
nomena discussed in the previous sections. For example, the actual 
contact area over which adhesion can occur is controlled by inechan- 
ical (plastic or elastic) deformation, and the breaking of adhesive 
bonds on release of load is controlled by the codguration, elasticity, 
and ductility of the contacting bodies. Furthermore, sliding, as dis- 
cussed in the previous section, produces junction growth, disruption 
of contaminating films, and mechanical mixing and interlocking. 
Nevertheless, none of these is the basic cause of adhesion between the 
solid materials that have been brought into contact. As stated previ- 
ously, adhesion of solids can be regarded as an extension of their 
internal cohesion ; thus, adhesion phenomena are atomic and molecular 
in nature. 

The different types of forces khat can act within (or at the sur- 
face of) solid matter to produce cohesion (and thus adhesion) are 

TABLE 1.-Adhesion of Steel on Indium, Lead, Tin, Cadmium, and 
Aluminum in Air (Clean Surfaces, Load 2 kg, Time of Loading 
1000 sec, %-in. Ball) 

[From ref. 141 

Metal surface Brinell hardness, Coefficient of 
kg/mmz adhesion 

Indium 1 
Lead 4 
Tin 5 
Cadmium 22 
Aluminum 17 

1. 5 
0. 7 
0. 4 
0. 1 
0. 0 
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TABLE 2.-Ailhesion and Friction Characteristics of Single and 
Polycrystalline Copper (99.39%) in Vacuum 

[From ref. 151 

Young’s Adhesion Friction Adhesion 
Copper form and orientation modulus, coefficient coefficient coefficient 

cmz sliding sliding b sliding c 

10 dynes/ before during after 

>40.0 >130 Single crystal (100) matched 6. 67 1. 02 
planes and directions 

Single crystal (110) matched 13. 1 0. 61 >40.0 50. 0 
planes and directicns 
- 
Single crystal (111) matched 19. 4 0. 30 21. 0 10. 5 

Polycrystal 12. 0 1. 00 >40.0 100 

planes and directions 

* Load 50 gm, 10-11 torr. 
Load 50 gm, sliding velocity 0.001 cm/sec, 10-11 torr. 
Load 50 gm, distance slid in preferred slip directions 0.735 em, 10-l1 torr. 

well known and have been deacribed concisely by Houwink and Salo- 
mon (ref. 18). These may be briefly characterized as follows: 

(1) Homopolar or covalent bonding results from atoms sharing 
pairs of electrons. This is the normal chemical bonding occurring 
betwem atoms within molecules. 

(2) Eledrostatic or ionic bonding results from the purely electro- 
static forces produced by one or more electrons transferred completely 
from one atom bo another, thue converting the neutral atoms into elec- 
trically charged ions and forming ionic crystals. 

(3) Metallic bonding is a “mixture” of covalent and electrostatic 
bonding. Although the metallic structure is crystalline, the elec- 
trons have great mobility and thus are oonstantly shared by different 
sets of “ions.” (The metal can thus accommodate plastic deformation 
readily compared to the behavior of brittle ionic crystals.) 

(4) Van der Waals forces act between molecules or in interaction 
of molecules with atoms in the absence of chemical reaction between 
the two. These forces, although also electrical in nature, arise from 
the uneven and fluctuating distribution of charge in the molecule, cre- 
ating momentary and continuously shifting dipoles in the molecule 
and correspondingly induced dipoles in neighboring molecules or 
atoms. These forces are therefore much weaker than the previous three 
types. 
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Direct and meaningful measurements of adhesion between contact- 
ing solid bodies exhibiting these types of bonding are almost non- 
existent except for the case of metals (metallic bonding). However, 
the interesting and convincing observations by Bailey on the read- 
hesion of cleaved surfaces of mica (electrostatic bonding) have al- 
ready been cited. Bowden and Tabor (ref. 13) have studied directly 
the adhesion of crystals of rock salt (ionic crystals). They placed 
the (100) faces of two thin square slabs of freshly cleaved rock salt 
(about 5 X 5 X 1  mm) in contact and compressed them between 
flat anvils until their original area was doubled. When removed 
from the anvils, the slabs adhered firmly. When cemented to brass 
grips and subjected to a tensile test, the interface withstood a stress 
of 0.4 kg/mm2-equal to the strength of single rock-salt crystals. 
This evidence establishes that clean surf aces of ionic bodies brought 
into intimate contact by plastic deformation will adhere. Further, 
it demonstrates the identity of that adhesive bonding with the co- 
hesive bonding within the ionic solid. When the same experiment was 
repeated with a (100) face of one slab in contact with a (110) face of 
the other, only slight adhesion was observed. This observation seems 
to agree qualitatively with the known low cohesion at grain bounda- 
ries between mismatched rock-salt crystals. 

Concerning metals, an analogy with cohesion and plastic flow phe- 
nomena would lead us to expect a strong correlztion between adhesion 
phenomena and the lattice structure. The correlation has already been 
confirmed by Buckley’s data presented in table 2. It can be noted that 
the adhesion coefficient (either before or after sliding) is a marked 
function of the crystallographic orientation of single copper crystals, 
even when identical planes are brought together with their crystallo- 
graphic directions matched. The apparent correlation of these ad- 

TABLE 3 .-Coe$eients of Adhesion for Dissimilar Metal Combinations 
in Air 

[From ref. 171 

Number of Average of 
Metal couple Crystal structure adhesion adhesion 

tests coefficient 

AI-cu 
Ag-Fe 
Pt-Fe 
Rh-Fe 
V-Fe 

fcc to fcc 30 0. 60 
fcc to bcc 23 0.002 
fcc to bcc 40 0. 16 
fcc to bcc 45 0. 03 
bcc to bcc 40 0. 07 
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hesion coefficients with modulus of elasticity has been noted previ- 
owly in the section on the adhesion coefficient ; it was pointed out there 
that the higher modulus planes should exhibit greater elastic recovery. 
Thus, the elastic stresses should “peel” such planes apart more com- 
pletely when the original compressive load is removed and reversed, 
leaving a smaller area of real contact to be severed by the tensile load. 
As is known, the spacing between adjacent planes in the face centered 
cubic system is (111) > (110) > (100). Thus, the force required to mp- 
ture junctions along surfaces parallel to the original flat specimen 
surfaces should be least for the (111) and greatest for the (100) 
plane. For this reason, the adhesion coefficients for copper can be ex- 
pected to be (111) < (110) < ( loo) ,  in agreement with table 2. 

Buckley also observed adhesion coefficients for contact between dis- 
similar planes of single copper crystals (corresponding, in a sense, to 
grain boundary interfaces in polycrystalline copper) ; the results are 
given in table 4. Even though one of the dissimilar planes in contact, 
is the low modulus (100) plane, the adhesion coefficient before sliding 
is less than for either of the corresponding similar planes in contact 
indicating that the junction between unmatched planes is more readily 
ruptured than that between matched planes. 

The possible effects of the type of lattice structure may on adhesion 
phenomena have been dealt with by a number of investigators, among 
them Keller (ref. 19) and Sikorski (ref. 17). The latter plotted adhe- 
sion coefficients for like pairs of metals as a function of modulus of 
elasticity, given in figure 4. We know that the adhesion coefficient 
should decrease with increasing elastic modulus, and the general trend 
of the data in figure 4 agrees with this conclusion. It is immediately 
evident, however, that an additional factor, namely, the type of metal 
lattice structure, is influential. In  figure 4, Sikorski drew dotted lines to 
enclose the points that correspond to metals having cubic or tetragonal 
crystal structures. The metals having a close-packed hexagonal struc- 
ture at room temperature (i.e., Cd, Zn, Ti, Mg, and Zr)-are in a sepa- 
rate group, exhibiting considerably lower adhesion co&cients than 
the cubic or tetragonal metals of like elastic moduli. 

‘That close-packed hexagonal metals may exhibit lower adhesion 
characteristics than cubic had been inferred earlier by Ernst and 
Merchant (ref. 12) from friction data. Most recently, Buckley (ref. 
15) compared the adhesion coefficients for matched (111) planes of 
single copper crystals, a cubic metal, with those for matched (0001) 
planes of single cobalt crystals, an hexagonal metal. The results are 
given in table 5. It is evident that adhesion, being undetectable with 
Buckley’s apparatus, is strikingly lower for the cobalt, even after 
sliding. Part of this marked difference in the adhesion characteristics 
of cubic and hexagonal metals may be caused by the latter’s lack of 
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ductility (a matter dealt with by Buckley in a later paper (ref. 20) ) . 
This low ductility may cause virtually all junctions to be broken by 
elastic recovery, except in the case of metals having very low elastic 
modulus. However, the quantitative reasons for these marked effects 
of lattice structure on adhesion are not at all clear and warrant con- 
siderable further study. 

Let us now consider adhesion phenomena for contacting solids of two 
different materials. Here, almost no understanding or information ex- 
ists except for metals. Pursuing our analogy between adhesion and 
cohesion, the adhesion of unlike pairs of metals may be related to their 
well known alloying characteristics. However, alloys have no physical 
counterpart of the interface between crystal lattices of two different 
metals (at least when they are soluble in each other) as found at points 
of actual contact between chemically clean surfaces of unlike pairs of 
metals (i.e., grain boundaries between crystals of mutually soluble 
metals do not normally exist internally in solid metals). The reference 
to solubility suggests, however, that if two different metals will not dis- 
solve in each other to any significant extent (at the temperature used 
during the adhesion studies) they may exhibit poor adhesion. Ernst 
and Merchant (ref. 12) first explored this possibility via static fric- 
tion measurements and found reasonable confirmation. Roach, Good- 
zeit, and Hunnicut (ref. 21) also explored the concept successfully 
during sliding friction and wear studies. Table 3 indicates that Sikorski 
found very low adhesion between silver and iron-an order of magni- 
tude lower than that for any other pair listed there. Iron and silver 
are highly insoluble, whereas all other pairs are either soluble or form 
intermetallic compounds. 

Buckley (ref. 15), in his study of lattice-structure effect on the ad- 
hesion and friction of chemically clean surfaces, also investigated how 

TABLE 4.-Coe$icients qf Adhesion and Friction for Various Single 
Crystal Orientations of Copper in Vacuum (IO-" torr, 20' C, 60 gin) 

[From ref. 151 

Adhesion Friction Adhesion 
Contacting planes coefficient coefficient coefficient 

before during after 
sliding sliding * sliding 

1. 02 >40.0 > 130 
0. 25 >40.0 32. 5 
0. 20 >40.0 40. 0 

a Sliding velocity 0.001 em/sec; [ l l O ]  direction; sliding distance 0.735 cm. 
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ELASTIC MODULUS X106 PSI 

FIQURE 4.-Mean coefficient of adhesion vs modulus of 
elasticity fop like metal pairs; note unusual behavior 
of metals having hexagonal close-packed crystal 
structures. Crystal structures: +, B.B.C. ; 0, 
F.C.C.; 0, Tet.; 0, H.C.P. (ref. 17). 

solid solubility of unlike metals affected their adhesion. The results 
are given in table 6. The insoluble pair Cu-W shows very low adhesion 
before sliding and only slight adhesion afterward; the slightly soluble 
pair Cu-Co (-2 atomic percent Cu soluble in Co near room tempera- 
ture) also exhibits somewhat low adhesion (this could be due to other 
factors). Keller (ref. 19) and Spalvins and Keller (ref. 22) also con- 
ducted adhesion experiments on chemically clean surf aces of unlike 
metal pairs in a hard vacuum (5 X torr) and correlated the results 
with known solubility data. Their results are given in table 7. All 
metals in the “adhesion observed” column form an intermediate phase 
whereas all those in the second column are immiscible. 

I n  view of the above, howing how metallic solid solutions and 
intermetallic compounds are formed may be helpful in developing 
the theory of adhesion of unlike metals. Hume-Rothery (ref. 23), in 
developing such a theory, has shown ,that, when the atomic diameters 
of solvent and solute (size factor) under equilibrium conditions differ 
by more than 14 to 15 percent, formation of solid solutions is un- 
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likely, and when the solvent is not significantly electronegative with 
reqpect to the solute, or vice versa (electronegativity factor), forma- 
tion of intermetallic compounds is unlikely. Keller (ref. 19) attempted 
to apply such a theory in analyzing the adhesion of solid metals, but 
found that it has severe limitations at  prwnt .  Not only do equilibrium 
conditions normally not exist at  contacting metal interfaces, but also 
quantitative understanding of the physics and mechanics of such con- 
tact is still lacking. Further, a number of investigators (for example, 
Machlin and Yankee (ref. 24) find inference of strong adhesion be- 
tween mutually insoluble meal  pairs in studies on sliding friction. 
Evidently, more research on the quantitative fundamentals of adhesion 
is needed. 

Required Research 

Although we now recognize the major factum governing the ad- 
hesion of solid surfaces, our knowledge is virtually all quaIitatiw. 
I f  we are to understand and control adhesion of solid surfaces, our 
knowledge must become more quantitative. 

The need exists for a quantitative physical-chemical theory that can 
predict the constitution, arrangement, and properties of surface con- 
tamination to be expected from different environmental conditions. 
Further, the chemistry and mechanics of the reverse process (“decon- 
tamination”) must be understood and controlled in a practical quanti- 
tative manner if adhesion is to be harnessed usefully. The mechanics 
of disruption, displacement, or removal of surface contaminants re- 
quire particular attention. 

The need for methods for exact quantitative determination of the 

TABLE 5.-Coe#cients of Adhesion and Friction for Copper and Cobalt 
Single Gystals in Vacuum (loFf1 torr, 60 gm) 

[From ref. 151 

Adhesion Friction Adhesion 
Metal couples, matched poles coefficient coefficient coefficient 

before during after 
sliding sliding a sliding 

cu(ll1) [1101 
cu(ll1) [lW] ~ _- 0. 30 21. 0 10. 5 

<O. 05 0. 35 < O .  05 

a Sliding velocity 0.001 cm/sec; sliding distance 0.735 cm. 
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TABLE S.-Coe$icknts of Adhesion and Friction for Various Single- 
Crystal Metal Couples in Vacuum (IO-“ torr, 50 gm) 

[From ref. 151 

Metal Adhesion Friction Adhesion 
couples before coefficient coefficient Soluble Crystal 

and sliding during after str’uctures 
arientations sliding sliding 

Cu( 11 1) 
Cu( 111) 

0. 30 21. 0 10. 5 Yes F.C.C. 
F.C.C. 

Cu(ll1) Ill01 0. 25 4. 0 2. 0 Yes F. C. C. 
Ni(ll1) [llO] F.C.C. 

cu( l l1)  Ill01 0. 10 2. 00 0. 5 Slightly F.C.C. 
co(ooo1) [11201 Hex 

Cu(l1l’) [110] <O. 05 1. 40 0. 5 
W(110) [ill] 

No F.C.C. 
F.C.C. 

Sliding velocity 0.001 cmlsec; sliding distance 0.735 cm. 

magnitude and condition of the ac t id  area of contact between sur- 
faces of solids under load has been stated already. The microscopic 
and submicroscopic details of such contact requires further study and 
experimentation. The goal of the study would be a more detailed and 
quantitative theory of the mechanics of such contact, including khe 
exact role played by plastic and elastic deformations. 

Such study would lead naturally into research on the quantitative 
physics and mechanics of the various elastic recovery events between 
adhering areas of contact of solid bodies. The semiquantitative theory 
of Bowden and Tabor (ref. 13) provides at least qualitative under- 
standing of the behavior of the adhesion coefficient for various 
geometries, materials, lattice struotures, and crystallographic planes, 
and indicates that work to develop a more quantitative theory could 
be quite fruitful. 

More quantitative understanding of how bangential stress or sliding 
affects adhesion must be gained in respect to junction growth, dealt 
with in the second part of this paper, and mechanical disruption dis- 
placement, or removal of contaminating films, dealt with above. 

Research on the quantitative atomic, molecular, and thermodynamic 
fundamentals of adhesion requires that the present theories of chemi- 
cal bonding and cohesion be extended to interfacial phenomena such 
as mismatched lattices and “one-dimensional” solid solutions, and that 
the nonequilibrium solid-state theory be understood more deeply. 

That such improved quantitative understanding and control of 
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adhesion phenomena as outlined above can have far-reaching economic 
and technical benefits in man’s continuing conquest of the physical 
world will be illustrated by an example from the industrial manu- 
facture of mechanical goods. Most goods today are manufactured by 
the process of precision material removal-machining. This process 
removes material from a crude piece of stock to leave behind a pre- 
cision-shaped useful part-much as a sculptor creates a lovely figure 
from a crude piece of stone. Manufacturing by this method is, how- 
ever, most wasteful of material ; sometimes as much as 90 percent of 
the original matsrial is removed and discarded in the process. In  time, 
as relative and absolute material costs rise, such waste may become 
intolerable. The ultimate method of manufacture in the distant future 
will be “consolidative processing”-the manufacture of goods (mechan- 
ical and otherwise) by assembling material in a controlled, precise 
manner. Here, controlled adhesion, rather than cutting or dissolution, 
will be the basic manufacturing process. Crude forerunners of the 
future commercial processes exist today : electroforming, powder metal- 
lurgy, friction welding, pressure welding, diffusion bonding, and ad- 
hesive bonding. However, development of versatile, economic consoli- 
dative processing for wide application depends on increased 
understanding and control of adhesion. 

FRICTION 
Coulomb Friction 

Early theories and laws of friction mere largely geometrical and 
mechanical in nature, as might be expected in the absence of detailed 
understanding of physical, chemical, and mechanical fundamentals. 
Leonard0 da Vinci (ref. 25) stated in his notflbook that frictional 
resistance is doubled when load is doubled and illustrated by sketches 
and statements the fact that the same force is required to pull SL brick- 
like block along a horizontal plane whether it lies on its back or side 

TA BLE 7 .-Adhesion Characteristics of Various Metal Couples in 
Vacuum 

[From ref. 221 

Adhesion observed No adhesion observed 

Iron-aluminum Copper-molybdenum 
Copper-silver Silver-molybdenum 
Nickel-copper Silver-iron 
Nickel-molybdenum Silver-nic kel 
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or stands on end. He also had a clear idea of the repose angle and a 
general concept of the friction coefficient, which he considered to have 
a value of for smooth surfaces. Such insight was, of course, lost to 
the world for many years following da Vinci’s lifetime. Amontons 
(ref. 26), in 1699, is thus credited with conducting the first profes- 
sionally recorded experiments on friction and formulating laws from 
them. He concluded that the force of friction is (1) proportional to 
the load with which the upper surfaces presses against the lower and 
(2) independent of the area of contact. The laws are recognized as 
generally valid to this day. Coulomb (ref. 27), in 1785, presented 
further facts about the behavior of friction and also proposed a theory 
of friction. While he considered that part of the frictional force might 
be ascriibed to cohesion of the molecules at the sliding surfaces, he 
concluded that “the friction can come only from the engagement of 
the asperities of the surfaces, and the cohesion should influence it only 
a little.” This supposed mechanism of friction (“interlocking” of 
asperities) is still known as Coulomb friction in applied mechanics. 

The Coulomb theory of friction based on the engagement of surface 
asperities was developed later to the quantitative idea that, if the sur- 
face asperities have a maximum angle of slope U, then the coefficient 
of friction f=tan U. With time, however, the Coulomb theory was 
found invalid because it could not explain the lossof energy in sliding; 
the mass being drawn along is not continually ascending the slope U- 
it must rise and fall. Thus, the net energy expended will be zero. 
Further, the usual maximum slope of surface asperities is far too 
small to explain the usually observed values of the friction coefficient. 
Also, the theory cannot explain the effect of boundary lubricants. 

Basic Mechanism of Friction 

Is there a mechanism that explains Amontons’ generally valid laws 
of friction consistent with the foregoing facts as well as other well 
known features of the friction process? Armed with the knowledge of 
the first part of this paper, the answer literally “falls out.” We have 
already seen that, when the surfaces of two solids are brought into 
contact under load, the area of actual contact is proportional to 
the load and follows equation 1. We have also seen that some adhesion 
occurs between all contacting solid surfaces, irrespective of their com- 
position; this applies as well to surfaces of contaminating oxide films 
on the parent surfaces. I f ,  then, sliding is to take place, it must shear 
the weakest (tangential) planes at the areas of actual contact. This 
action requires a fmite force-the force of friction F. If the mean 
shear strength of the weakest planes at the contact areas is s and their 
total area is A,  we may write 

F=As. (2) 
323-472 0-4K4-14 
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Substituting the value of A, which we know from equation 1, into 
equation 2, we obtain 

(3) 
s F=-W. 
P 

Thus, the friction force is proportional to the load and independent 
of the area of contact, in agreement with Amontons’ laws. Solving 
equation 3 for the ratio FfW, which, by definition, is the friction 
coefficient f, we obtain 

s f =-. 
P (4) 

Thus, the coefficient of friction turns out to be the ratio of the mean 
shear strength of the weakest tangential planes at  the areas of actual 
contact to the mean yield pressure or indentation hardness (mean 
pressure hardness) of the softer of the two contacting bodies. 

Merchant (ref. 28) and Bowden and Tabor (refs. 29 and 30) both 
arrived at these concepts independently and almost simultaneously. 
Bowden and Tabor also introduced the concept of additional frictional 
resistance P caused by the asperities of the harder surface “plowing” 
through the softer. Thus, equation (2) becomes 

F=AsfP ( 5) 

in the case where the plowing force relative to the shearing force is 
not negligible. To estimate the magnitude to be expected for this 
force for usual surfaces, we may idealize the asperities of the harder 
surface to a conical shape of semiapex angle p, as in figure 5 ,  and 
assume no adhesion. Bowden and Tabor (ref. 31) point out that, if 
such an asperity plows its way through the softer surface, the plowing 
force and resulting “friction coefficient” may be readily estimated 
from the forces required for plastic flow of the softer metal. The 
vertical load W is, of course, balanced by the yield pressure of the 
metal acting via contact area AI. If the width of groove is d,  then 
W=Alp=)hd2p. The resistance F to horizontal motion is balanced 
by the yield pressure of the met4al acting over the cross-sectional area 
of groove A,. Then, F=A2p=gd2p cot p. Thus, 

Normal surface asperities seldom have an effective slope of more than 
5” or 6”. If we then take a value of 85” for the semiapex angle, we find 
from equation 6 that the “friction coefficient” caused by plowing will 
be Iess than 0.1 in the usual case. With rounded asperities of large 
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FIGURE 5.-Diagram showing the grooving of a soft metal when 
a hard conical indenter slides over it. If interfacial adhesion is 
negligible and no metal pile-up occurs, component 41 of the 
contract area supports the normal load W, and component AZ 
resists tangential displacement with a force P. In  this simple 
model, W=pAl and F=pAa, where p is t b  yield pressure of 
the softer metal. The effective coefficient of friction resulting 
from the grooving mechanism is f=F/W=A,/A, (ref. 31). 

radius combined with surfaces of nearly equal hardness, considerably 
smaller values can be expected. 

How do these values compare with usual values of 8/23 (equation 4) 
for the case where adhesion really exists? I f  chemically clean surfaces 
of identical materials are brought into contact, the shear strength s of 
the junctions, in the light of our understanding of adhesion developed 
in the first part of this paper, should be virtually that of the bulk 
material. The yield pressure p corresponds to the indentation hardness 
pressure, as indicated earlier. For metals not werk-hardened, the shear 
strength 8 of the interface is approximately equal to the critical shear 
stress T of the metal, which Tabor (ref. 32) has shown to be approxi- 
mately l/s the harness p.  ( I f  the surface is work-hardened superficially, 
higher values may be postulated.) Thus, for clean metal surfaces, fric- 
tion from plowing is small in relation to friction from adhesion. How- 
ever, if the surfaces are covered with low-display shear strength con- 
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taminants (such as axisorbed organic h s )  , are dissimilar in hard- 
ness, and are somewhat jagged, it may be quite possible that plowing 
is the major contributor to the observed friction. 

Junction Growth 

The foregoing suggestion that the friction coefficient for clean metal 
surfaces may be only of the order of v5 may well have utterly shat- 
tered the reader’s confidence in the preceding analysis; values of f for 
clean metals more than 100 times higher can be found in tables 2,4, 5, 
and 6. Let us, therefore, hasten to add that 1/5 is only an estimate of the 
lower friction-coefficient limit for pure metals. May we then call the 
reader’s attention to the fact that we warned him that equation 1 may 
be expected to fail whenever tangential stress or sliding were intro- 
duced at  the contacting asperities because of an action identified as 
junction growth, which we planned to explain in this part of the paper. 

Junction growth under tangential stress has been carefully studied 
by Courtney-Pratt and Eisner (ref. 33), among others, and analyzed 
by McFarlane and Tabor (ref. 34). The former, using optical observa- 
tions and electrical resistance measurements, examined the area of 
actual contact between a hemispherical slider and a flat surface as 
tangential force was applied. The results they obtained for platinum 
(where oxide contamination is no problem) are shown in figure 6. As 
can be seen, the contact area between clean surfaces continued to grow 
indefinitely as tangential stress was increased, whereas junction growth 
between lubricated surfaces terminated after a certain amount of in- 
crease of tangential stress, and slip took place. 

McFarlane and Tabor’s analysis showed that lthe junction gmwth 
took place because, in accordance with plasticity thBory, plastic yield- 
ing in the junotion is determined by the combined effect of normal 
and tangential stresses. By analogy with the von Mises (or Tresca- 
Mohr) yield crilterion for an ideal two-dimensional model of an inter- 
metallic junction, the yield criteri,on may be expected to have the form 

$32 -k €8 (7) 

where c is a constant with a value of about 10, and p,, is the static con- 
t a d  pressure. The metal in the junction is initialjy subjected to a 
normal stress equal to its yield pressure p = p o .  Thus, as soon as the 
slightest tangential stress is applied, equation 7 can be satisfied only 
if p diminishes. This means that the area of contact must increase with 
the drop in p, in the manner shown in figure 7, while point Q0 moves 
to Q. It appears from figure 6, this process continues almost indefi- 
nitely for clean surfaces, so that extremely high friction coefficients 
are attained at slip. However, as seen, if the surfaces are lubricated 
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FIGURE 6.-The behavior of contacting platinum surfaces when subjected to  a 
gradually increasing tangential force. Ordinate + is the ratio of the tangential 
force P to  the normal load W.  (It corresponds to the coefficient of friction only 
when sliding actually occurs.) Abscissa is the area of contact A expressed as 
a ratio of the initial static area A,. The ratio A/Ao is calculated directly from 
the electrical resistance ,measurements, assuming metallic contact. 0, clean 
surfaces ; 0, lubricated surfaces. The full curve is the theoretical curve plotted 
according to equation 7 using a value of 12 for e (ref. 33). 

(i.e., 8 < ~ ) ,  slip occurs at a lower F/W ratio. The qualitative criterion 
for such slip is that the rate with which the junction size increases be- 
comes less than the rate with which the tangential force increases. 
Tabor (ref. 35) has analyzed this situation and obtained the result 
shown in figure 8, which shows the way in which the friction coefficient 
depends on the strength of the interface. It may be seen that a very 
slight contamination of the interface, only enough to lower the shear 
strength to 95 percent of the metal strength, is s&cient to curtail junc- 
tion growth drastically and limit friction coe5cients to values of 1 or 
less. Thus, for surfaces contaminated normally in air, junction growth 
may be expected to have only a minor effeot on friction. Further, as 
pointed out to the author by Bisson (ref. 36), junctijon growth is a 
rate-sensitive process ; at the usual sliding speeds found in mechanical 
equipment, the short contact (time of asperities will severely limik their 
ability to undergo junction growth. Nevertheless, junotion growth is ft 
type of action that, if condikions permit ilts .occurrence, can quickly 
generate catastrophic w r i n g  of sliding surfaces ; in this role, it may 
have particular pr&ical significance. 
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Surface Contamination a n d  Thin Films 

Since an entire lecture of this symposium is devoted to boundary 
lubrication, we will. here only briefly relate the action of contami- 
nants and nonliquid thin films to the foregoing theory. We have 
already intimated thak, if the interface contains a contaminant that 
is weaker in shear than either of the contacting bodies, the value of s 
in equation 4 should be the shear strength of that film. On the other 
hand, since the film is (normally) very thin, it will not influence the 
yield pressure p of the contacting solid surfaces, so that the friction 
coacient becomes the ratio of the film’s shear strength to the yield 
pressure of the softer of the two contacting solids. This has been 
successfully illustrated by Bowden and Tabor (ref. 37), who covered 
the surface of hard metals with a thin film of very soft metal, such as 
lead, tin, or indium. For example, they observed a friction coefficient 
of 0.8 for a steel ball sliding on a flat steel plate in the absence of any 
film. When the flat surface was covered with a thin indium film ( 
ern thick), the friction fell to a value of 0.1. Such thin films are, of 
course, not highly durable under repeated sliding, but for  single 
applications they can provide a useful method for reducing friction. 
This effect can be made more permanent by incorporating “particles” 
of a soft material in a harder material as exemplified by the disper- 
sion of lead in copper in copper lead-bearing alloys. Here, a thin film 
of lead spreads over the surface of the copper, and replenishment is 

VERTICAL 

~ HORIZONTAL 

FIGURE 7.-Effect of combined normal and tangential stresses on 
the behavior of a soft asperity in contact with a hard flat surface. 
(a) Under a normal load alone, contact occurs across XY; when 
a tangential stress 8 is applied, the junction grows as shown by 
the dotted line and point QO moves to Q. (b) Schematic diagram 
showing locus of Q as a tangential stress is increased (ref. 13). 
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FIGURE 8.-Growth in area of junctions for different values of the in- 
terfacial shear strength s, where s is expressed in terms of the criti- 
cal shear strength T of the metal (s=Kr)  .As the tangential force 
coefficient + (=F/W is increased, junction growth proceeds until a t  
some critical stage,.deterniined by the value of k, gross slip occurs. 
For K = l ,  junction growth proceeds indefinitely ; for k=0.95, slip 
occurs when the area of contact has grown about threefold and the 
force coefficient (now equal to the coefficient of friction) has a value 
of about 1 (ref. 36) .  

continually available at the surface from the fine lead particles dis- 
persed below it. 

We have also already intimated, in connection with the discussion 
of interface shear strength s, that the shear strength may result 
from a mixture of different material strengths. This, of course, is to 
be expected, and various studies, such as contact resistance measure- 
ments on metals, suggest that this is so. To make this effect quantitative, 
let us take the simple case of an intermittent film of a low-shear- 
strength material on otherwise clean solid surfaces of two bodies of 
identical material. Under these conditions, the two host surf aces will 
touch and unite over that fraction of the area of actual contact where 
no film is present on either. This fraction of the contact area will 
have a shear strength s1 equal to that of the hosi bodies. The remain- 
ing fraction (1-p) of the contact area will have a shear strength sz 
equal to that of the low strength film. The friction force will there- 
fore be 

F=Abs, + (1 - P h l  . (8) 

Generalization of this approach can be helpful in visualizing, quali- 
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tatively, the net effect on friction of complex surface films and lay- 
ers of contaminants at frictional interfaces. 

Rolling Friction 

We will not attempt a detailed discussion of rolling friction, which 
could be a subject for a full review in itself. However, it is important 
that we briefly consider the basic mechanisms involved in rolling fric- 
tion and their relation to sliding friction. Early considerations of roll- 
ing frietion attributed its canses mainly to the sliding friction that 
occurs over the area of apparent contact between the bodies as a result 
of the differential stretching of the two surfaces as they pass through 
that area. However, more recent studies by such investigators as Tabor 
(ref. 38), Flom and Bueche (ref. 39), and Merwin and Johnson (ref. 
40) have shown that energy dissipated by subsurface deformation may 
constitute the major part of the rolling resistance even for hard met- 
als, except where, as in the case of the latter, very close initial conform- 
ity existed between the roller and the mating member (e.g., a rolling 
ball and a grooved track). 

The friction resulting from interfacial slip can be analyzed directly 
from the principles of friction discussed earlier in this paper, together 
with appropriate analysis of the differential stretching of the surfaces 
using Hertzian elastic coiitact theory. The friction loss caused by sub- 
surf ace deformation involves energy dissipation from elastic (hystere- 
sis or “internal friction”) and plastic deformation. In  the case of rub- 
ber and rigid polymers, which have relatively high hysteresis-loss 
characteristics, the energy dissipated by subsurface deformation pro- 
vides almost all of the observed rolling friction (ref. 38). 

Frictional Behavior of Various Materials 

The frictional behavior of ductile metals has been referred to fre- 
quently in illustrating the foregoing theories to give a reasonable in- 
sight into these materials and the manner in which this behavior is 
kept within reasonable bounds by surface films or lubricants. How 
poor that inherent behavior is in the absence of surface contarninants 
becomes evident, for example, from Ruckley’s friction data in table 2. 
The problem of operating metallic mechanical devices involving slid- 
ing in an outer-space environment, for example, is truly challenging. 

The reasons for the poor behavior of ductile metals is now clear 
from the principles developed above. Figure 8, in particular, demon- 
strates that avoida,nce of intolerably high friction and gross seizure 
requires the interfacial shear strength s to be significantly lower than 
the shear strength of the weaker metal of the pair or, perhaps, than 
the yield pressure p of the weaker metal. Evidence for the latter con- 
sideration is found in Buckley’s data of tables 2, 5, and 6. It must be 
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kept in mind that the yield pressure p associated with the “squashing” 
together of the points of actual contact derives from three-dimensional 
plastic flow is not highly sensitive to crystal orientation. On the other 
hand, shearing the junctions is virtually a one-dimensional plastic 
flow process and thus very sensitive to the properties of crystallo- 
graphic planes and directions oriented parallel to the direction of shear. 

From the tables mentioned, it can be seen that, as the shear strength 
of the interface is lowered relative to p by introducing crystallo- 
graphic planes successively weaker in shear (resulting from increasing 
interplanar spacing, tables 2 and 5 ; lattice mismatch, table 6 ; or lattice 
incompatibility caused by insolubili%y, table 6),  junction growth is 
effectively limited and ‘the friction coeffjcient atkains a finite and often 
surprisingly small value. The case of the behavior of the hexagonal 
cobalt lattice (table 5) is particularly striking. Ernst and Merchant 
(ref. 12) obtained evidence early that the interfacial shear strength s 
of the hexagonal metals, even if polycrystalline, is inherently much 
lower than their yield pressure p .  

The good correlation between friction coefficients and adhesion 
coefficients noticeable in tables 2, 5, and 6 also supports the above 
reasoning. As noted in the section on elastic recovery and the adhesion 
coefficient, the tensile ‘stress required to sevm contact junctions or 
“asperity bridges” is, for ductile materials such as metals, approxi- 
mately equal to the yield pressure of p of the weaker material. This will 
only be true, however, when the tensile strength of the junctions pro- 
duced by adhesion of the original interfaces is at least as great as the 
yield pressure p of the weaker material. When it is lower, the junctions 
can fail primarily by “brittle” tensile fracture rather than by pro- 
longed plastic flow in tension. Thus, as the tensile strength of the inter- 
face is lowered by introducing into the interface crystallographic 
planes having successively larger interplanar spacing (tables 2 and 
5), lattice mismatch (table 6), or lattice incompatibility caused by 
insolubility (table 6),  the adhesion coefficient will decrease accord- 
ingly. Since those same factors also reduce the shear strength of the 
interface, as noted above, the drop in the friction coefficient parallels 
that of the adhesion coefficient. Further, the ratio of the interfacial 
strength (either in shear or in tension) to the yield pressure p of the 
weaker metal is a very important criterion of the inherent friction and 
adhesion characteristics of metal pairs; the lower this ratio, the lower 
the inherent friction and adhesion of the pair. 

In  respect to brittle materials, such as ionic crystals, one might ques- 
tion whether their frictional behavior would conform to the foregoing 
theory. It might be expected that the area of actual contact and resist- 
ance to shear is conditioned largely by the fracture criteria for these 
materials, so that equation 4, considerations of junction growth, for 
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example, are not applicable. However, we have seen in the section on 
adhesion that full adhesion between $aces of two rock-salt slabs could 
be obtained by compressing them between anvils, thus demonstrating 
capability for both adhesion and plastic flow. Actually even Bridgman 
(ref. 41) and others have shown that most brittle materials exhibit 
appreciable ductility when subjected to great compressive stresses or 
hydrostatic pressure. 

Bowden land Tabor (ref. 13), therefore, investigated the frictional 
behavior of clean rock salt as a typical ionic brittle material. They 
found that, although there was some fragmenhation and cracking of 
the rock-salt surface lalong the friction track, the track on a gross scale 
had the typical grooved appearance characteristic of metals. The area 
of contact between a hemispherical steel slider and the crystal was 
found generated by plastic flow of *he rock salt; p was of the order of 
30 kg/mm2. Further, the shear strength s of the rock salt in sliding, 
instead of corresponding to the usual fracture shear strength of about 
2 kg/mm2, was of &he order of 5 to  7 kg/mm2, corresponding to the 
critical shear stress in pltastic compression. The possibility of junction 
growkh was also investigated; evidence was found for growlth by 
a faotor of approximately 2 under ithe action of tangenkial stress. 
Further g r o h h  is prevented by reducing the compressive stress to bhe 
point where brittle fraoture occurs, 'and thereby automatically re- 
ducing the junction size to a point where khe factor is less than 2. Thus, 
the friction coefficient does not exceed a value of approximately 1 
even for rigorously cleaned surfaces. A variety of other britkle mate- 
rials studied by Bowden and Tsabor exhibited frictional behavior sim- 
ilar t~ rock Salk, 6hus indicating that the friction of brittle materials, 
just ,as duotile metals, is governed by the laws set forth in the earlier 
seations of this paper. 

Let us now consider the frictional behavior of polymers, materials 
in which the cohesive bonding is primarily covalent. Values of the fric- 
tion coefficienk for khese materials generally range between 0.2 and 
0.7 (ref. 42), not greatly different from .those for clean ionic crystals 
or clean metal in ithe ,absence of junction growth. No significant junc- 
tion growth is found in frictional processes on polymers. Further, 
the adhesion at the interface is generally strong, and the relationship 
P=As holds well (ref. 43), where s is approximately equal to the bulk 
shear strength of the polymer in most ewes. However, with polymers, 
L4moiitons' first law (friction force proportional to load) is often found 
to be a poor approximation. According to studies made by Adams (ref. 
9) ,  a small amount of this nonlinear variation of friction with load ap- 
pears to result from increased shear strength s of the interface with 
pressure. However, by far the largest portion results from the fact 
that equation 1 is a poor approximation and Ithe area of actual contact 
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A is not directly proportional to load W .  The relationship is instead 
very nearly of the form 

A=kWm (9) 

where m is generally between 0.7 and 0.8 (ref. 13). This suggests that 
elastic deformation (corresponding to m-0.67) plays a much more 
impoAant role in conkrolling area of contaot for polymers than ior 
ionic or metallic materials. Archard's analysis (ref. 3) assnmes par- 
ljicular importance here. 

As might be assumed from our discussion of rolling friction, in- 
ternal hysteresis can play a large role in sliding friction of polymers 
when the adhesion component of friction is small. Further, because 
polymers are viscoelastic, area of actual contact will increase with 
loading time and, therefore, friction will vary with speed. Friction of 
polymers will also vary markedly (as contrasted with metals and ionic 
solids) with speed from rapid interfacial temperature rise caused by 
the poor heat conductivity of polymers. The rise in temperature g u -  
elices shear strength, yield pressure, and viscoelastic properties of 
the polymer in a complex way, making it difficult to predict variation 
of friction with speed. 

. Needed Research 

It is evident from the foregoing that present knowledge concern- 
ing friction is considerably more quantitative and advanced than that 
concerning adhesion. It is equally evident that there is much still to be 
learned for predicting and controlling frictional phenomena. 

Concerning friction theory and the basic equations 2 and 4, the 
real nature of the shear strength s of interfaces and its quantitative re- 
lation to the physical properties and yield pressure p of materials still 
requires investigation. Since shear strength and adhesion strength are 
not at all the same, yet resistance to shear arises from adhesion, more 
fundamental work is needed to relate the two quantitatively. 

Because of the very important contribution of junction growth in 
bringing about major departures from equation 4, as well as its role 
with ductile materials, it needs to be studied more thoroughly. Experi- 
mental and analytical study could profitably concentrate on providing 
a sound basis for quantitative prediction of the constant E in equation 
7 as well as on refining this yield criterion if necessary. 

To understand surface film effects, cz quantitative basis for predicting 
the shear strength of surface films is needed. Perhaps the somewhat 
naive thermodynamic approach originally proposed by Ernst and 
Merchant (ref. 12) may be refined to yield a workable approach. 

Concerning the frictional characteristics of various materials, 
metals still play a leading role in today's manmade world and will for 
a long time to come. Thus, continuing work on refining the analysis of 
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the friction between metals is justified. In  particular, experimental 
and analytical investigation of the shear strength characteristics of 
contacting interfaces of different crystallographic planes of identical 
and different materials (soluble, compouhd-forming, and insoluble) 
could prove most helpful in advancing our fundamental understand- 
ing of interface shear phenomena. 

Because of the increasing importance of polymers in today’s and to- 
morrow’s world and our lack of good quantitative understanding of 
their frictional behavior, analytical research on their friction char- 
acteristics should be emphasized. 

CONCLUSION 

Much progress in understanding the fundamentals of adhesion and 
friction between solids has been made in this century, and the rate 
at which that understanding has increased has been exponential. How- 
ever, in view of the rapidly growing importance to human activity of 
understanding and controlling adhesion and friction in new environ- 
ments, the challenge of and need for research in these fields now seems 
to be growing even faster than our rate of generating new knowl- 
edge. Further, as this challenge and need grows, it involves problems 
from an ever-widening range of scientific and technical disciplines 
as well as need for the application of knowledge from more and more 
different disciplines to their solution. Let us hope, therefore, that the 
interdisciplinary approach fostered by this symposium may be the 
catalyst that will generate a systems approach equal to the challenge 
and need. 

R. D. Gretz (Battelle Memorial Institute, Columbus, Ohio) 
Dr. Merchant’s paper evidently constitutes an important contribu- 

tion to the boundary separating research and development in the field 
of friction and wear. It is obvious from Dr. Merchant’s paper that a 
proper understanding of friction can only be achieved by assimilat- 
ing the concepts of basic science into the vast expanse of empirical 
knowledge presently available ; however, a consistent operator does 
not exist. I f  this operator existed, the matrix of empirical behavioral 
patterns might conceivably be transformable into a coherent self- 
consistent law ; this law would allow us to choose a system, select the 
operational variables that must be monitored, and predict the outcome 
of the test: this cannot be done. 

Considering the omnipresence of friction (in the sense of the wide 
range of materials, the range of surface topology scale, and the com- 
plex chemistry of bounding media involved), an arbitrary and rather 
limited approach in any particular discussion must be chosen. At the 
expense of, most likely, your curt dismissal of some things I will dis- 
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cuss, still I will insist on discussing well-defined surfaces (cleavage 
planes or atomically flat perfect crystals) that may be determined to 
be clean on an atomic scale. However, a,s it suits my needs, I will also 
talk about surfaces that have a macroscopic contour; this will be 
assumed to be periodic. 

The coe#cient of friction.--The force required to overcome friction 
is the product of the coefficient of friction and the normal force 
acting on the interface between the two bodies. This expression may 
be generalized to the extent of noting that the shear stress required 
to overcome the frictional force at  the interface is the product of the 
coefficient of friction and the normal stress acting on the interface 
(ref. 44). If we consider a perfect crystal, the stress required to sep- 
arate it normal to a cleavage plane is the theoretical breaking stress 
(ref. 45) 

ET 
urnax= (x) 

assuming that the only work done is that against surface energy y 
with a material whose Young's modulus is E. The lattice parameter 
normal to the interface is a,. If the ruptured material is reassembled 
so that all lattice planes.register on an atomic scale, the normal stress 
across the interface separating the two halves of the crystal is again 
given by equation 10. If we slide these two crystal halves parallel 
to each other, the shear stress required is, in fact, the theoretical 
shear stress of a perfect crystal, which may be given as (ref. 45) 

where G is the shear modulus of the material. The coefficient of 
friction, then, for this extremely ideal case is 

Using reasonable values in equations 10 and 11, the coefficient of 
friction for copper according to equation 12 is 0.05. While the coeffi- 
cient of friction is attractively small, the shear stress required to 
produce parallel movement of the crystal halves (equation 11) is 
1.2X1010 dynes/cm2, a stress so high that we would say seizure had 
occurred. Evidently, a coefficient of friction of 0.05, bought at  the 
expense of a shear stress of 180 000 psi, is not an attractive option, 
even if it were exercisable. 

Obviously, equation 1 is wrong because in our thought experiment 
we did not actually create any new surface a t  the sliding interface. 
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Therefore, the stress must be just the load W divided by the contact 
area 

W 
u=x (13) 

That equation 11 may still be applicable can be demonstrated by the 
following thought experiment. Let us place together two perfect 
blocks of the same material with identical truncated sinusoidal surface 
contours. The area of contact is known (the area of the perfectly flat- 
topped surfaces of the surface profile). Under these test conditions, the 
materials are bonded at  an atomic level so that when we attempt to 
slide the blocks relative to each other, the force required is the shear 
stress of the perfect crystal times the contact area 

. f = A ~ m a x .  (14) 

Since we know the applied load W and the contact area A, we may 
use equation 13 to calculate the stress normal to the interface. Alter- 
natively, we may rearrange equation 13 to  give 

to arrive at  the result 

and recover a coefficient of friction 

Note, however, that according to equation 13, the u in equation 17 has 
a very special meaning; it is the load on the interface divided by tile 
area of contact a t  the interface. In  our thought experiment, we have 
chosen the contact area bo be an invariant. Since we are dealing with 
a perfect material, we can vary the load without changing the area of 
contact, that is, we can independently change the stress applied a t  
the interface. If we would choose an applied stress of 1800 psi (e.g., for 
copper), the coefficient of friction would be 100 and decrease with 
increasing load. 

Let us take another look at  equations 16 and 17 

We know that fJW mu& be a constant, all other things being equal. 
This implies that rmaX/u is also constant, yet we have just made the 
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claim that we could independently choose u for a fixed value of r-. 
Both these statements cannot be true. The dichotomy becomes evanes- 
cent when we introduce equations 13 and 14 into the first term of the 
right-hand side of equation 18 and recover fJW. We conclude, there- 
fore, that we must be careful as to how equations 14 and 15 are used. 
The stress appearing in equation 15 is a dependent variable (see equa- 
tion 13) and is not determinable unless we h o w  A and W. Note also 
that equation 14 is not really the frictional force, it is just the force 
required to shear the junctions between the crystal halves; this being 
the case, iwe should have used equation 11 and the coefficient of fric- 
ti,on would indeed have been given by equation 12. In  this case we are 
shearing junctions and creating new surface area, just as we pre- 
scribed in our first thought, experiment; however, by some means we 
have managed to .convince ourselves that we could have a coefficient of 
friction (pi) that varies by a factor of 2000, depending. But we really 
have not been talking about friction. 

The force given in equation 14 is the fmorce required 60 shear the 
material joining the two crystal blocks. The frictional force P on the 
other hand, by definition (ref. 44), is the force required to slide two 
materials by each other against an applied load W 

P=pW. (19) 

The load W is the independent variable, and the frictional force seen 
at the interface P is a fraotion of the normal load on the interface, the 
coefficient of friction p. According to this definition, then, the co- 
efficient of friction is a measure of the work that must be done against 
the normal force and, in this sense, is restricted to processes such as 
plowing (pushing material along in the interface) or lifting (raising 
a block to the peak of an asperity). I n  both plowing and lifting it is 
easy to visualize that work must be done against a normal force. 

It must be recalled that, since a shear force or stress does not and 
cannot do any work against a normal force or stress (ref. 46), a 
normal force or stress cannot produce a shear force or stress. We 
must conclude, therefore, that in the absence of plowing or lifting 
(or similar boundary conditions that require work against a normal 
force), a coefficient of friction does not exist. Interposing a two-atom 
layer of oxide between two perfect crystal blo& will, we assume, 
result in rupture of the oxide, requiring a force sufficient to meet the 
required shear stress of the oxide layer, when the blocks are moved. 
The value of the shear stress is independent of the applied normal 
stress, so that the frictional force is independent of the applied load. 
A coefficient of friction does not exist, therefore, unless work is done 
against normal forces. 
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Let us consider two blocks, one resting on the other, and visualize 
the contacting surfaces as being typical engineering surfaces with 
some asperities and also, presumably, some oxide or other phases on 
the surfaces. The total force grequired to slide one block on the 
other will be the sum of any force needed for shear processes (f) . We 
will generalize equation 14 to the extent of considering an arbitrary 
@ = A T )  and a frictional force needed to do work against normal 
forces (F=pW).  We will visualize these processes as either plowing 
or lifting), thus 

3=f+F.  (20) 

Inserting the definitions for f and F 

We may rearrange this to give 

by dividing by A. Thus, we have the necessary force per unit area of 
contact to effect sliding ( g’, let us call this a specific force) and a 
specific stress (c). We may argue about the details of choosing A, but 
to a firs$-order approximation, this procedure is probably correct. We 
predict, therefore, that a plot of 3’ versus c should be linear, intercept 

J ~ G U R E  9.-Plot of specific force vs specific stress (ref. 46). 
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T ,  and have a slope p. The data given by Eragelskii (ref. 46) follow 
such a law (Sg. 9). It is interesting to note that instead of equation 20, 
it is assumed (ref. 46) that the frictional force F equals the shear forcef 

f=F. (23) 

Using the same substitutions  AT and F=pW) in equation 23, 
the following result is obtained with the aid of equation 13 : 

/..&=TILT. (24) 

It is concluded (ref. 46), therefore, that the coefficient of friction 
decreases with increasing load and tends to  a limiting value. Analysis 
of the same data with the help of equations 20 through 22 shows that 
p is a constant instead; the slope of the plot is the coefficient of friction. 
We know that equation 23 is incorrect because it equates a shear force 
(by definition independent of the normal load) to a frictional force 
(by definition dependent only on the normal load). In  fact, the 
process of sliding a block over the surface of another block involves 
both a shearing process and a frictional process. 

We conclude, therefore, that friction and adhesion are independent 
processes. They may occur simultaneously in the same system, but 
they are separate and identifiable: see equation 22. Returning to our 
original question, it is now obvious that a coefficient of friction does 
not exist in sliding atomically perfect surfaces parallel to each other. 
A force will be needed, but that, force will be simply t’he force needed 
to shear atomic bonds at  the surface. Thus, for an atomically flat 
surf ace 

3=f. (25) 

For a surface that has a surface profile, but whose surface bonds are 
saturated by adsorbed gases (taking the limit where no measurable 
shear process occurs) 

3 = F  (26) 

equation 26, evidently, summarizes the case often observed for 
typically “clean hard” surfaces. 

Returning now to equation 22, let us perform a thought experiment 
where only lifting contributes to the frictional force F. We exclude 
any plowing of asperities. Suppose we do not impose a compressive 
stress at  the interface (u) but rather a tensile stress (u‘=-a) and, 
further, require that we have chosen a system where 3”’ is zero 

p= 7 +/.LIS’= 0 
323472 0 - 6 6 1 5  
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then 
7- 

E”=; 

In this situation we have the tensile stress working against the shear 
stress; we have a perfect bearing. We have chosen the conditions of 
the system so that the frictional force operates to our advantage-it 
supplies the work for the shear processes needed to move the opposing 
blocks. 

The interfacial free energy.-In the preceding section we have dis- 
cussed bonding between perfect surfaces and surfaces with a macro- 
scopically measurable surface topography. It should be noted that the 
full effect of surface bonds will only exist between atomically clean 
surfaces. If the surface is contaminated by adsorbed gases, the surface 
forces are effectively masked, and binding between atomic planes is 
greatly reduced. We know that the intrinsic forces between atomically 
clean surfaces are quite large. A measure of the level of surface forces 
is afforded by the activational free energy required for desorption of an 
adsorbed atom from the surface; this energy is known to decrease 
markedly with adsorption even to the monolayer level (ref. 47). 

To illustrate ‘the masking effect, we consider the ideal case of the 
(100) surface of a simple cubic structure whose total energy is the sum 
of the energies contained in the nearest neighbor bonds. If ‘p is the 
energy required to break a nearest neighbor bond, and if 9: is the number 
of atoms per square centimeter of the (100) face, then the surface 
energy is (ref. 48) 

(PP y= - 
2 (29) 

If each surface bond is of strength ‘p, the surface energy of the lattice 
plane is given by equation 29, in the nearest neighbor approximation, 
If each of these bonds are then satisfied, the surface energy of that 
lattice plane will be reduced effectively to  zero; that is, the change in 
the surface energy of a lattice plane resulting from equilibrium 
adsorption of gases is reduced to that value given by the Gibbs 
adsorption equation. 

The Gibbs adsorption equation (ref. 49) is 

dy= - S@)dT- t)r,d,u, (30) 
i 

where S*) is the entropy of the surface, p I  is the chemical potential of 
specie i, l”, the surface density of the ith substance, and y the surface 
tension. Consider a solid surface (component 1) in equilibrium with a 
perfect gas (component 2) and position the dividing surface so that 
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rl=o. Then the Gibbs adsorption equation becomes, a t  constant 
temperature, 

-I&= r2kT dln a2 (31) 

where az is the a'ctivity of the species 2 on the substrate surface. For a 
monolayer coverage (e.g., a system with a very high desorption 
energy), the surface density of the second component r2 remains 
constant, and we may take it to be 1015 atoms/cm2. Choosing rzo 
equal to unity at  y ,  the surface tension for zero population of adatoms, 
equation 31 becomes 

y-ya= r,kT In ra ( 32) 

where k is 1.3X10-" ergs/' K.  Substituting the pertinent values in 
equation 32, we have the appreciable change in surface energy of 
about 1350 ergs/cm2. If y for the atomically clean surface was 1350 
ergs/cm2, then ya (the surface energy in the presence of monolayer 
adsorption) would be zero at  equilibrium. Thus, small amounts of 
adsorbed gases will appreciably alter the surface energy of the con- 
densed phase at  equilibrium. The latter equilibrium constraint can be 
taken to mean complete saturation of surface bonds. If bond satura- 
tion does not occur within the first monolayer (this is an electronic 
property of the system and cannot be determined a priori), three or 
four monolayers may be required to effect saturation. The latter 
property is not determinable from the simple nearest neighbor model 
or from a thermodynamic calmlation. It is important to  realize the 
consequences of the assump tion of thermodynamic equilibrium (equa- 
tion 32) in the light of equation 29, the nearest neighbor model of a 
surface. In  some systems, however, the thermodynamic assumption 
of equilibrium seems to be good, as demonstrated by the follow- 
ing example of adsorbed lead or copper. 

In  terms of the more familiar adsorption notation, r2=ne, the 
adsorbed monomer concentration on the substrate in equilibrium with 
vapor of the same material. The adsorbed population at  equilibrium 
(ref. 50) is given by the vapor pressure of the solid P,, and the desorp- 
tion energy of an adsorbed atom from the surface AGd,,, 

ne= P, e~p(AG~,,/kT)/(21rmkT)~~~u~ (33) 

where uo is the vibrational frequency of an adsorbed atom on the 
surface. 

Substituting equation 33 into equation 32 and rearranging terms, 
the following result is obtained: 
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Equation 34 is interesting because it shows that the temperature 
dependence of the change in solid-vapor interfacial free energy resulting 
from equilibrium adsorption of atoms of another material is given 
simply by the difference between the adatom desorption energy, AGdas, 
and the bulk heat of evaporation of atoms from its own surface, AH,. 
Thus, if AGde,>A&, plots of the form of In Ay versus 1/T will have 
positive slopes; if AG,,,<AH,, however, plots of this form will have 
negative slopes. The data of Bailey and Watkins (ref. 51) for lead 
vapor adsorbed on solid copper follow equation 34; the resulting 
positive slope indicates that the desorption energy of lead from copper 
is 43.8 kcal/mole (fig. 10). This type of calculation affords a new way of 
obtaining experimental values of At!&es. 

The verification of equation 34 is important because it lends con- 
fidence to the equilibrium approach to surface theory. More impor- 
tantly, equation 34 provides an incisive means of describing the effect 
of adsorption on surface energy and the temperature dependence of 
the surface energy. Thus, since heat-of-sublimation energies are 
readily available, all we need to know is the desorption energy of an 
atom from a substrate in order to predict whether the solid-vapor 
interface energy increases or decreases with temperature in an 
adsorption environment. 

Usually, the balance of interfacial free energies between a condensed 
phase and the substrate on which it is disposed is demonstrated in 
terms of the contact angle between the condensed phases, the so-called 
Young equation (ref. 49). 

ys=ra-s+r COS e (35) 

where ys is the crystal-vapor interfacial free energy of the substrate, 
ya-s is the interfacial free energy between the adsorbed condensed 
phase and the substrate on which it resides, y is the interfacial free 
energy between the condensed adsorbed phase and its own vapor, 
and 8 is the contact angle. I f  the contact angle is zero, perfect wetting 
is said to have occurred ; the condensed liquid phase spreads without 
limit on the surface of the condensed phase on which it resides. Per- 
fect wetting, known to occur for a number of clean refractory metal 
surfaces on which gold droplets are melted (ref. 53), is of consider- 
able interest in the analysis of adhesion effects at surfaces. 

I n  the consideration of surface topography, interposition of a per- 
fectly wetting material may have other demonstrable consequences 
if the particle size is sufficiently small. A line-kension (ref. 54) effect 
alters the interfacial free energy balance, particularly in a system 
where the known macroscopic contact angle is zero. This effect arises 
in the following way : The line-tension interfacial free energy results 
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from the unsatisfaction of surface bonds along a line of atoms, as 
opposed to a plane of atoms considered in the derivation of equa- 
tion 29. Invoking an analogous derivation and assuming a surface 
lattice spacing of ao, the line tension is then 

which, upon substituting equation 29 for the right-hand side and, 
noting that the number of adsorbed atoms per unit area of surface, 
p=ao-2, becomes 

Y c = w o  (37) 

and the interfacial free energy triangle of Gibbs becomes (ref. 54) 

where r is the radius of curvature of a condensed phase whose con6act 
angle is 8. The essence of equation 38 is that if a line tension exists, the 
actual contact angle between condensed phases for small particle sizes 
(consider the geometric picture of a liquid droplet on a perfectly flat 
plane) is increased above the measured macroscopic value. That is, in 
u system where the known macroscopic contact angle is zero, the line- 
tension effect may cause the actual contact angle to have a nonzero value 
(as large as goo). Thus, in considering wetting effects on a microscale 
at a.n inkerface, the system may differ from that expected on the basis 
of the known macroscopic behavior. The line-tension effect, is new and 
the consequences of it 'as yet not generally appreciated. These prop- 
erties become significant for particles whose radius of curvakure is 1- 
than about 2 o O k  

The Effect of Stress on Cupillarity.--The preceding analysis has 
discussed some effects of surface energy on the behavior of surface as 
well as the creation and destruction of new surface. Since these capil- 
larity processes may be altered by stress, it is of interest to consider the 
effect of stress on capillarity. 

Gurney (ref. 5 5 ) ,  following Gibbs (ref. 49), has used thermody- 
namics t~ analyze the chemical potential of an atom on the surface of a 
solid for the general case of a solid in an arbitrary state of elastic 
stress. Gurney notes that there are two general cases, corresponding to  
solution and swelling, for describing the effect of elastic strain energy 
on the solid's chemical potential. It has been shown (refs. 49,55, and 
61) that the analysis is appliscable it0 reversible transport of a swbstiku- 
tional solute (accretion) or an interstitial solute (absorption). The 
major distinction between accretion and absorption contraints is khat 
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in accretion the chemical potential of the atoms on the surface of the 
solid increases irrespective of the sign (tension or compression) of the 
applied elastic stress, whereas for absorption the chemical potential of 
the interstitial solute d e c m e s  in tension but increases in compression. 
Since there is an elastic stress gradient at the surface of an elasticaltlly 
stressed solid in the vicinity of a surface discontinuity, there is also a 
gradient in the chemical potential. The lakter permits highly localized 
absorption or accretion (in 'a .test environment, this wouId actixally be 
ragarded ax dissolution). 

Consider a cube of pure solid subjected to a uniform elastic stress 
on each face by a fluid lthiat may contain the substance of the solid in 
solution but does not itself dissolve in the solid. The chemical potential 
of an atom at the surface of the solid for an arbitrary state of stress 
depends on the face considered,* Assuming that reversible isothermal 
tramport of substance between the +X solid face and an unstressed 
solid is achieved only if Px, Py, P,, and the dimensions of the solid in 
the Y and 2 directions remain constant, 

px=E-TSfPx V (39) 

where p** is the chemical potential, E, S, and V are the molar inlternal 
energy, entropy, and volume, respectively, of the stressed solid, and T 
is the temperature. Similar equations can be written for the Y and 2 
directions. This simply means that the chemical potentials at the three 
solid faees are different and proportional to the principal stresses Px, 
Pv, P,. Gibbs (ref. 49) next considered the c'hange in chemical potential 
at the f X  face of the hydrostatically stressed solid at pressure P=Px 
to be expected upon isothermal application of additional normal stress 
in the Y and 2 directtons ; thus, 

pz-paz=AE- TAS+PXAV ( 40) 

(41) Ap= px- Po2= AF i- PZAV 

where AF is the Helmholtz free energy, the total external work done, 
or the elastic strain energy, whereas the last term is the reversible 

*The general Gibbs method (ref. 49) is followed, where a p is defined separately 
for both the state considered and the standard state, leading to an expression for 
A p ;  in addition, khe conventional procedure of defining A p  and then noting the 
choice of standard state is dispensed with. 

**Note that for a generalized elastic stress system, >khe chemical potential of 
a solid is a tensor. The complexities in dealing with tensors (refs. 49 and 55)  
are reduced by basing the analysis on principal stresses. Nate also that in conven- 
tional treatments of an elastic-stress effeat on chemical potential, a hydrostatic 
stress is referred to. The present analysis, dealing solely with nonhydrostatic 
stresses, requires that the chemical potential be a tensor. 
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RECIPROCAL SUBSTRATE TEMPERATURE x lo3 

FIGURE lO.-Logaritb of Ay vs 1/T for lead vapor abmrbed 
on solid copper (ref. 51). 

work of displacing the fluid. This quantity is necessarily positive and 
therefore p+ is always greater than poz. This means that the chemical 
potential at the free surface of a pure solid immersed in a fluid media 
of hydrostatic pressure' Po should always be increased whether the 
elastic stresses are compressive or tensile. Note that AF=u2/2E, 
where u is the applied stress (for example, uniaxial tension or com- 
pression in the Y or 2 direction), and Eis the modulus of the material. 
Since P,AV is very small ( P +  for a uniaxially stressed sample would 
just be 1 atmosphere), we have 

Ap,= u2/2E. ( 42) 

The excess solubility of the solid in the liquid resulting from the 
stress is 

( 43) 

where C, is the equilibrium solubility for the unstressed solid. Equa- 
tion 43 summarizes the total effect of the accretion constraint on an 
elastically stressed solid. Actually, since a pure solid is considered, 
equation 43 gives the driving force for dissolution of the solid. Con- 
sidering a stress concentration effect at  a surface discontinuity, this 
dissolution effect will be highly localized. 

I n  the context of the force required to move a body relative to an- 
other (e.g., a shaft supported by ai1 annular housing), the asperities 
present will be subjected to a compressive stress, whereupon khe pro- 
pensity for dissolution will increase. This concept may be of impor- 
tance in the well known effect (<ref. 56) of iodine on the lubricating 

AC( CT) = C,Ap,/RT 
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qualities of oils containing a small quantity of iodine. Since the metal 
is not soluble in the oil, iodine, which is soluble, will serve as a trans- 
porting agent for lthe metal, presumably as an iodine complex. The 
asperities will be selectively dissolved and khe material deposited at  a 
region of zero stress. The net effect results in a smoother surface, so 
that instead of equation 21 being applicaible to the system, after some 
time, equation 25 is applicable. In  this limit, the system behaves in 
such a manner that it is no longer sensitive to the magnitude of the 
applied load. Thus, heavy load lubricants (iodine additions to oil) may 
be viewed as stress-induced dissolution of asperities on contiguous 
areas, negating the “lifting” contribution of friction and shifting the 
total force required to move the bodies to khat required simply to shear 
the interposing media (the lubricant). In  consideration of crystalline 
media (say oxide films), the latter process is independent of the ap- 
plied load but is expected to be somewhat dependent on the applied 
normal load as it affeots the viscosity of the media. 

For the majority of metals (ref. 57) iodides are known to form at 
low temperatures and decompose at higher temperatures (ref. 58). 
Assuming that there are very hot spots in the envisioned lubricating 
situation, we would expect, and it seems to be observed, that the iodide 
is unstable at the asperities. Therefore, the transport mode may be as 
complexes, resulting in the formation of iodides at the regions of zero 
stress (the low spots), rather than, as postulated in reference 59, in 
the formation of lubricating iodide films at the asperities. It is impor- 
tant to note that the distributlion pattern of iodides developed in iodine 
lubricants on steel (ref. 56) is in keeping with the general concepts dis- 
cussed above. The iodide deposits forming a deposition pattern wound 
the asperity led Furey (ref. 56) to conclude that the lamellar struc- 
ture of the iodide does not contribute to the mechanism by which fric- 
tion is reduced in this system. This new concept of iodine action (stress- 
induced dissolution) is consistent with the recognition that lamellar 
solids are intrinsically abrasive and, of themselves, cannot improve the 
lubricating conditions between other solids (ref. 60). Note that. the 
stress-induced dissolution (by iodine), the removal of the “lifting” 
contribution of friction, and the achievement of a force based solely 
on the pertinent shear stress (which to a large extent is independent 
of load) occur whether the stresses are compressive or tensile ; i.e., the 
effect is independent of the sign of the. stress. The material removed 
from a stressed region will be deposited in regions where the stress is 
zero (neither compressive nor tensile). This feature of itself may be 
useful in analyzing stress patterns between contacting solids. 

A t  this point it is well worth noting that even interstitial solutes, 
in addition to the substitutional solute we have been considering, 
will have a demonstrable behavioral pattern. In  the overall analysis 
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of the effect of stress on the chemical potential of solids, it is essential 
to separate the effects controlled by interstitials from the effects we 
have already discussed. 

The swelling or absorption constraint pertains to reversible trans- 
port of interstitials to the solid from the environment; since the 
interstitial takes a position within the solid lattice, it is effectively 
absorbed into the solid. This is in contrast to the accretion constraint 
where the atom is added to or taken away from the surface layer of 
the solid. Employing an analysis similar to that of Gibbs (ref. 49), 
Gurney (ref. 55) ,  and Yang, et al. (ref. 61), have shown that, for 
inters titials, 

Aps=AFt+[(Pz+PV +Pz)/31Vt--p,T’i ( 44) 

where the bars refer to partial molar quantities. In  the usual case of 
positive partial molar volumes, AFt is always positive, but the PV 
term may be either positive or negative, depending on the sign of P, 
and is generally much larger than AFt. Therefore, the chemical poten- 
tial of an interstitial solute tends to increase on compression and 
decrease on tension. 

The clean surface.- There are a number of well known techniques 
for observing surfaces at a high degree of resolution, each wi&h its 
own capabilities and its own method of preparing an atomically clean 
surf ace. These techniques (e.g., field-ionization microscopy, field- 
electron emission microscopy, or low-energy electron diffraction) have, 
as yet, not come into vogue in friction and wear studies; however, the 
general techniques employed in cleaning surfaces used with these 
techniques have been to a certain extent assimilated into some of the 
current literature on friction and related topics. Of these auxiliary 
techniques, that of observing the properties of a sample in an ultrahigh 
vacuum has achieved some attention. Dr. Merchant’s reference to 
Buckley’s work in an ultrahigh vacuum is an example. I would like to 
make a few remarks about sample preparation in ultrahigh vacua 
( 

Oil diffusion pumps have had a long history of alleged contamination 
properties, and I would like to add another observation to that list. The 
essential point of the new observation is that maintaining %me rather 
low residual gas pressure for long periods of time is not an adequately 
sensitive criterion for assessing isolation of oil diffusion pumps from 
ultrahigh vacuum chambers (ref. 62). The newer means of isolation in- 
volve primarily molecular sieve trapping, and I would like to show that 
complete isolation requires that a titanium getter be interposed between 
the oil pumps and vacuum chamber. The function of this titanium 
getter is to complete the trapping process of all oil products (light hy- 
droca&ons) not affected by molecular sieves, liquid nitrogen coolants, 

torr or better) when oil diffusion pumps are used. 
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or, to an unknown extent, titanium getters placed in a side arm of the 
apparatus (see, for example, Buckley’s vacuum system). Samples ex- 
posed to an oil-pumped system without proper titanium gettering will 
have thin but detectable carbide (or carbon) layers on their surface. 
This layer is generated by decomposition of the light hydrocarbons on 
a surface annealed above the temperature required for decomposing 
the hydrocarbon. This effect can be produced in a vacuum system with 
a 2 X 

The transfer of oil into the high vacuum part of the system can be 
monitored by observing the field electron emission patterns developed 
under various conditions of treating the vacuum system. Good and 
Muller (ref. 63) demonstrated some time ago the appearance of a 
typical carbon pattern (carbon on tungsten). The predominant effect of 
carbon seems to be the formation of collars of high emission intensity 
about the (110) lattice planes and, at lower concentrations, the de- 
velopment of high work function areas in the (111) region and, to a 
lesser extent, around the (100) region of the emitter. In  the case of oil 
contamination, carbon is formed on the tip by heating the emitter at  
low temperature, so that decomposition of the hydrocarbons occurs, 
leaving adsorbed .“carbon” on the tip. 

torr base pressure maintainable for weeks. 

FIGUBE 11.-Fieldemission patterns showing effects of 
vacuum techniques on surface contamination. 
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Figure 11(A) shows a clean tungsten pattern* and figure 11(B) a 
tungsten FEM pattern produced by heating the tip to 1100” C 
(“flashed”) after bakeout. The latter pattern is identical with the 
carbon pattern first identified by Muller. The low-temperature heat 
treatment causes decomposition of the “oil” adsorbed on the tungsten, 
leaving “carbon” behind. Flashing the emitter to about 1100” ‘C in 
the condition shown in figure 11 (B) results in a clean pattern. How- 
ever, if the emitter is slowly heated at successively higher temperatures 
(to determine the exact temperature at  which “carbon” desorbs from 
the tip), the tip becomes carburized and remains unchanged at subse- 
quent flashing near the melting point of tungsten. Based on these tests, 
it is concluded that the achievement of long isolation times at UHV 
pressures is a necessary but not sufficient condition for precluding 
“oil” transfer into the high vacuum part of the system. I n  the situa- 
tion where the substrate cannot be processed and maintained under 
the conditions necessary to remove the contamination, the substrate 
would be covered either with “oil” or carbon, or be converted to a 
carbide. 

In  order to preclude the occurrence of “oil” on substrate surfaces, 
the existing trap design was modified to include Fiberfrax** on all 
internal surfaces that could see each other and were not covered with 
Zeolite pellets. After installing Fiberfrax, using the same bakeout 
procedure, the caI’bon pattern, figure 11 (B) , could not be found. This 
point was tested with both the trap heated and unheated during bake- 
out, resulting in gas-covered (because of the low flashing temperature) 
but carbon-free patterns, figure 11 (D) . However, under quiescent op- 
erating conditions (vacuum gauge operating, but high-vacuum paxt of 
system otherwise at ambient temperature), the initially clean emitter, 
after adsorbing residual gas of the vacuum system for long times (in 
the range of 20 to 120 hours), displayed a carbon pattern. This pattern 
was developed as before by allowing the emitter, at ambient tempera- 
ture and no applied electric field, to collect residual gas and then heat- 
ing the emitter to 1100” C. This temperature seems to be that required 
for decomposing the adsorbed hydrocahn, leaving a carbon residue 
on $he tip. Evidently, hydrocarbons could still be passed through the 
trap, even under the rather stringent conditions of preparing the 
internal surfaces of the trap, i.e., surfaces covered with either Zeolite 
or Fiberfrax. 

Modifying the system to include an in-line Ti sublimator does, how- 

*Thew FEM patterns were produced using .tin oxide as a phosphor (ref. 64). 
**Fiberfrax is the registered trademark of Carborundum Corporation for their 

ceramic paper composed of 50.9 percent AlzOa, 46.8 percent Si%, supplied in sheets 
as stock No. 970-H, containing no organic binder. This material was fired at 
10oO” C for 15 minutes before using. 
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ever, completely isolate the pumps, The ultimate pressure of the system 
is reduced from 2 X 10-10 torr to 7 X lo-= torr ; the latter is believed to 
be the true X-ray limit of the gauge. The Ti sublimator need only be 
“flashed” for 90 seconds once in 24 hours to maintain isolation of “oil” 
from the pumps. Exhaustive repetition of the previously mentioned 
tests failed to show any sign of carbon in hhe system, even under the 
conditions of the quiescent tests (collecting residual gas on the 
emitter for over 100 hours). Evidently, light hydrocarbons may bypass 
the molecular sieve trap but they are gettered by the Ti sublimator. 
The tests prove conclusively that the source of carbon is the diffusion 
pump oil. The use of a titanium sublimator in-line (between pumps 
and UHV chamber) along with the 90” turn is believed to be a critical 
design feature (ref. 62).  Residual gases coming from the pump zone 
must see Ti at least once before passing into the UHV chamber. 

This contamination work demonstrates that samples whose surfaces 
are oleaned by long-time annealing at intermediate (relative to kheir 
melting point) temperatures in oil-pumped vacuum systems may have 
contaminant layers on their surface. 

It is important to consider vacuum techniques not only because of the 
alleged contamination of vacuum systems by oil diffusion pumps but 
to illustrate the power of the field-electron emission technique in iden- 
tifying surface effects. It. is well known and generally appreciated that 
vacuum gauge readings differ from contamination rates determined 
by more sensitive techniques ; also it is generally observed that vacuum 
gauges, because of their inherent pumping capability, can read a pres- 
sure lower in the gauge than in the system proper where a sample is 
being subjected to a controlled test. For example, it recently came to 
my attention that vacuum-pumping methods and pressure measure- 
ment were compared to field-electron emission pattern analysis (ref. 
65) ; some fundamental and erroneous conclusions were drawn from 
the observations. I n  these tests (ref. 65), the vacuum gauge indicated 
a system pressure in the torr range, yet the field-electron emission 
microscopy patterns shown were characteristic of much higher (by 
at least 1 order of magnitude) residual gas pressures (ref. 66).  In  
fact, in the work in question (ref. 65),  a clean tungsten FEM pattern 
(ref. 66) was not shown and perhaps never achieved. Furthermore, the 
overall changes in the FEM pattern, appearance and disappearance 
of bright spots, was attributed to the presmce of individual gas mole- 
cules impingent on the tip. The most sensitive criterion of the presence 
of contaminants on a FEM pattern is the overall appearance of the 
pattern and its change with time at  ambient temperature in the vacuum 
system. The change is such that, even at a determined pressure of 
’7 X torr, a clean surface cannot be maintained for periods ex- 
ceeding 1 hour (ref. 62).  The overall contaminant rates and FEM 
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pattern appearance (changes in effective work function) agree well 
with calculations based on the kinetic theory of gases (ref. 62). The 
bright spots in such patterns cannot be related to individual molecules 
but rather to residual gas being collected into asperities by the electric 
field. Therefore, the appearance of a single bright spot cannot be iden- 
tified with adsorption of single molecules on the emitter, but rather 
with many molecules, the exact number of which depends on the 
details of the field enhancement factor applicable to such a process. 

An oil decomposition effect is equally demonstrable and occurs with 
railroad rails in the normal context of their use. Andrews (ref. 67) 
has found that, after passage of locomotives, railroad tracks near sta- 
tions have a lower friction coefficient than at  other portions on the 
track. He traced this effect to oil dripping on the track when the 
locomotives are at  rest at the station, subsequent to which the loco- 
motive wheels, spinning when started again, produce an irreversible 
change (a significant decrease) in the friction coefficient. The de- 
creased friction coefficient cannot be altered u.nless the rails are sur- 
face-ground; all other attempts to clean them do not significantly 
change the properties. It is evident that Andrews is observing a sur- 
face effect most likely produced by oil decomposition which, along 
with the high local temperature caused by the spinning locomotive 
wheels, produces a very thin carbide layer on the rail surface. Evi- 
dently, the carbide layer has a lower friction coefficient than the normal 
steel surface. This explanation is consistent with the need to surface- 
grind the rails and with the propensity of metal surfaces to develop 
carbide layers when annealed in ultrahigh vacuum systems under the 
general conditions allowing hydrocarbon decomposition. 

The one-dimensional field-em&sion microscopy.-We have already 
seen the advantages of properly using field-emission microscopy 
(FEM) for observing surfaces. I would like to suggest using field 
emission for friction studies, not in the usual microscope form (where 
Muller uses a sharply pointed needle cathode) but in the form in 
which field emission was originally attempted (ref. 68), i.e., a wire 
rather than a needle cathode geometry. I n  this geometry, the field- 
enhancement effect may be used to observe the details of surface 
topography and the changes with various surface treatments. I n  addi- 
tion, an auxiliary wire surface can be brought into contact with the 
observed surface, the contact resistance measured and the changes in 
surface topography caused by the intimate contact of the bodies 
analyzed. 

This unique field-emission technique, which I call one-dimensional 
FEM, seems to have been first reported by Johnson and Shockley (ref. 
68). It is highly suited to observing surf ace Characteristics because 
of its high magnification and resolution and its adaptability to 
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stressing Wires in situ while observing the surface-topography char- 
acteristics of the wire. Creighton and Hoenig (ref. 69)’ after using 
this basic technique to observe the early stages of brittle fracture in 
10-mil metal wires, have published dramatic evidence of its ability to 
detect cfack nucleation from flaws and follow their propagation to 
fracture. An experimental technique capable of detecting microcracks 
would certainly be of use to friction studies in characterizing surface 
topography. 

The 1-D FEM, if used in conjunction with the vacuum techniques al- 
ready described, could increase understanding of surface topography 
effects in crossed-wire adhesion experiments. Johnson and Keller’s (ref. 
70) use of the crossed-wire techr,ique for adhesion studies would de- 
velop an additional level of interpretation and understanding if the 
1-D FEM capability were incorporated into the device. In  this cunnec- 
tion, since the 1-D FEM is basically a simple device composed of a 
straight wire cathode concentric with an electron impact fluorescent 
phosphor (the electric field for field emission is applied to the phosphor 
while the substrate is at ground potential), it would be advantageous to 
see directly through the phosphor to observe the couple under test. An 
optically transparent (visual) electron impact phosphor (tin-oxide- 
coated glass) redently developed (ref. 71) for field emission in general 
would serve admirably in the context desired. 

Conclusions.-An overall look at friction and adhesion as charac- 
terized by Dr. Merchant has yielded the following initial thoughts 
and tentative conclusions and judgments: 

(1) The total force required to slide one body on another ( g) is 
the sum of the forces needed for shear processes (f) and for friction 
processes ( F ,  which is probably the sum of the plowing and lifting 
contributions that work against the applied normal load). Thus, 

3“=f+F. 

For pure frictional processes (against a normal load W and a coeffi- 
cient of friction p )  : 

3”= F= pW. 

For pure shear processes (on an area A where a shear stress r is 
needed) : 

g=f=Ar.  

This may include the pure adhesion case where only atomic bonds 
must be broken. If the same area is involved for shear and friction 
processes and the overall stress is u, the specific force needed for 
“sliding” ( P) is 
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cy’= 7 + pl. 
This result is shown to agree with experimental data. Thus, friction 
and adhesion are separate processes. 

( 2 )  A nearest neighbor bond model of a crystal surface has been 
discussed in terms of surface tension characteristics. The thermo- 
dynamic equilibrium assumption is equivalent to assuming satisfaction 
of all surface bonds with one adsorbed layer of atoms. This bond model 
is extended to include the line-tension effect and its consequences on 
the characteristics of wetting, expressed in terms of the contact angle. 
The conclusion is drawn khat macroscopic wetting tests may not be of 
value in determining the behavioral pattern of small aggregates of 
condensed phases on a surface. I n  an analysis using adsorbed lead on 
copper, the temperature dependence of the net surface energy is re- 
lated to the surface forces seen by the lead; that is, an adatom demrp- 
tion energy is derived. 

(3) The effect of stress on the chemical potential of an atom on 
the surface of a solid is discussed from the viewpoint of makerial trans- 
port in a “bearing” environment. Theory and exper‘iments show that, 
in a lubricating environment, the action of iodine in oils may be sum- 
marized in terms of iodine complex transporting of atoms at asperities 
leading t~ a smoother surface and a total force law dependent prin- 
cipally on the shear stress of the interposing media; this action is 
largely independent of normal stress. Formation of iodides (as a lubri- 
cating media at asperities) is less likely since the material that must 
be formed can only be formed in opposition to  the temperature gra- 
dients in the system. 
(4) A new method for ensuring development of a clean surface in 

an ultrahigh vacuum is discussed using FEM as an observational tool. 
I t  is shown that time of maintaining a low base pressure in a system 
(e.g., 2 X  torr) pumped with oil diffusion pumps is no criterion 
of isolakion. Without an improved getter design, light hydrocarbons 
may adsorb on the surface. By annealing the sample for long times at 
modest temperatures, about 1100” C, these hydrocarbons decompose 
readily and lead to formation of a “carbide” layer on themetal surface. 
This observation is related to the chaiige in the frictional behavior of 
steel railroad rails on which hydrocarbons (oil dripping from the 
train) are decomposed by the heat and pressure of spinning locomotive 
wheels to form a surface with an irreversibly (except by surface grind- 
ing) low coefficient of friction. 

(5) Based on the emission properties of a straight wire cathode, 
the forerunner of the modern FEM, a modification of the FEM, mlled 
the I-D FEM, is suggested for use in friction and adhesion studies 
(of the crossed-wire form). A recently developed phosphor, along with 
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improved getbring techniques, could make the 1-D FEM a significant 
extension of the crossed-Wire adhesion experiment. 
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D. V. Keller (Syracuse University, Syracuse, New York) 

Dr. Merchant should be commended for his extensive review of fric- 
tion and adhesion and for emphasizing areas that still require extensive 
investigation, so that friction and adhesion can be placed on a 
quantitative basis. 

In  order to expand on this point with particular reference to 
metallic adhesion, let us examine the steps necessary to put such a proc- 
ess into a quantitative framework. A quantitative analytical approach 
to metallic adhesion? leading to the development of critical experi- 
ments, requires that an ideal model of the process be tested experi- 
mentally and compared to similar processes. On the basis of the test 
results, the model is accepted, rejected, or modified. Most of us are 
familiar with the models of adhesion as proposed by Bowden and 
Tabor (ref. 72), involving the interaction of two rough surfaces, 
(Le., asperity interaction) and with that attempted by Keller (ref. 73) 
based on an atomic approach. Although both models are probably as 
acceptable as the numercus proposals that fall between the limits cited, 
it would appear that the inherent complexities of the proposed 
models inhibit a complete quantitative analysis. Consequently, a far 
more simple model exposing some of the more salient points of the 
adhesion process without losing contact with the models previously 
suggested is proposed. 

The proposed model of the adhesion process, figure 12, shows two 
single crystals so oriented that exact atomic coincidence will occur when 
the ideal metal-vacuum interfaces, i.e., atomically clean interfaces, 
are brought together (A).  Step 2 (B) of the process requires that these 
surfaces be brought into contact under zero load so that exact atomic 
coincidence is realized. Step 3 (C) of the process requires that the 
system be tested in pure Itension. 

The experimental accomplishment of step 1 is feasible with most 
metals to within a few minutes of crystallographic orientation if the 
surface is carefully prepared as established by low-energy electron 
diffraction studies. 

Step 2, on the other hand, requires a thought process, since absolutely 
perfect orientation and zero contact load are two mechanical steps not 
readily achieved in the laboratory. I f  they could be achieved, however, 
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ZERO 4 
CONTACT LOAD F LOAD TO TEST 

RGUEE 12.-Proposed model for adhesion of metal A. (a) Metal-vaeuum inter- 
faces for single crystals oriented to contact in atomic coincidences. (b) Sur- 
faces contacted under zero load. (e) Tensile test of system. 

one would expect the resulting unit body, shown in figure 12(B), to 
be indistinguishable from a single crystal. The validity of this very 
simple model rests on the assumption that the available surface energy 
release on interface formation is sufficient to estzblish metallic bonds 
across the interface so that the interfacial energy is zero. A similar 
model is quite acceptable in the physical chemistry of surfaces and is 
frequently used as one step in a reverdble process for defining surface 
energy (ref. 74). Since chemisorption seems to lack an activation 
energy barrier (ref. 75) and the pair, atom bond strength of the bonds 
across this interface are of the same magnitude as those in chemisorp- 
tion, it seem reasonable to assume that no large activation energy of 
interface formation is involved. As a consequence, the physical struc- 
ture of 12 (B) is that of a single crystal in which the original interface 
is undiscernible from that of similar planes in the crystal bulk. Recent 
cleavage studies of germanium (ref. 76) and numerous studies of 
epitaxial growth from the vapor or liquid state also serve tQ illustrate 
that the model, thus far, is reasonable. 

By accepting the conditions set forth in step 2, step 3 becomes simply 
323-472 0-49-18 
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a tensile test of a single crystal described fully in most mechanical 
metallurgical texts; e.g., a stress-strain diagram for a particuIar 
crystallographic orientation can be reproduced and to some degree 
analyzed on the basis of dislocation theory. 

The ideal adhesion test cycle is complete and except for step 2 can 
be conducted in almost any well equipped laboratory. In  order to 
reduce step 2 to a workable experiment, let us now examine the ideal 
process with a slight modification, i.e., compressive prestrain in step 
2. I f  the prestrain is ideally elastic, there should be no change in the 
observations of tensile testing as compared to step 3 in the ideal model. 
In  fact, one would also predict that prestrain slightly above the com- 
pressive yield point would only contribute slightly to modifying the 
resulting stress-strain diagram, shifting the ideal stress-strain curve 
toward higher crystal strengths. More excessive prestraining will cause 
a substantial shift in the resulting stress-strain curve, depending on 
the material and extent of prestraining. Therefore, if we interject a 
reasonable degree of compressive loading into the ideal adhesion cycle, 
the resulting tensile strength of crystal should not differ greatly from 
that of the ideal system. 

I n  further expanding the simple model, let us now rotate the upper 
bar of figure l i ( A )  1 degree-of-arc a.round the z-axis so that 'a low 
angle grain boundary is produced when step 2 is conducted. Since a 
low angle grain boundary consists of dislocations, the strength varia- 
tion from the original experiment should not be significant. Larger and 
more complex rotations simulating high-angle grain boundaries may 
provide unique slip directions and thus establish a strength-versus- 
orientation effect. Since the interface formed in the contact of two 
polycrystalline rods, as shown in figure 12, can be reduced to many unit 
crystal interadions, the whole strength would be expected to behave as 
the sum of the unit strengths making up the whole with a slight con- 
tribution from the grain boundaries that intersect the metal-vacuum 
interface before contact. For adhesion cycles between misoriented crys- 
tals or polycrystalline metals, one would expect the interfacial energy 
a t  step 2, figure 12(B), to be equal to, or slightly greater than, the 
equilibrium grain boundary energy of the polycrystalline metal, de- 
pending on the ability of the interfacial atoms to reach a boundary 
quasi-equilibrium position which, in turn, is a function of test tempera- 
ture. I n  all cases, it is still reasonable to assume that the free energy 
release in interfacial formation does not exceed that remaining as a 
residual in the crystal; i.e., in the case of polycrystal metals, the 
stress-strain diagram, figure 12(C), can be represented as approxi- 
mately that of a bulk polycrystalline material. I f  this were not the case, 
ultraclean grain boundaries would be expected to yield under a much 
lower force than is generally observed. This extrapolation of the ideal 
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model leads to two conclusions : (1) adhesion results of single crystal 
systems, e.g., compressive or tensile deformation of a crystal, ought to 
be structure-dependent, as has been shown by recent studies of Buckley 
(ref. 77), and (2) adhesion results using polycrystalline metals ought 
to be closely related to the strength of the respective polycrystalline 
metals, as has also been obserwd. 

In  order to include the generally accepted model of Bowden, et ala 
(ref. 72) and to place the proposed model on a testing basis, the effects 
of rough surfaces in figure 12(A) must also be considered as a com- 
pressive load is applied to 12(B). This problem has been carefully 
considered in a recent review by Holm (ref. 78) in which the variation 
of the contact radius a of the true contact area was shown to vary 
with load P as follows: 

a a  PI3( pure elastic deformation) 

a a P 2 ( p u r e  plastic deformation). 

Since an adhesion cycle is likely to proceed from the former to the 
latter with slight deviations resulting from surface discontinuities and 
multiple contact effects, we should expect that the contact radius 
should lie roughly bet.9i;een these two limits. Furthermore, Holm has 
shown that the constriction resistance R, in the first approximation 
for a system with an ultraclean contact point should be 

( 45) 

R,=- P 
2a 

where p is the conductivity of the pure bulk metal. Combining these 
equations we obtain 

R,a P-lla( elastic) 

R,a plastic) 

The proposed adhesion model for polycrystalline materials with 
atomically clean, mechanically rough surf aces, theref ore, suggests that 
during loading the contact radius will expand according to equation 
45, and the fracture of this area in tension should proceed as a poly- 
crystalline metal subject 60 the geometric constraints of the tat. The 
bulk strength of the junction will approach the polycrystalline bulk 
strength as the notch effects are reduced. 

In order to test the model developed above, experiments were de- 
vised (refs. 79 and 80) in which crossed-wire samples (1.2 mm 0.d.) 
were cleaned by argon ion bombardment and flashing in an ultrahigh 
vacuum system so that ultraclean annealed metal surfaces could be 
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brought into conkad. The system was also designed so that the samples 
could be statically loaded to peak loads between 0.01 and 5.0 grams 
with a load sensitivity of about 0.01 gram. 

Simultaneously with the sample loading and unloading process, 
contact resistance was measured by the cross-wire technique using a 
Kelvin Bridge; a sensitivity of about 10 microhms was realized. The 
results of the investigations on silver-silver, titanium-titanium, 
molybdenum-molybdenum, nickel-copper, nickel-silver, and tungsten- 
silver samples with ultraclean surfaces and cycled to peak loads vary- 
ing from 0.020 to greater than 2.0 grams is summarized in figure 13. 

The data from these studies presented as eonstriction resistance 
versus load during loading, or deformation, usually fell into a band 
between R, QT P-1'2 and R, QT P1I3 under heavier loads, were small, and 
probably could be accounted for by asperity effects. Since the sensi- 
tivity of the Kelvin technique for resistance measurements was in the 
range of 10 microhms, the radius of the real contact area could be 
estimated on a relative basis to about one part in a hundred, which is 
more than adequate to demonstrate the principle involved. The effects 
of the more than 700 adhesion cycles on ultraclean metallic surfaces 
mere demonstrated by a technique involving stepwise loading and un- 
loading of the samples; this technique is believed to have caused a de- 
gree of scatter and prevented the interpretation of the fine structure 
during the cycles. Apparatus modification has proved this point con- 
clusively ; however, publishable results from the modified system are 
not available as yet. 

Upon unloading the system after establishing a peak load, there 
was no detectable variation in  constriction resistance until reaching a 
tensile load that initiated fracture. Since aubomatic recording equip- 
ment was not used in these initial experiments, the fine structures of 
the fracture process were not examined; however, the stability of the 
constriction resistance to  the initiation of fracture indicated that the 
contact radius was constant to approximately one part in a hundEed 
from peak load to fracture. This observation is comparable to that 
expected for a tensile specimen with a crack of exceedingly small crack 
tip radius. 

The strength of the junction formed by the v,arious adhesion cycles 
was estimated from the force required to fracture the samples and the 
real area of contact as ascertained by the simple constriction resistance 
eqnation, equation 46, and/or elastic theory. The fracture strength 
of the similar metal couples, for the mast part, fell in the region 
between the literature value of the work-hardened strength and the 
annealed strength. For the dissimilar couples, the strength value could 
best h represented by the same range for the weaker of the two metals. 

The simple model and the expanded polycrystalline model for an 
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FIGURE 13.-"he chaxge in contact resistance between 
silver couples compared to the contacting load for 
three adhesion cycles with contaminated surfaces 
and three ultraclean surfaces. 

ideal adhesion cycle proposed 'above appear to be consistent with the 
experiments performed on geometrically simple systems (crossed rods) 
and with other associated physical phenomena. Since our purpose in 
establishing a model was to make available a route for analysis and/ 
or establishment of critical experiments, let us examine whdher the 
point was achieved. Quantitative analytical data could not have been 
extracted from the experiments above for two reasons: (1) the rela- 
tionship between constriction resistance and contact area is not pre- 
cisely known, and (2) the stepwise technique using polycrystalline 
metals inherently complex for complete fracture analysis was used 
to obtain data. These points immediately suggest several obvious criti- 
cal experiments from which quantitative results could be obtained. 
The relationship between constriction resistance and contact area 
could probably be defined precisely by investigating the exposed 
fracture region after an adhesion cycle was conducted by electron 
microscopy techniques. This relationship, in turn, would provide a 
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dire& route for analyzing strength of the system under various condi- 
tians. The major modification in the apparatus necessary to improve 
reproducibility involves automatic loading and unloading of the 
crossed rods; it would prevent erratic time delays from point to point 
and, therefore, remove any time constant effects. The investigation of 
single crystal systems ought to also be expanded to facilitate detailed 
fracture analysis. It can be concluded that the routes fur detailed 
quantitative analysis are available. 

Thus far no mention has been made of the material effects or con- 
tamination effects on the proposed adhesion model, even though these 
details have h e n  examined rand discussed elsewhere (refs. 79 and 80). 
Briefly, the metal used in the adhesion couple has not affeoted the shape 
of the constriction-resistance-versus-load curve. Fracture occurs in the 
weaker metal within the limits cited above. Contamination of one or 
more monolayers causes a gross change in the minimum constriction 
resistance value and the shape of the resulting loading curve ( E ,  vs P) . 
The change appears $0 depend on the metal system under investigation 
and the contaminating agent. 

M. B. Peterson (Mechanieal Technology Incorporated, Latham, New York) 

The search for new knowledge on friction and wear proceeds towbard 
three goals : understanding of the frictional processes, understanding 
the effects of variables on the friction processes, and understanding 
the behavior of materials in applications. 

Dr. Merchant has directed his attention to understanding the ad- 
hesion and the friction processes. He has shown that efforts have been 
directed primarily to predicting f riction-not because it is important 
in itself but because the ability to predict friction implies a complete 
understanding of the process. It seems clear that adhesion and friction 
are essentially measurements of the rheological behavior of surfaces. 
This being so, a direct correlation between friction and some strength 
property should be expected. As Figure 14 confirms the expectation 
by plotting the coefficient of friction against tensile strength for 
different materials sliding against hardened tool steel at different 
temperatures. These data have been obtained at  a load of 56,000 psi 
with the area of contact constant. Under these conditions, the adhesion 
is of little importance. Figure 15 shows the effect of surface roughness 
on coefficient of friction for tin sliding against a variety of materials. 
I n  spite of estimated differences in adhesion, almost all differences in 
the friction can be explained by differences in roughness. 

I f  friction is primarily caused by surface deformation, one should 
expect correlation with the rheological properties of the material, for 
example, the creep rate. One would also expect a strong velocity effect 
in friction, since in the friction experiment a constant strain rate is 
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Tensile Screngch x d 

FIGURE 14.-Effect of material strength on the measured coefficient of friction 
at various temperatures, p=56 000 psi. 

FI~UBE lS.--litesUlt of tin sliding against various materials at room 
temperature. 
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applied and the stress is allowed to adjust itself. Thus, if the materi,al 
is being strained at a greater ratio than the material can flow, friction 
will increase as shown by Rabinowicz (ref. 81). I f  junction growth is 
more pronounced with ductile materials, a correlation should exist 
between friction and elongation sinceit is the true measure of ductility. 
Frictional behavior should be put in terms of material properties, so 
that the information and understanding of that property can be ap- 
plied advantageously. 

For very hard and some soft materials, the frictional properties are 
determined by the surface films formed in sliding. Although some 
work has been done, almost no general conclusions have been drawn. 
Essentially we should like to know what films are formed under 
sliding, how do they differ from the natural films, and which films are 
effective. Much of the corrosion research would be useful here in deter- 
mining the types of films that should form. There is suflicient evidence 
to indicate that the films most effective in promoting corrosion resist- 
ance are also effective in preventing damage from sliding. Essentially, 
this characteristic depends on the ductility of the films. Ductile films 
are most able to repair themselves to prevent rapid corrosion and most 
effective in preventing damage from sliding. Corrosion scientists could 
contribute greatly to this field. 

The real problem in friction studies is that we are sure of only one 
variable, i.e., the load ; the pressure, area, and surface temperature 
are always questionable. Furthermore, since we are not sure of what 
material we me dealing with, its properties are always open to ques- 
tion. It seems that at least the areas or the materials properties must be 
accurately defined before real progress can be made. 

In the studies of variables, considerable work has been done in the 
following areas : material composition of ductile metals, hard metals 
and alloys, carbons, and polymers ; atmosphere; surface finish ; load ; 
lc7elocity; temperature ; and time. Areas essential to understanding 
friction but requiring further research are : material composition of 
cermets, ceramics, and composites; material properties ; area; shape.; 
and pressure. 

Studies to understand the frictional behavior of specific material 
types have, provided more information about the soft pure metals 
than harder metals and alloys. Only a few studies have been conducted 
on the frictional behavior of cermets and ceramics; much more work 
is necessary in this area. Carbons and plastics have been studied and 
their frictional behavior understood in a qualitative way. The fric- 
tional behavior of composite materials has not been studied to any 
degree. Here is a new type of material with promise of controlled prop- 
erties and of controlled frictional behavior. 

Although some work has been done on the effects of material prop- 
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erties on frictional behavior along the lines of Sikorski and others, 
much more work is needed. This work is dBcult since it is not easy to 
change just one variable at a time. The area of contact and material 
properties are two significant variables that should be firmly 
established. 

Almost no work has been done on the effect of shape on frictional 
behavior. The fact that it does not affect the. coefficient of friction is 
relatively unimport,ant; lthe effect of shape on surface damage, wear: 
and metal transfer should be known. 

The other Trariables have been studied or are currently being investi- 
gated with the exception of the effect of pressure. At low pressure, 
frictional behavior is independent of pressure; however, this is not 
necessarily true at high pressures nor is it expected. At high pressure, 
nearly the complete area is in  contact and the mechanical properties of 
the material uniquely determine its friction properties. 

It is interesting to note that the three areas least understood are 
precisely those that would be most useful in improving or selecting 
materials for applications. Furthermore, the information usually ac- 
quired is about friction. It would be much more important to char- 
acterize the resulting surface damage since this is the means by which 
materials must be selected. 

Great strides have been made in the last thirty years in under- 
standing the basic friotion and wear processes and the effect of vari- 
ables; however, very little of this information has reached the engi- 
neers who could most use the information. No simple techniques have 
been proposed reliable enough for use, even by the experts, to select 
materials or to determine the adequacy of a material for an applica- 
tion. As a result, the designers still rely on special materials with which 
they have had some experience, or on surface-hardening techniques. 
If these do not work, they search for others on a trial-and-error basis. 
Undoubtedly, when reliable techniques have been found, we will also 
find a much more welcome audience for our research proposals. We 
are not saying that some strides have not been made or that finding 
simple techniques will be easy, but that. not enough effort has been 
expended. 

Developing design criteria is difficult for two reasons. First, in any 
application there are many requirements other than effective sliding 
characteristics. The material must have adequate strength and corro- 
sion resistance; its thermal expansion must be compatible with other 
materials used in the application; it must be hard enough to resist 
wear and be easy to lubricate. I n  many cases, these requirements re- 
duce the choice to a few materials. For example, where abrasive wear is 
a factor, hard materials would be specified. What criteria would we then 
apply to select a hard material that will resist any form of surfam 
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damage? Criteria previously proposed often suggest materials such as 
silver or chromium that do not resist wear or are the most diEcult to 
lubricate. 

The second reason is that there are many forms of failure or surface 
distress rather than one. High friction may be tolerable in one appli- 
cation and not in another ; sometimes low friction is undesirable. Some 
surface damage can be tolerated in certain applications, but not in 
others. Many factors have to be taken into consideration; however, this 
in no way diminishes the need for new techniques. 

I do not believe that it is necessary to conclude the research before 
beginning this work. I f  simple techniques for evaluating the effective- 
ness of sliding combinations of materials were to be derived, it would 
seem that, first, the existing failure processes should be studied. These 
have been fairly well classified as followed: (1) fracture, (2) abra- 
sion, (3) lubricant film wear, (4) critical temperature, ( 5 )  surface 
deformation, (6)  fatigue, ('7) melting of surface film, (8) fracture 
of surface film, (9) wear of surface film, and (10) adhesion and metal 
transfer. 

The amount of information on each of these processes varies. Dr. 
Merchant showed that much work has been done in the area of ad- 
hesion fatigue, and critical temperatures. However, very little at- 
tention has been directed toward lubricant film wear and failure from 
deformation and fracture. In  order to develop design criteria, the 
materials commonly available and the geometries of the most common 
applications should be used to determine the operating conditions 
under which wear and failure occur, in terms of design variables 
such as pressure, velocity, and sliding time. Gradually, enough infor- 
mation would be collected to allow generalizations. This was the ap- 
proach to handling the problem of fatigue; no one suggested that we 
wait until all our research was complete. This same approach should 
be taken with each failure process, listed above. 

J. J. Bikerrnan (Horizons Incorporated, Cleveland, Ohio) 

We just heard a particularly clear exposition of the majority view 
on friotion. Its clarity makes it easy for me to outline the differences 
between this concept and that advocated by the minority. 

The author raises three objections against the Coulomb theory of 
friction, but we consider that theory to be correct. The first objec- 
tion is that the theory cannot account for the loss of energy in slid- 
ing, i.e., for the frictional heat. The argument runs as follows: the 
experimenter spends work for lifting the slider over the hills of the 
support but then the slider falls down, and an equal amount of work 
is recovered; consequently, no heat can be evolved. 

This argument is astonishingly wrong. Climb up a mountain and 
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then return ; see whether the energy you spent in climbing was injected 
back in you during the descent. A more scientific rebuttal may use the 
terminology of thermodynamics. According to thermodynamics, the 
total sum of work done during an isothermal reversible cycle is zero. 
The cycle must be reversible. Here I lift a weight. I n  order to make 
the process reversible, the force applied by my hand must be equal 
to the weight of the object, implying that the motion must be uni- 
form and extremely slow. Having reached the highest point, I permit 
the object to descend and to entrain my hand again in a uniform and 
slow motion. In  such a cycle, ideally, no total work is done and no heat 
is evolved. But let us now perform a different experiment. I lift the 
object “reversibly” as before but then re?ease it from the highest point. 
It falls with acceleration, hits the support, and there liberates an 
amount of heat equivalent to the work performed during the ascent. 
The potential energy possessed by the object in its summit position now 
is fully transformed into heat. 

The microscopic events in sliding are analogous to the second 
experiment. When the slider is lifted over an obstacle, the lifting 
force is practically equal to the relevant component of the slider 
weight; but when a protuberance of the slider falls into a valley 
on the support surface, the fall is free, and the potential energy 
acquired during the climb is dispersed as heat. 

The second objection is to the statement that “the usual maximum 
slope of surface asperities is far too small to explain the usually ob- 
served values of coefficient of friction.” This argument is also invalid. 
As mentioned, for instance, in Dr. Williamson’s paper, the average 
slopes of surface hills range between 5” and 25”. The maximum slopes 
would be 10’ to 30”, with tangents of 0.18 and 0.58, respectively. The 
coefficients of friction should be equal to these tangents, and they are. 
As Dr. Merchant mentioned, it was believed centuries ago that the 
coefficient of friction was always near 0.25 ; this means that the maxi- 
mum slopes of the solids used then were about 14” (as tan 14”-0.25) , 
Le., not different from the 20th century surfaces. Thus, the modern 
quantitative data on surface roughness are a marvelous proof of Cou- 
lomb’s venerable theory. 

The third objection is that the Coulomb theory cannot account for 
the boundary lubrication. It can. In simple instances, very small 
amounts of a lubricant have two effects: they prevent the hills of the 
slider from descending too deeply into the valleys of the support, and 
they substitute a viscous oil for the “rare” air as the medium that must 
be sheared between the hills and the slopes of the valleys. 

A criticism ofhn voiced by the minority against ,the majority view 
pertains to elastic recovery. It has been repeatedly asked-first by 
William Hardy himself-why, if the slider really adherw to the 
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support, cannot this adhesion be noticed when the slider is lifted up? 
The answer usually given is that elastic recovery or peeling occurs and 
destroys the bond. I publicly disagreed with this explanation almost 
30 years ago, and now I have a more solid ground to &and on because 
our knowledge of dhesion is much more profound now. I n  the book 
I recently published (of which a second edition will appear early next 
year), I maintain that our information reached khe level of a science 
(ref. 82). According to this science, the postulabd effect wnnot occur. 
I f  there is an adhesion, it oan be measured just as surely by peeling as 
by shbar. I f  no adhesion can be d e t d  by peeling tests, there is no 
adhesion to begin with. I n  1959, W. P. Mason (ref, 83) published a 
paper in which the hypothesis of elastic recovery was put in a quanti- 
tative form. Unfortunately, the equations that the author took from 
one of Timoshenko’s boob are valid only in the absence of adhesion. 
No wonder that they lead to the conclusion that no adhesion is visible 
when the slider is raised from the support. 

The experiments by Mr. Buckley are a good confirmation of our 
view. When two solids are p m e d  together in a vlacuum of brr, 
the mutual adhesion that takes place can be measured when the pres- 
sure is removed. .If elastic recovery were as all-powerful as claimed, no 
normal adhesion would have been detected in Mr. Buckley’s tests, 
either. 

P. M. Ku (Southwest Research Institute, San Antonio, Texas) 

As Dr. Bikerman has pointed out, the adhesion theory represents 
what might well be termed the majority view on the theory of friotion. 
I will not aljternpt to give here a historical account of the development 
of the friction theories. Suffice i t  to say, other theories had preceded 
the introduction of the adhesion theory in the early 1940’s and, since 
that time, athe adhesion theory has received wide and enthusiastic sup- 
port, though not wikhout some strong objeations. 

We have an unusually good representation of both sides at this sym- 
posium. It is not for me, as chairman, to take sides. However, in the 
spirit ,of this symposium, I feel I h’ave a clear license ;to encourage 
the dialogue. We have now heard Dr. Merchant’s exposikion of the 
majority view. We have also heard the dissenting arguments expressed 
by Dr. Gretz and Dr. Bikerman. 

It is our privilege to have with us Dr. Merchant and Dr. Tabor- 
two originators of the adhesion theory. Dr. Merchant has already pre- 
sented his view in his lecture and will have another opportunity to 
defend it in his closing rema.rks. Therefore, with his permission and 
Dr. Tabor’s indulgence, I take the liberty to ca.11 on Dr. Tabor to offer 
his comments at this time. 
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D. Tabor (University of Cambridge, Cambridge, England) 

The purpose of this symposium is to encourage an interdisciplinary 
approach to friction and allied subjects. For this reason, I turned with 
considerable interest to Dr. Gretz’s contribution. I have read this 
several times but cannot say that it has illuminated the subject for 
me. Dr. Gretz invents definitions that he uses in his own way ; further- 
more, he carries out “thought experiments” that seem to me to be very 
far from physical reality. 

For example, his deftnition of coefficient of friction given in equation 
12 is the ratio of the ideal plastic shear strength to the ideal brittle ten- 
sile strength of a perfect crystal. I n  friction, we are usually con- 
cerned with an applied normal stress and a tangential stress to produce 
sliding. The normal compressive stress u so applied has practically 
no connection with the theoretical brittle tensile stress umsx used by 
Dr. Gretz. It is a great disservice to the reader to confuse these two 
quantities as Dr. Gretz does in moving from equation 14 to equation 16. 
He then rectifies this confusion, after equation 17, but why introduce 
it at all 8 

Another part of the thought experiment assumes an area 02 real 
contact independent of the normal load. This is a major defect of the 
Coulomb mechanism of friction : there is no reason why it should be 
perpetuated 180 years later. Again Dr. Gretz stresses that a tangential 
force cannot do work against a normal force. Of course this is true and, 
in the complete absence of adhesion, friction can only arise from some 
sort of plowing, asperity lifting, or deformation mechanism. I n  the 
presence of adhesion, an additional shearing term is involved; how- 
ever, Dr. Gretz provides no critical thought as to the area of material 
that must be sheared and how far the area is affected by the applied 
load (he again assumes that it is independent of the load). It is a great 
comfort after several pages of text and 15 equations to read that the 
process of sliding “involves both a shearing process and a frictional 
(asperity lifting, or deformation) process.” 

Finally, Dr. Gretz performs a thought experiment in which plowing 
of asperities is excluded and only lifting contributes to the frictional 
force. He now applies not a compresrive stress at the interface but 
rather a tensile stress. I presume this means that instead of pressing 
the surfaces together he pulls the surfaces apart. This thought experi- 
ment leads to a “perfect bearing’’ in which the tensile forces do work 
against the shear stress. All this means is that the normal tension is 
pulling the adhesionless bodies up the surface asperities. It is not sur- 
prising that in such a system, where the resultant normal force is zero 
(or negative), the net force necessary to produce sliding is zero (equa- 
tion 27). This is not a perfect bearing, it is a meaningless abstraction. 

I am much more imprsssed by Dr. Gretz’s comments on clean sur- 
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faces and the dangers of contamination from oil in the vacuum sys- 
tem. It is a sensible study and a salutory warning to all workers in the 
field. 

I had not intended to record in writing my criticisms of the ideas 
expressed by Dr. Bikerman on the mechanism of friction. However, 
since Mr. Ku has asked me t o  do so, I, somewhat reluctantly, summarize 
my Views in the following terms. 

Th0 view that friotion is caused by dragging one aet of asperities 
over another was first explicitly exploded by Leslie in 1804. He pointed 
out quite clearly that the surfaces are not continually ascending; they 
must alternately rise and fall over the asperities. I f  there is no ad- 
hesion, this process cannot be dissipative. The behavior resembles a 
roller coaster in which frictionless carriages will continue to move up 
and down without losing energy. If ,  however, the rail is broken at the 
top of a rise, the carriage will fall and all its energy will be lost by im- 
pact with the ground. Here, of course, we have a dissipative ~~ 

the deformation of the ground and the carriage. 
John Leslie obviously did not understand the Coulomb mechanism 

in this sense-nor indeed do I. It is evident from the original litera- 
ture that Coulomb made little distinction between climbing up and 
down asperities, bending over of asperities, or breaking of asperities, 
nor did he consider the problem of energy dissipation. Dr. Bikerman 
has interpreted the Coulomb mechanism precisely in terms of the 
broken rail on the roller coaster. Clearly this provides a mechanism 
for energy loss by deformation, but even here one has to ask what 
sort of surface asperities allow one surface to ride up an asperity 
on one side and fall with a bang as soon as they pass beyond the 
peak of the asperity. Such asperities would have to be shaped like 
saw teeth with a slow rise in one direction and a steep or even nega- 
tive slope beyond ; consequently, on reversing the direction of sliding, 
the friction would be very different. The free fall postulated by 
Dr. Bikerman is very difficult to envision for any realistic picture 
of the surface. 
J. A. %hey (IIT Research Institute, Chicago, Illinois) 

I am somewhat disturbed by the arguments used to repudiate 
Coulomb’s theory of friction. Dr. Merchant mentioned that the theory 
is unable to explain the loss of energy in sliding, since the energy 
spent in pulling a mass up the ascending slope of an asperity is 
recovered on the downhill part of motion. Dr. Tabor drew on the 
analogy with the frictionless roller coaster. 

While these arguments are plausible enough, they oversimplify the 
problem by reducing a three-dimensional situation to two dimensions. 
In reality, two surfaces must touch on at least three points; if we 
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assume that, in sliding one body over the other, these three points 
lie on the ascending slope of three identical asperities, the body would 
indeed amass suilicient energy by the time it reached the summit to 
keep on sliding, provided, of course, that the asperity pattern is iden- 
tical in the path of all three contact points. This is patently impossible 
on any technical surface; it is more likely that the sliding body will 
come to a grinding halt simply by geometrical entrapment of the 
three asperities in nonmatching surf ace irregularities of the opposing 
surfaces. 

I t  is possible that Coulomb's mechanism contributes in only minor 
degrees to the total of friction; however, its absence must be proven 
on sounder grounds than the analogy of the frictionless roller coaster. 
This exercise also raises the question whether theories built on analo- 
gies with single asperities can be validly applied to the essentially 
statistical problem of contact between two surfaces of random or 
almost random topography. 
D. Tabor (University of Cambridge, Cambridge, England) 

Dr. Schey makes the interesting point that asperities on one surface 
may be involved in  geometric entrapment by nonmatching irregulari- 
ties on the other. I do not think this raises any difficulties. Euler 
pointed out long ago that in a purely Coulombic model the top body 
will ultimately climb the steepest asperity in its path, with the load 
gradually being relieved from the other contacts. Of course, if one of 
the blocking contacts is so steep that climbing involves a very large 
force, it may be easier to shear the asperity completely away, but this 
is no longer the Coulomb model. It is also true that the friction might 
fluotuate ; the body may ascend .a long steep asperity and then descend 
a shont shallow one so that for one instant more energy is lost khan 
gained. At m e  h ter  stage, the reverse would have to be true if sliding 
does not involve any overall change of level. 

Burt more important than these arguments is Dr. Schey's general 
point khat models based on individual (asperitim may be very mis- 
leading. Consider %he conkact between two extended surf aces possessing 
the types of contourn shown in Dr. Williamson's beautiful scale models. 
How &en will surfaces present a series of asperities of identical slop0 
and geometry? Very rarely indeed. As pointed out above, a, few 
dominank engaging 1aaSper.ities will have to kake most of the load. In  
general, however, the surfaces will not behave like an assembly of rigid 
asperities; khe asperities in real life are deformable. The load will 
be shared over a. large number of asperikies, some carrying a larger and 
some 'a smaller part of the load; the deformations will be elastic or 
plastic. If they *are plastic, an asperity on one surface will either form 
a groove on the other during sliding so long as oonkact persiets or 
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flatten Ithe t ip of Ithe asperity. I n  both case“;, work is done by plastic 
deformation. I f  the deformation is elastic, ma large pant of the deforma- 
tion will recover as .the ,asperi.ties pass out of con2iact. The energy loss 
will be determined by ;the elastic hyderesis propenties of the material. 
(An elastically deformed ssperiity could lose all its elastic energy on 
passing out of contact if the horizontal movement was rapid enough, 
i.e., if lthe surfaces moved wikh a velocity comparable to lthe velocilty of 
an elastic wave in the material.) I n  neither the plastic nor the elastic 
case is it very helpful to describe the process in terms of Dr. Biker- 
man’s version of the Coulomb model. I f  adhesion between Ithe surfaces 
is small or negligible, the major part of ithe friction arises from plastic 
deformation or elastic hysteresis. Plastic deformation losses are more 
oommon wikh metals, a point much emphasised by the Russian scientist 
Kragelsky. Elastic hysteresis losses are more common in polymers and 
elastomers. A loss mechanism by deformation of surface asperities is 
essenkially the one proposed by Leslie rather than the general Coulomb 
model accepted by his mnbmporaries. 

Of course, the evidence against the Coulomb theory is not simply a 
matter of polemics. We have taken molecularly smooth mica surfaces, 
curved them into the form of cylindrical sheets, and slid them across 
one another. By optica.1 interferometry through the sheets, we may 
watch the region of contact during the sliding. There are no surface 
roughnesses even on a molecular scale, yet the friction is very high. If a 
monolayer of fatty acid is adsorbed on the surfaces, the friction is low. 
Furthermore, we can now measure the attractive forces between the 
surface and relate this to the friction. I think Dr. Bikerman will accept 
these results, he will merely say that, if there is adhesion, this is not 
“real” friction. But even in those situations that Dr. Bikerman recog- 
nizes as “real” friction, radioactive tracers generally show the presence 
of strongly adhering material transferred from one surface to the 
other. 

Dr. Bikerman is opposed to the concept of adhesion in friction be- 
cause it does not readily show itself as an adhesive force normal to the 
surfaces. We have shown that this arises in the following way. I f  
metal surfaces are pressed together, some plastic and elastic deforma- 
tion will occur at the region of contact. Friction is always measured 
with the normal load still applied; the junctions are still there and 
must be sheared if sliding is to occur. On the other hand, the normal 
Ioad must be removed before the adhesion can be measured. I n  the 
course of removing the normal load, the elastic stresses are released 
and thus peel or snap the junctions apart. Dr, Bikerman will find 
that Dr. K. L. Johnson (ref. 84) has described the effect of released 
elastic stresses on two asperities in adhesional contact. He has shown 
that infinite stresses are produced at the rim of the contact as the load 



F R I C T I O N  A N D  A D H E S I O N  247 

is reduced, resembling a tensile stress applied to a sharp crack in a glue 
line. Unless a small amount of plastic flow can occur to blunt ehe tip 
of the crack, the joint will fall apart. Similarly, a friction junction 
will not show appreciable normal adhesion unless the material around 
the junction is reasonably ductile. Further, trapped slivers of oxide 
occurring in the friction junction may themselves act as sources of 
weakness when tensile forces act across them. Consequently, adhesion 
is likely only if the interface is reasonably clean and the junction mate- 
rial is sdliciently ductile to cope with released elastic stresses. These 
two criteria are satisfied in the cold welding of aluminium, in the 
adhesion of indium in air, and in the adhesion experiments of Mr. 
Buckley and Dr. Keller in high vacuum. 

1. J. Bikerman (Horizons Incorporated, Cleveland, Ohio) 

Two objections against Coulomb’s theory of friction were raised 
during the discussion. 

First, there was a repetition of Leslie’s (1814) argument that a 
slider going up and down along a sinusoidal. curve, without friction, 
would not lose any energy and that, consequently, the theory cannot 
account for the existence of frictional heat. This criticism is invalid. 
Every process imagined as a reversible process would continue in- 
definitely without liberating heat (at a constant temperature). Look- 
ing at figure 16, where body 1 is the slider and body 2 the support, 
assume that adhesional forces operate between the hills of the former 
and the hills of the latter. I f  the slider moves to the right, as many 
bonds will be broken between hill A and hill OL, as will be simultane- 
ously formed between hill B and hill p. Thus, no overall evolution of 
heat is possible, and it may be concluded that adhesion cannot be the 
cause of friction. 

This conclusion would be as wrong as that of Leslie. His remark 
and the present sketch presuppose a degree of regularity that renders 
a reversible process possible, at least under ideal circumstances. In  
reality, surface roughness is irregular, and an ideal sinusoidal path 
is just as unreal as the exact compensation by the increasing BP con- 
tact for the decreasing Aa contact. Because of the random nature of 
rugosity, both adhesion and surface roughness are equally able to 
account for the heat liberation. The real difference is not between adhe- 
sion and roughness, but between reversible and irreversible events. 

The second objection refers to the &solute values of the coefficient 
of friction f = F / N  which, according to our views, is equal to tan (p; F 
is the force needed to  push the slider along the support; N is the nor- 
mal force on the slider, and ‘p is the maximum angle of slope on the 
tall hills. Since the literature mentions values of f equal to 2, for ex- 
ample, it would be necessary to admit that the slope of the above hills 
may be 63O, which appears unlikely. 

323472 0-59-17 
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To comprehend the frailness of this .argument, it should be remem- 
bered that the equation f=tan ‘p is valid only as long as “the” law of 
friction is valid, i.e., as long as f is independent of N and of the area 
of contact and, it may be added, is reproducible in repeated experi- 
ments. I f  even one of these three conditions is not satisfied, the r&io 
F/N ,is not equal to tan ‘p and, in fact, may assume any value between 
- w and + w . A simple example is supplied by two solids in a vacuum 
of torr. Let one of them be a ball and the other a plate; when the 
ball is placed (from above) on the plate, the two solids strongly ad- 
here to each other. Let F ,  be the tangential force needed to overcome 
the adhesion, that is, to shift the ball along the plate. I f  a vertical up- 
ward force equal to the weight of the ball is applied to the latter, the 
resultant normal force becomes zero. The value of Fl will not be signif- 
icantly altered by this force; hence, the ratio F,/N will be equal to 
infinity. Increase now the upward force by an infinitesimal amount 
so that the direction of the resultant normal force is upward, Le., N 
acquires a negative sign. In this instance, the rahio F,/N becomes very 
near to - w . Obviously, the existence of such values of the “coefficient 
of friction” (if this term is applicable here) its not a contradiction to 
Coulomb. On the .other hand, the above example demonstrates that, 
if adhesion between slider and support is really present, the coefficient 
of friction in the usual sense does not exist. 

D. Tabor (University of Cambridge, Cambridge, England) 

Dr. Bikeman maintains that adhesion oannot be the source of 
friction for really smooth surfaces, since as many bonds will be simul- 
taneously formed between hill B and hill p as are broken between hill 
A and hill a (fig. 16). I n  his view this means that energy cannot be 
dissipated. This argument is quite erroneous in relation to solids. The 
error becomes evident i f  bodies 1 and 2 are made of the same material. 
The interface between A and a for truly smooth surfaces is then an 
atomic plane. Even if sliding is restricted to this plane, work will 
be done in shearing A over a, and additional shearing work will be 
expended as B comes into contact with p and is itself sheared. 

Consider, for example, an even simpler case-the contact between 
two bodies A and B, which are of the same material, perfectly smooth, 
and make atomic contact at their common interface (fig. 17). If A 
is slid over B to position A’, the new therruodynamic situation accord- 
ing to Dr. Rikerman is identical with the old. This would imply that 
no work is involved in shearing a solid, which is quite wrong. 

The truth is that thermodynamics cannot be applied to the strength 
properties of solids without further detailed consideration of the 
processes involved. It can be applied to elastic deformations, but it 
cannot be applied to sliding or shear which involves large displace- 
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FXQUBE 16.-Bikerman’s sliding model. 
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FIQURE 17.-Tabor’s sliding model. 

ments on the atomic seals. As one plane is moved over the other, the 
interatomic bonds are stretched and the lattice is distorted elastically. 
At some critical stress the bonds are finally broken; the strain energy 
is then dissipated as vibrations in the lattice, and this energy can never 
be recovered by the subsequent reformation of the next series of bonds. 
The process is basically nonconservathe. The msking and breaking of 
bonds in a solid by shear is fundamentally a dissipative process. 

This leads to a second point. Adhesion between solids is as natural 
as the cohesion that holds atoms together in the solid; it arises from 
the same sort of forces. The problem of adhesion is not, in essence, 
why it occurs, but why it often appears to be absent. As mentioned 
previously, in the sliding of unlubricated surf aces, sensitive studies 



250 F R I C T I O N  A N D  W E A R  

almost invariably show that material transfer has occurred from one 
surface to the other even if the ,adhesion cannot be detected as a normal 
adhesional force. 

The reality of strong adhesion and the part it plays in the contact 
between surfaces has been very strongly emphasisd by Dr. Bikerman. 
In  The S&nce of Adhesive Joi.nts, he p i n t s  out that failure very 
rarely occurs in adhesive joints exactly between the glue and the 
adharend: it nearly always occurs in the adhesive. Dr. Bikerman dis- 
cusses this in terms of the propagation of cracks, the molecular struc- 
ture of the adhesive, the roughness of the adherend (resulting in a 
larger area of the glue-adherend interface), and other mechanisms. 
He also discusses it in terms of molecular forces. For example, he con- 
siders the molecular attraction between a strong solid and a weak solid 
and shows that the attraction between a “strong” molecule and a 
“weak” molecule will be smaller than between two identical strong 
molecules but greater than between two identical weak molecules. Con- 
sequently for a metal-polymer joint Dr. Bikerman concludes that 
the attraction between metal and polymer is greater than between polymer and 
polymer; hence the bond between two polymer molecules is more likely to be 
severed than any other bond : thus molecular forces favour rupture in cohesion 
in the adhesive layer 

rather than adhesive failure at  the polymer-metal interface. Broadly 
speaking, I favor this explanation, and readers will find it discussed 
in a little survey article I wrote 16 years ago on the mechanism of 
adhesion (ref. 85). This article also includes a brief account of the 
fallacy of attempting to explain the adhesion between solids in terms 
of conventional thermodynamics. 

Dr. Bikerman has provided an excellent explanation of adhesion 
between different kinds of solids and how transfer can occur when 
the adhesion is broken. As he points out, even “substances such as 
polyethylene which contain no dipoles perfectly adhere to solids such 
as glasses, metals, polymers.” Clearly he recognizes the reality of 
adhesion, even for such unfavorable combinations, when he is discuss- 
ing adhesion. It seems strange that he should reject with such con- 
viction-and with so much inger-uity-the reality of adhesion between 
sliding surfaces. How can adhesive forces not be present when polymer 
slides on metal, or when metal slides on metal, or when oxide slides 
on oxide? Adhesion may be large or small, or its effect may be swamped 
by other processes such as released elastic stresses or deformation 
losses; but to deny the role of adhesion in sliding friction as a matter 
of principle seems to me scientifically indefensible. 

1. F. Archard (University of Leicester, Leicester, England) 

Dr. Bikerman has suggested once again that the aajor  component 



F R I C T I O N  A N D  A D H E S I O N  251 

of friction arises from the force required to raise the weight of one 
sliding body up  the slopes of the asperities upon the opposing surface 
(a concept usually attributed to Coulomb). On this argument the co- 
efficient of friction is given by t.he mean slope of the asperities involved. 
Two comments can be made upon this line of argument. First, this 
process itself does not provida, a dissipative mechanism which is an 
essential pa& of any acceptable theory of friction. The Coulomb 
process should provide alternating values of friction with positive and 
negative amplitudes corresponding to the positive and negative slopes 
upon the surface. Second, it should be possible to detect the upward and 
downward movement of )the sliding body and to correlate this with 
tho magnitude of the frictional force. 

It is therefore appropriate to outline some experiments, along the 
lines discussed above, that have been performed in my laboratory by 
D. J. Whitehouse. (Full details of these experiments will be described 
in a separate publication.) I n  Mr. Whitehouse’s work a smooth steel 
cylinder was slid against a similar rough cylinder using the crossed- 
cylinders friction machine (ref. 86). The experiments were performed 
at slow sliding speeds under conditions considered to be of boundary 
lubrication. 

The following features were recorded : 
(1) The coefficient of friction. 
(2) The “ride,” that is, the upward and downward movement of the 

upper cylinder (otherwise stationary) which was loaded against the 
lower moving cylinder. 

(3) The surface finish of the rough cylinder, along a given line 
of the friction track, before and after the experiment. 

The results of these experiments which are relevant to the present 
discussion can be summarized as follows. There exists a small variable 
component of the friction whose magnitude agrees closely with the 
slopes of both the recorded ride of the upper specimen and the long- 
wavelength components of the surface finish of the rough cylinder. 
To use an analogy drawn from electrical measurements, we conclude 
thak the frictional force consists of a large dc component caused by 
adhesive mechanisms and a small fluctuating ac component contri‘buted 
by the Coulomb mechanism. It is also worth noting that the experiments 
were made with crossed cylinders; with these conditions of contad, 
nominally at  a single point, the magnitude of the Coulomb component 
of friction should be at its greatest value. With nominally flat rough 
surface, under the conditions described in Dr. Williamson’s paper, 
the ride, and therefore the Coulomb component of friction, should be 
considerably reduced. On the disengagement side of any asperity con- 
tact, the downward movement of the upper surface should be arrested 
soon since the load would be taken by other asperity contacts. 
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E. 1. Shobert (Stackpole Carbon Company, St. Marys, Pennsylvania) 

Up to this point there has been very little discussion of the effects 
of the mechanical situation on the results of the various friction and 
wear measurements. I should like to underline the importance of the 
mechanical situation in some of the resulting effects by making four 

The theories of wear and their relation to friction must 'be considered 
in the context of specific application. I n  applications where the wear 
rates are relatively small and the parts are expected to operate for 
thousands of hours, the effect of the wear debris on wear and friction 
will be entirely different than when two metals plow into each other 
for relatively few operations oter relatively short times. I do not 
believe that we can generalize our concepts of friction, wear, and 
lubrication to cover these widely different situations. I have previously 
indicated the various ranges involved in friction and wear problems 
(ref. 87) ; but even in the narrow field of carbon brush applications, it 
can 'be noted that there may be anywhere from 10 particles of wear per 
centimeter of travel to one particle of wear per 10 meters of travel 
within &he range of practical applications. Certainly, even within this 
range, the friction and wear phenomena must be different. 

In  tihe field of carbon brushes, we have run an experiment in which a 
split brush was placed in a massive holder against a massive copper 
ring. Flriction was measured by the power loss in the system under two 
circumstances. In  one case a small spring was placed between the two 
halves of the brush to press them lightly against the side walls of the 
holder. In  this instance the friction was consistently low and uniform. 

In  the second case, the spring was removed and the brushes were 
permitted to move within the normal tolerances aitrhin the holder 
(about 0.005 in.). The friction was four to five times higher khan that 
in the previous case. 

I f  the situation were repeated, the friction rose and fell within 
minutes after the spring was removed or replaced. The surrounding 
atmosphere was room air held at constant humidity and with impuri- 
ties removed by charcoaI. A question is then raised about the friction 
of these combinations. It is my belief that in the case of the free brush 
the mechanical contact surface can increase to values well above those 
determined by the yield pressure; in the other case, the brush that is 
held against the massive holder will not Fear into such large values of 
the mechanical surface because of the inherent eccentricity of the ring 
system. It is therefore apparent that these factors must be taken into 
account in friction measurements and in placing values on the coeffi- 
cient of friction. 

With a piece of chalk, I shave demonstrated several mechanical 
aspects of friction phenomena. By holding the chalk near the end away 

points. 
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from the blackboard and by considering its vibration as a cantilever 
spring whose elasticity is determined by my fingers, I show that the 
chalk rides smoothly on the blackboard for a large leading angle and 
for any trailing angle. For a small leading angle, the chalk will skip or 
jump, and the chatter frequency will be determined by the force with 
which I hold the chalk in this simple mechanical system. It is apparent 
that there is only a certain region of the leading angle within which 
chatter will take place. Outside of this angle it is impossible to make 
the dhalk chatter, and within this angle it is possible to eliminate 
chatter only by holding the chalk solidly along its entire len&h. Thus 
this chatter effect has nothing to do with the question of whether the 
coefficient of friction decreases with velocity. The variation of the 
coefficient of friction with velocity can either be positive or negative in 
this situation, and the chalk will chatter within the critical angle. As 
I pointed out in previous publications (refs. 87 'and 88), this chatter 
will take place only if the friction force can add to the energy of the 
system. This can take place when there is a normal component of bhe 
vibration or motion at the surface which will increase the friction force 
and the normal force while the amplitude is increasing during a par- 
ticular cycle of the vibration. The angle within which c'hatter can 
take place is related ta the coefficient of friction as follows: 

f=tan 0 

A different mode of chalk vibration can be achieved by holding 
the chalk within the critical angle mentioned above but with the fingers 
next to the blackboard. This sets up the high pitched squeal in which 
the chalk is vibrating longitudinally in a half-wave mode with the 
maximum amplitude at the center of the chalk. I f  I increase the energy 
given to bhis system by increasing the pressure and the speed, this 
amplitude can be increased until the chalk will break approximately in 
the middle and above my fingers where there is nothing touching it. 
While this represents a different mode of vibration; the principle is 
the same; that is, that chatter can take place only when the friction 
force operates to increase the ampl4tude of the vibration and the 
normal force at the same time. 

The chalk 'is a simple mechanical system, but the principles are the 
same for more complicated systems such as clutches, brakes, violin 
strings, and musical saws. Internal elastic vibrations at  the mechanical 
contact surface of large elastic bodies can influence friction and wear 
phenomena by jumping or galloping on a microscopic scale. 

The fourth item I wish to mention concerns some of the effects that 
occur in the drastic wear situation that is involved in chalk on the 
blackboard or a situation such as two clean metals rubbing together. 
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This can be demonstrated by taking the side of a piece of chalk and 
passing it with heavy pressure over the blackboard in one direction. 
A wide, heavy band of chalk is left on the blackboard, but very little 
chalk dust falls away. On the other hand, if I repeat. the motion in the 
same track, most of the chalk dust now falls down away from the con- 
tact surface in a visible cloud. In  the first case, we have the adhesion of 
the chalk dust to the different material of the blackboard; and in the 
second case, we have the lack of adhesion of the chalk dust to itself 
on the second passage. It is interesting to note that calcium sulphate, 
which is themain constitutent of the chalk, can be an effective adjuvant 
to prevent drastic wear in carbon materials under clean conditions, 
while by itself and against itself, it is a very poor lubricant. This only 
illustrates the complexity of the situation and the importance of con- 
sidering all of the material and environment factors in working with 
specific operational and practical problems. 

M. E. Sikorski (Georgia Institute OF Technology, Atlanta, Georgia) 

Recent advances in the understanding of basic phenomena such as 
the effect of crystal structure on friction have led to the formulation 
of metal alloys with improved friction and wear characteristics. 
Figure 18 shows another example of the importance of crystal struc- 

ture on adhesion. The coefficients of adhesion are givsn for the plati- 
num-cobalt alloy system as a function of cobalt content. As the amount 
of cobalt is increased, the crystal structure changes and so does the 
adhesion coefficient (ref. 89). It is possible that in some cas@ the 
transition from a mild to a severe wear regime with a subsequent 
failure of bearings may be traceable to composition changes in the 
bearing materials under prolonged use or severe pressure and tempera- 
ture conditions. 

In  addition to the Pt-Co system, other relatively simple binary 
alloys characterized by complete solid solubility have been studied 
to uncover important parameters governing adhesion and friction. 
For example, the copper-nickel alloys, which retain the f ace-centered 
cubic structure for all concentrations, have been slid against iron and 
molybdenum to study the effect of low solid solubility of copper in 
these elements. Similarly, gold-silver alloys have been slid against iron 
to evaluate the effects of low solubility of silver in iron. The experi- 
ments showed that the adhesion was low when the concentration of the 
immiscible element in the alloy was high. In  the above kwist-compm- 
sion tests, the specimens were placed in contact under the combined 
action of normal and tangential forces. 

More recent results on copper-nickel alloys slid against themselves 
indicate an interesting correlation between the coefficients of adhesion 
and the work-hardening coefficients, as well as stacking fault energies 
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FIauaE 18.-Coefficient of adhesion vs percent cobalt for 
Pt-Co alloys. 

of these alloys. Similar work is being carried out on silver-gold and 
silver-palladium alloys in an interdisciplinary effort to relate the 
material properties of these alloys to their adhesion and friction be- 
havior (ref. 90). 

1. A. Schey (11T Research Institute, Chicago, Illinois) 

Under Navy sponsorship Dr. Newnham and I have investigated 
friction and wear in unlubricated contact between typical aerospace 
structural materials and practical die materials used in  deformation 
processing. The twist-compression test technique was used, and inter- 
face pressures were high enough to cause bulk plastic yielding in the 
specimen. While most of the alloys were too complex to allow direct 
correlation with earlier work on adhesion, some of the results may be 
used to test the validity of the solubility theory of adhesion. 

It is necessary to make the unproven assumption that the behavior 
of the alloy follows that of the major constituent. As shown in figure 
19, copper gave high friction in contact with a hot working die steel 
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(H12), prabably reflecting the moderate solubility of copper in iron. 
The high solubility of copper in cobalt could explain the very high 
fridion registered with a cobalt-bonded tungsten carbide (WC) 
anvil, and the total insolubility of copper in chromium may account 
for the very low and consistent friction measured against hard, chrome- 
plated tool steel anvils (CP). The same materials gave a different 
order of friction values with 70/30 brass, probably as a result of the 
zinc addition. The very low solubility of zinc in cobalt may account 
for the drop in friction with the tungsten carbide anvil ; data are miss- 
ing on the Cr end of the Z n X r  system, and it is uncertain what could 
have caused friction. Unfortunately, similar correlations could not 
be found with 'aluminum as the workpiece mahrial. 

This work has also shown that while oxide Elms generally reduced 
friction and wear, they are not suflicient Q ,mask the effect of the 
die-workpiece combination (fig. 20). Friction was higher in an indus- 
trial argon atmospheiB than in air with all workpiece materials except 
a nickel-base superalloy (Hastelloy X) . The difference was generally 
more marked when sliding ,against die steel (H12) than refractory 
(a1alurnin.a) anvils. These results are not unexpected since the very high 
interface pressure combined with relative sliding is bound to break 
up oxide fZns and thus facilitate metal-to-metal contact. Nevertheless, 
it is rather surprising that .the effect remains so marked even on the 
aluminum alloy (7075) which must have had a thin, natural oxide 
film even in the protected atmosphere. 

R. W. Roberts (General Electric Research & Development Center, Schenectady, New York) 

With reference to the remarks imade by Dr. Gretz, it has been con- 

ea OFHC COPPER 70/30 BRASS 

1 .o 

0 I I I I I I 1 I I  
H 12 WC C.P. 

FIGUBE 19.-EfPect of copper alloying on friction with 
various anvils at room temperature and yield pressure. 
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in twist compression at elevated temperatures and 
yield pressure. 

clusively demonstrated %hat iodine will function as a lubricant or a 
lubricant additive for a variety of metals. The iodine can be in the 
form of a vapor (ref. 91), a charge transfer complex (ref. 92), a solu- 
tion in oil (ref. 93), and in chemical combination with a silicone or 
a long-chain hydrocarbon (ref. 94). It, is also well known that many 
lwel lar  compounds including metal iodides are effective solid lubri- 
cants (ref. 95). 

We have observed that dramatic reductions in coefficients of friction 
and wear occur when iodine is used as a lubricant additive for metjals 
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for which lamellar iodides exist, i.e., titanium, iron, nickel, cobalt, 
lead, and cadmium (ref. 96). Similar excellent results are obtained 
when iodine is used as a lubricant for alloys of these elements-shin- 
less steels and the beat-resistant alloys of nickel and cobalt (refs. 96 
and 97). I n  addition, X-ray diffraction study of surface films (ref. 98) 
and wear debris for several metals (ref. 94) reveals the presence of 
metal &iodides. Iodine does not appear to be an effective lubricant 
for metals that do not form lamellar iodides (ref. 96). 

There are a number of ways to prevent oil from a diffusion pump 
from, contaminating a vacuum system and Dr. Gretz has indicated a 
new one. I f  the possibility of oil contamination is a ‘major concern 
in the design of an experimental apparatus, perhaps the best way to 
avoid it is not to use oil diffusion pumps. Ultrahigh vacuum can be 
routinely obtained using trapped mercury diffusion pumps, sputter-ion 

The one-dimensional field-emission microscope using a wire has a 
major drawback. Magnification of only the circumference of the wire 
occurs and not of the length; thus most of the detail is lost. Several 
workers, however, are using the field-ion microscope to study phe- 
nomena of fundamental importance to adhesion. Ehrlich has Wcently 
measured ;the diffusion of tungsten atoms along tungsten single crystal 
planes (ref. 100) and the binding energy of tungsten atoms on tung- 
sten single crystal planes (ref. 101). Muller and Nishikawa have ele- 
gantly demonstrated the use of field-ion emission in studying the 
adhesion of touching clean surf aces (ref. 102). 

pump, etc. (ref. 99). 

LECTURER’S CLOSURE 

I wish to thank all of the many symposium participants who took 
the ;time to prepare these thoughtful discussions. They have contrib- 
uted materially to meaningful consideration of the present status 
of $he understanding of friction and adhesion and of the n d s  for 
greatly broadening khat understanding through the interdisciplinary 
approach. 

Most of the discussions were devoted to supplementing the infor- 
mation and concepk given in the paper. Having done this so effec- 
tively, they have generated no need for a specific reply on my part 
other than to express sincere appreciation for their excellent rein- 
forcement of the need for and value of the interdisciplinary approach 
to ;this subject. However, Dr. Gretz, Dr. Bikerman and, to a minor 
extent, Dr. ‘Schey have expressed disagreement with some of the con- 
cepts or information which I presented. I deeply appreciate the 
thoughtful replies already made ko them by Dr. Taibor, at Mr. Ku’s 
request, and I thoroughly agree with all of Dr. Tabor’s comments. I 
will $hen merely try to supplement these. 



F R I C T I O N  A N D  A D H E S I O N  258 

Concerning Dr. Gretz’s theories of friction, it seems that he be- 
comes quite deeply entangled in the semantics of what is or is not 
friction, with logic somewhat suffering as a consequence. Descr?bing 
that part of the resistance to sliding that is cofitributed by the shear- 
ing process as non-friction, and defining only that part due to asperity 
lifting and ploughing as friction, removes one very far from actu- 
alities. Friction, as understood by both the layman and the scientist 
or engineer and as defined ‘by Webster, is “resistance to the relative 
motion of one body sliding, rolling or flowing over another with 
which it is in contact.” Contrary to Dr. Gretz’s impression, there 
is no requirement that it be associated with a normal force or even be 
a function of the normal force. However, the practical reality is that 
in all normal circumstances, the friction force is a linear or nearly 
linear function of the normal force. Any theory of friction must ade- 
quately explain this real situation. 

The present state of the understanding of friction shows that this 
situation is due not only to asperilty lifting (a “ery minor component 
of friction as demonstrated so well by the experiment, described in Dr. 
Archard’s discussion) and ploughing (normally a relatively small 
component), but also to the fact that the real area of contact between 
virtually all real-world surfaces increases linearly or nearly linearly 
with load. Thus experiments that hold this contact area constant and 
independent of load can readily lead to situations that are irrelevant 
to the real understanding of friation. It is not difficult to see how these 
can lead to actual errors in logic such as Gretz’s thought thalt it is nec- 
essary to postulate that a normal force or stress mu& produce a shear 
force or stress, in order to explain the behavior of real friction arising 
from resistance to shear at the interface. No such unreal postulate is 
required; it is only necessary that the normal force influence the shear 
force, and this it does by influencing the real area to be sheared. The 
real shear stress remains unaffected. This same quirk of logic leads 
Gretz to conclude that friction and adhesion are independent processes 
because a shear force must by definition be independent of normal load. 
I n  the real world, where the area to be sheared varies with normal 
load, nothing could be farther from the truth. 

I would also like to draw eattention to a possible misunderstanding 
that could rise from reading that part of Dr. Gretz’s discussion 
dealing with the clean surface. He highlights the well-known fact 
that oil diffusion pumps are an insidious source of contamination of 
supposedly chemically clean surfaces in vacuum, land in so doing im- 
plies (probably unintentionally) that the data obtained in vacuum by 
Buckley might have been subject to such error. Actually, Buckley rec- 
ognized this possible source of error very early in his work on friction 
and as a result completely eliminated oil diffusion pumps from tall his 
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vacuum systems. His data, that I cited, as well as those taken seveml 
years earlier, were from systems pumped by a combination of an ioniza- 
tion pump and a sorption forepump, together with a liquid-nitrogen or 
liquid-helium cryopuniping coil in the system. He has described this 
pumping equipment in each of his papers and has discussed the subject 
in detail in reference 103. 

Turning now to Dr. Bikerman’s two discussions, it seems that he has 
been imprisoned in almost the same logic trap as has Dr. Gretz. He rec- 
ognizes that adhesion does occur between chemically clean metal sur- 
faces in vacuum where sizable values of adhesion coefficient are ex- 
perienced. He insists, however, that the resulting resistance to  sliding, 
produced by the shear strength of the contact area, is nut friction be- 
cause the friction coefficient is not independent of the normal force. 
As I &aim3 above, there is nothing in the definition of friction that re- 
quires the coefficient of friction to be independent of normal force-it 
is merely that in most real-mrld situations it is thus. Is it then logical 
to conclude khat in such real-world Situations, when contaminating 
films are present and the coefficient of friction is independent of normal 
force, the contact area has no shear strength? Even Dr. Bikerman finds 
it hard to believe that this is so, since he states that the presence of a 
boundary lubricant substitabs “a viscous oil for the ‘rare’ air as the 
medium which must be sheared between the hills and the slopes of the 
valleys.” Surely this viscous oil must offer more resistance to sliding 
than the “rare” air. I invite Dr. Bikerman to be fully objective now 
and substitute the usual thin film of oxide found on a metal surface in 
air for the thin film of “viscous oil.” Will this not offer even more re- 
sistance as “the medium which must be sheared between the hills and 
the slopes of the valleys” if sliding is to take place? Is this resist- 
‘ance not friction? Further, the resistance it offers to sliding is pro- 
portional to the normal force; this comes about simply because the 
cxmtact area over which it must be sheared is proportional $0 the 
normal force. I urge Dr. Bikerman to do his utmost to remain wholly 
objective in following this line of thought to its various conclusions, 
so that he may be the medium through which the “majority view” 
and the “minority view” can now be harmonized. 

Turning to Dr. Schey’s discussion on surface topography, a topic 
also discussed by Dr. Bikerman, I feel that Dr. Tabor’s reply and Dr. 
Archard’s discussion answer their points of concern quite .thoroughly. 
However, I do believe that Dr. Schey’s warning against drawing de- 
tailed conclusions from two-dimensional surf ace models without test- 
ing them against the statistical factors encountered in actual random 
three-dimensional surface topography is one to be heeded by all who 
do research in this field. The invitingly easy simplification of the two- 
dimensional model can offer traps to the unwary. 
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The develapment of fundamental knowledge of wear is reviewed with 
special emphasis upon the unlubricated wear of metals. Against this 
background selected topics are discussed in further detail. One aspect 
which has received some attention is the classification of wear, and some 
classifications acre orltica!lly reviewed in the light of the experimental 
evidence of wear studies. 

Analytical kheories of wear have a vahe  in providing a more exact 
statement of assumed mechanims of w a r  and also provide a basis 
for comparison between theory and experiment; values of the wear 
factor, K, of the theories are deduced from such comparisons. There is 
a need for physical expIanations of these K factors which can be con- 
firmed by subsidiary experiments. With a few combinations of materials, 
the mechanisms of wear are well understood; but the extent to which 
these same mechanisms apply to a wider range of materids is ques- 
tioned. Moreover, most of the evidence is drawn from experiments 
with metallic materials, whereas one might expect the bonding within 
the m a t a a l  to exercise a major influence upon its wear behavior. 

N SETTING o m  THE OBJECTIVES OF THIS PAPER, the Steering Committee 
has asked for a broad critical review of the subject. It has also sug- 

gested that t7he discussion be in depth rather than all-inclusive and 
provocative rather than conservative. Finally, it suggested that the 
limits of our knowledge of wear be defined where possible. 

This is a challenging and interesting task, but it presents many 
problems. It must be feared that what the author considers to be 
critical and provocative, the reader may regard as perverse and idio- 
syncratic. By way of illustration, on another occasion a lecturer of my 
acquaintance delivered a paper in which some of the limits of knowl- 
edge in his subject were quite clearly and interestingly presented, I n  
the ensuing discussion he was rewarded by the comment that “the 
lecture was rather unusual in *hat it did not merely admit ignorance 
about the subject but proclaimed it.” 

This review has $been consciously centered upon a discussion of the 
unlubricated wear of metals because the most coherent body of funda- 
mental knowledge has been established for these conditions. In the 
following discussion a few aspects of the subject are selected for 
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further examination and critical comment. Finally some specific con- 
clusions and opinions 'are offered for further discussion. 

GENERAL WEAR STUDIES 
The history of wear studies, unlike 6he study of friction, contains 

few early classical papers. Bemuse of the inherent difficulties and com- 
plications of the subject, most of our knowledge is based upon work 
carried out during the past 20 years when the fairly sophisticated 
techniquw of modern physical science have been applied to the sub- 
ject. However, some earlier landmarks in the development of the 
subject should be noted. Fink (ref. 1) laid stress upon the role of 
oxidation in the dry wear of steels, and it will be noted that this is a 
theme to which we shall return later in this paper. In  other earlier 
work by Mailander and Dies (refs. 2 and 3) and by Siebel and co- 
workers (refs. 4 and 5 ) ,  the complicated wear behavior of steels 
was studied and attempts were made to account for changes in the 
magnitude and character of wear with changes in load and s p d .  

Undoubtedly the most notable early work in the study of wear was 
that of Ragnar Holm (ref. 6). Perhaps his most important contribu- 
tion was a logical basis for the assessment of the magnitude of wear. 
He showed khat when the wear rate wm e x p r m d  as the volume re- 
moved per unit sliding distance (which has the dimensions of an area), 
the severity of the wear rate might be assessed by comparing it with 
the true area of contact. 

A fresh approach to wear studies was made by Burwell and Strang 
(ref. 7). The wear of a steel pin rubbing on a flat steel disk under a 
chemically inert lubricant (hexadecane) was studied; the rate of wear 
was followed by nolting the size of the wear scar on the pin as wear 
proceeded. Some stress was laid upon the need to arrange the rubbing 
surfaces in the same orientation when they were reassembled after 
each observation. It was found that, in general, the rate of wear was 
proportional to the load and independent of the area of apparent 
contact. The major deviation from these rules occurred as the pres- 
sure over the apparent area of contact approached a value of one-third 
of the hardness; the wear rate thbn increased rapidly to a high value. 
Figure 1 shows a typical set of m l t s  from Burwell and Strang's 
experiments. 

Burwell and Strang suggest that this rapid increase in the wear 
rate might be explained by the fact that the subsurface regions of 
pltastically deformed material, associated with adjacent asperities, 
could merge when the pressure over the apparent area of contact ap- 
proaches a value of 8 / 3 .  This could result in an increased area of 
contact and a lowering of the shear strength of the peaks. Clearly 
this is a question of some fundamental importance and one worthy of 
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FIGURE l.--Typical results of Burwell and Strang (ref. 7 ) .  
The wear rate, expressed as volume removed per unit. 
sliding distance per unit load, is plottea as a function 
of the pressure over the apparent area of contact. 

closer study by other investigators. This is particularly true because 
in subsequent experimental work Dorinson and Broman (ref. 8) have 
failed to confirm the form of the results shown in figure 1 but, on the 
other hand, some theoretical justification for them has been provided 
(ref.9). 

Archard and Hirst (ref. 10) adopted a somewhat different approach. 
Their studies were concerned with the wear of a wide range of ma- 
terial combinations (mainly metallic materials) under unlubricatd 
conditions. The results of a few thousand wear experiments with about 
a hundred different combinations of materials were summarized as 
follows. At the start of an experiment, the wear rate was not constant 
but changed as the experiment proceeded ; during this period ithe sur- 
f ace conditions were changing, but eventually they became stabilized. 
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Under these stabilized conditions the wear rate was constant (i.e., the 
wear increased linearly with time) and was independent of the ap- 
parent area of contact. With most materials the relation between wear 
rate and load was close to direct proportionality. 

As a broad classification, the wear of metals was divided into two 
types which were called “mild wear” and “severe wear.” I n  severe wear, 
the contact is metallic, the surfaces are deeply torn, and the worn debris 
consists of metallic particles up to a fraction of approximately 1 
millimeter. I n  mild wear, the surfaces remain smooth and are usually 
protected by surface oxide layers generated in rubbing. The worn 
debris consists of small particles down to a few hundred angstrom units 
or smaller. Although this classification of wear has been quite widely 
adopted, it has been criticized as being arbitrary; however, the alter- 
native is to classify wear in terms of the mechanism by which material 
is removed. The problem here is to decide what the mechanism is. 

The classification of wear into “mild” and “severe” is primarily a 
distinction in the scale of size; it suggests khat an event occurring at a 
rubbing surf ace can typically have a size of the order of ern (severe 
wear), or it can be very much smaller indeed (mild wear). From earlier 
measurements of the contact resistance between nominally flat surf aces 
(refs. 6 and 11) , it had been deduced that the size of the true areas of 
contact was of the order of cm. It seemed possible that these regions 
might be subdivided into smaller areas of true contact (fig. 2) and in 
this way one might account for the two types of wear ; mild wear when 
t,he damage is coniked to the individual areas of contact and severe 
wear when the damage grew to encompass the whole contact region. 
There is certainly ample evidence from simple experiments in 
unidirectional sliding to show the growth of severe wear from the 
coalescence of smaller regions of damage (ref. 12). However, with 
metals a change in the magnitude of the damage from 
em to IO9 cm, for example, can easily correspond to a transition from 
oxide film disruption to severe metallic welding. Therefore, in discus- 
sions of the mechanisms of mild and severe wear and the transition 
from one mechanism to the other, the influence of the protective oxide 
films has received the major attention; buk the possible role of surface 
topooraphy, as illustrated in figure 2, should not be forgotten. 

It is worth noting that these ideas about scales of size had an in- 
fluence upon the development of the technique of Dyson and Hirst 
(ref. 13), which has confirmed the existence of the subdivided regions 
of figure 2. Models of surfaces having asperities of more than one 
scale of size, such w that of figure 2, have also played a part in theories 
of friction. 

Both Burwell and Strang and also ,Qrchard and Hirst (ref, 10) drew 
upon the earlier work of Holm (ref. 6) and the studies of friction by 
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Bowden and Tabor (ref. 11) to provide an explanation of their re- 
sults. It was assumed that the magnitude of wear was related to the 
true area of contact. From this, analytical theories of wear were devel- 
oped. Arbout the same time a pioneer study of transfer between rubbing 
surfaces was made by Rabinowicz and Tabor (ref. 14) using radio- 
active tracers. They showed that transfer consisted of discrete par- 
ticles and that the volume of transferred material per unit sliding dis- 
tance ww approximately proportional to the load. This also revealed 
the important distinction between wear and transfer. I n  most wear 
studies, one is concerned with the removal of material from both rub- 
bing surfaces. Transfer implies astronger bond between the transferred 
fragment and the surface to which it adheres than that which existed 
between the fragment and its parent body. The mechanisms by which 
loose particles are produced were thus shown to require more detailed 
study. Later developments, discussed below, revealed the role of trans- 
fer as one stage of a wear mechanism. 

Early studies of wear also revealed one other important feature of 
the subject. As shown in table 1, wear rates found with common engi- 
neering materials under unlubricated conditions can cover a range 
of approximately lo5 while the values of the coefficient of friction cover 
a range of only 3. Moreover, high values of wear are not necessarily 
associated with high values of friction. Any theory of wear with claims 
to wide applicability must take this into account. 

DETAILED STUDIES OF WEAR 

We examine now experiments in which the wear of particular com- 
binations of materials has been studied and show how this work is 
of crucial importance in our understanding of wear. 

In  the earlier work the major comment upon the detailed processes 
of wear was the classification of wear mechanisms into severe and mild. 
There seems to be an obvious resemblance between the phenomenon of 
severe wear and the ideas of friction developed in the earlier work of 
Bowden and Tabor (ref. 11). I n  this work the role of adhesion at the 
areas of true contact wm emphasised and, insofar as metals were in- 
volved, welding was held to play a major role. However, welding does 
not produce the loose metallic debris which is a feature of severe wear. 

The combination of materials which has been studied in the greatest 
detail is the wear of a free-machining 60/40 brass rubbing on hardened 
steel or Stellite. Under severe wear, the choice of the harder member 
is not important ibecause its wear will be negligible. Also, under suffi- 
ciently heavy loads, when a brass pin rubs against a rotating ring of 
hardened material, a layer of brass is transferred to the ring and the 
wear of the brass is severe. Under these conditions, one has a wear 
situation that appears to be typical of the severe wear of a soft metal 
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rabbbg against a harder one. The particular brass was chosen be- 
cause its wear behavior was exceptionally reproducible and because 
the wear rate was proportional to the load (ref. 10). (This result is 
forecast by simple theories of wear discussed below.) These wear char- 
acteristics have been recently confirmed by cooperative experiments 
carried out in a number of laboratories (ref. 15). 

In the experiments of Kerridge and Lanoaster (ref. 16), the brass 
pin was made radioactive and used to follow the history of the material 
from its original state m part of the pin to its final state as worn debris. 
In  one experiment (fig. 3), an irradiated pin was used and a layer 
of radioactive brass was established on the ring. When this was re- 
placed by a nonradioactive pin, the radioactive layer was worn away 
and r e p l a d  by nonradioactive material. Na radioactive material ap- 
peared on the pin, showing that back transfer did not occur. In  another 

 FIG^ 2.-Conta& between surfaces. (A) Areas of contact 
revealed by the method of Dyson and Himt ; (B) Smplifled 
represenrtation of the contact region. 
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TABLE I.-Wear Rates, C o e e n t s  of Friction and Values of K a 

Material Wear rate, Coefficient K 
cma/cm of friction 

Mild steel on mild steel 
60140 leaded brass 
PTFE 
Stellite 
Ferritic stainless steel 
Polythene 
Tvngsten carbide on tungsten carbide 

1 . 5 7 ~  1 0 - 7  

2 . 0 ~  10-9 
2.4X1W8 

3.2X10-lo 
2.7 X 10-lo 
3.0X 10-11 
2.0x lo-'$ 

0. 62 
0. 24 
0. 18 
0. 60 
0. 53 
0. 65 
0. 35 

7.0X 10-8 
6.ox 1 0 - 4  

2 . 5 ~  10-5 
5 . 5 ~  10-5 
1 . 7 ~  1 0 - 5  

1 . 3 ~  10-7 
1.ox 10-6 

a Load, 400g; speed, 180 cmjsec. Rings are hardened tool steel except where 
stated otherwise. 

experiment, the procedure was reversed. A nonradioactive pin was 
used to establish a layer on the ring. When this pin was replaced by an 
irradiated one, the layer became radioactive. The worn debris produced 
immediately after this change was nonradioactive, and its radioactivity 
increased only in accord with the rise in radioactivity of the transferred 
layer. Throughout these experiments, the wear rate was constant and 
equal to the equilibrium rate of wear obtained with this combination 
of materials in a normal wear experiment. 

Further experiments showed that t h O  wear was a two-stage process; 
the transfer from the pin to the ring followed by the removd of trans- 
ferred material as worn particles. The transfer froln the pin to the 
ring occurred as dimxete particles, and the material was removed from 
the ring as aggregates of about 50 such transferred particles. Figure 3 
also shows that the initial rate of increase of ring radioactivity, which 
corresponds to the rate of transfer, is equal to the rate of wear. Thus, 
it appears that transfer of material from pin to ring is the first stage 
of the wear process, and that the rate of transfer determines the rate 
of wear. 

The importance of this work is not that the detailed conclusions have 
a universal application, but rather it has shown for the first time the 
complete details of one stage of the multistage wear process in which 
transfer by welding represents only the first stage. The wear of many 
combinations of materials involve transfer by welding and, on one 
system of classification, this has been classed as adhesive wear. The 
extent to which the severe wear of brass rubbing on hardened steel is 
typical of adhesive wear Will be & s a d  later. 

The effect of speed upon the severe wear of 60/40 brass rubbing on 
hardened steel h a  been investigated by Haymana (ref. 17) and by 
Steijn (ref. 18). The influence of changes in both speed and ambient 
temperature has been studied by Hirst and ljrtneaster (refs. 19 and 20). 
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In general, the wear rate, at any given value of the load, falls with 
increasing speed up to about 100 cm/sec, where the wear rate starts 
increasing with speed. The latter has been shown to be a consequence of 
frictional heating, which has two major effects upon the temperature 
of rubbing specimen6 : bulk temperature is raised, and higher transient 
“flash temperatures” are generated at the true areas of contact. In- 
creased wear rate at high speeds, it was shown, was due to thermal 
softening of the brass. Moreover, the influentima1 temperature was the 
mean temperature of the rubbing surfaces and not the much higher 
transient flash temperatures. 

The effect of the speed upon the wear rate of brass was also analysed 
in terms of the material transfer--the first stage of the wear mechanism. 
Varilations in the transfer (and therefore variations in the wear) arose 
from changes in the number and thickness of the transferred frag- 
menb. It, was found that below a speed of 1 cm/sec the fall in wear rate 
with increasing speed was caused, primarily, by a reduction in the 
siirface area of the transferred fragments, their number and thickness 
remaining .approximately constant. At higher speeds, above 1 cm/sec, 
the tendency to welding also decreased; the number of transferred 
fragments thus decreased with increasing speed. The increase in the 
wear rate due thermal effects ma6 the highest speeds was due la an 
increase in the surface mea of tshe fragments and not to an increase in 
their number of thickness. The finding that the change in wear rate 
‘arises from changes in the surface area of fragments of rel*atively 
constant thickness, differs from the results of Rabinowicz (ref. 21) who 
has examined the shape of transferred material using radioactive 
tracers. He suggests that a typical particle has la characteristic shape 
(1.7 X 1.0 X 0.5) that is substantially independent of the size. 

I n  a further investigation Lancaster (ref. 22) has studied the con- 
ditions under whieh the wear of this same combination of materials 
changes from the severe to the mild regime. The load, speed, and am- 
bient temperature of the system were varied over a very wide range. 
It was shown that the transition was determined by t!he interaction of 
two opposing processes: first, the mechanism of severe wear exposes 
clean metal surfaces for a condition which favors its own continua- 
tion; and second, the exposure of the surfaces to the atmosphere leads 
to the formation of oxide films which, if sdiciently protective, lead to 
mild wear (ref. 23). At low speeds, lighk loads, and low temperatures, 
mild wear takes place when there is sufficient time between contacts, at 
any point of the surface, for a protective film to be established. A simi- 
lar film is also established when tihe rate of oxidation is increased, 
either by raising .the ambient temperature of the system or by increased 
frictional heating. The effect of frictional heating was examined in a 
manner similar to that used in the investigation of the severe wear of 
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brass. Once again it was found that the influential temperature was 
the mean temperature of the surface. The transient flash temperatures 
appeared to have little direct influence. 

Thus wear depends upon the combination of load, speed, and ambient 
temperature. A set of wear rate graphs, for a load of 3 kg, based upon 
the results of Lancaster, are shown in figure 4. At an ambient tempera- 
ture of 20" C severe wear occurs over a range of speeds from approxi- 
mately lo-, cm/sec to  lo3 cm/sec. As the ambient temperature is in- 
creased, the range of speeds over which severe wear occurs is reduced 
by the increased rata of oxidation. 

Laneaster (ref. 22) also examined the surface layers of the brass pin 
in the mild wear regime. He found that when a transition to mild wear 
occurred, the brass layers which had been transferred to the steel ring 
were transferred back to the pin and the surface of the pin bhen ac- 
quired a black oxidized appearance. The structure of the subsurface 
regions were examined using sudh things as X-ray microanalysis and 
electron diffraction. It was found that bhe surface layers, to a depth of 
about 2 X cm, consisted of mixed oxides including a large propor- 
tion of those derived from the ring material. Thus the wear of the 
harder ring, insignificant under conditions of severe wear, became 
comparable with, or even larger than, the wear of the pin under mild 
wear conditions. 

Welsh (ref. 24) has eamied out a similar study of wear for a range 
of plain carbon steels. The typical pattern of behavior, when the wear 
rate is plotted against the load, is shown in figure 5. The heavy full line 
shows the behavior of 0.52 percent carbon steel tempered to  a hardness 
of 268 DPN. At light loads mild wear occurs, and at a load of about 
100 grams the transition (TI, fig. 5 )  to severe wear occurs. Severe wear 
then persists up to a load of a b u t  2.5 kg (T,, fig. 5) when the wear 
mechanism reverts to mild wear. It was found, by metallography and 
microhardness tests, that, ,above the T, transition, the surface layers 
OP the specimens were hardened by a phase change. The value of the 
T, transition load was determined for a number of speeds and for 
steels of various carbon contents, and in each case the value of the flash 
temperature was calculated. Bearing in mind a number of uncertainties 
in these calculations, the overall pattern of results suggest that the 
surface hardening is caused by a martensitic transformation, and that 
is caused by the flash temperatures at  the true areas of contact. 

Figure 5 also shows the effect of tempering on the pattern of wear. 
As the hardness increases, the range of loads over which severe wear 
occurs shrinks until, at a hardness of between 360 and 436 DPN, mild 
wear occurs over the full range of loads. 

Welsh also examined in more detail the wear behavior above the 
upper transition T,. Specimens which had run, at loads greater than 
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of wear for a 0.52 percent carbon steel (ref. 24). 
Sliding speed 100 cm/sec. The wear rate ip, shown as a 
function of the load and ,the hardness (DPN) of the 
material used in each senies of experiments is 
indicated. 

T,, to attain equilibrium oxide films and hardening, were treated in 
two ways. For some specimens, the oxide film was removed by etching 
and .then replaced by a new film, established by heating to one of a 
range of temperatures. For other specimens the oxide film was left 
intact, but the hardened surface layers were softened to different values 
by he& tmtment  in very pure argon. From these and other experi- 
ments it was found that at  loads immediately above T, both hardening 
and an oxide film were necessary for the continued existence of the 
mild wear regime. At these loads mild wear continued in the presence 
of an oxide film, once a critical hardness had lbeen exceeded. For the 
0.52 percent carbon steel of figure 5, this critical hardness was approxi- 
mately 400 DPN. 
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From Welsh'e work the concept of c critical hardness emerges. 
The general relevance of this concept is illustrated by some experi- 
ments carried out in my laboratory." Crossed cylinders of the same 
steel were rubbed, for a single traversal, at the slow speed of 0.05 
cm/sec. As in Welsh's experiments (fig. 5) the effect of tempering to 
different valuw of the hardness was examined. At high values of the 
hardness .there was little damage to ;the specimens except for small 
scratches. When the hardness was reduced, large-scale welding ap- 
peared at values of hardness in the region of 400 DPN. The appearance 
of welding was associated with a marked increase in the coefficient 
of friction, and this ie shown by the results plotted in figure 6. 

Alkhough in Welsh's published work khe theoretical flash tempera- 
tures were suftcient to cause phase hardening by well-known mech- 
anisms, some metallurgical features involved in the friction and wear 
of steels remain obscure. There are indications that phase hardening 
can occur under conditions where the theoretical flash temperatures 
are insufficient, in terms of the normal metallurgical behavior, to cause 
hardening. Moreover, Welsh remarks that the low carbon steels harden 
more intensively during rubbing than is possible during normal heat 
treatment. Also, there is ample evidence from engineering practice and 
laboratory experiments, to suggest that steels containing a high per- 
centage of chromium are particularly susceptible to damage (ref. 25, 
26, and 27). When used as shafts in large bearings the damage can be 
cahastrophic, and though palliative measures have been taken against 
such occurrences, the fundamental reasons remain obscure. 
These and other metallurgical aspects of wear, such as the super- 

position in rubbing experiments of high pressures, high temperatures 
and transient conditions, are worthy of special study. 

Mild wear is considerably more difficult to study than severe wear 
because of the small scale of size involved. Kerridge (ref. 28) examined 
the ,mild wear of annealed steel pins rubbing on hardened steel rings. 
This work preceded the investigation of the severe wear of brass (ref. 
16), but it was in this study of steels that it was first found that metallic 
transfer from a soft pin to a hard ring could be the first stage of s wear 
process. With steels, however, it was suggested that the subsequent 
stages of the wear mechanism were the slow oxidation of the trans- 
ferred layer and its removal as loose oxidized debris; the material worn 
away was then replaced ,by new transferred material. It was concluded 
that the oxidation and removal of the transferred material was the 
rate-determining process. The transferred material was found to be in R 
hardened condition, presumably as a result of the same factors later 
investigated by Welsh. 

undergraduate project. 
*I am indebted t o  P.J.H. Smith who carried out  this work a8 part of his 
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The wear of hardened steel rubbing on hardened steel was investi- 
gated by Archard and Hirst (ref, 29) using such techniques as radio- 
active tracers, electron microscopy, and electron diffraction. It was 
found that metal transfer occurred in the early stages of rubbing, 
but in the later stages, when the surfaces had run in, the wear process 
was primarily governed by oxides. This was demonstrated by noting 
the proportions of the radioactive transferred material which was 
removed by various methods, both mechanical and chemical, during 
the run-in. Electron microscopy (fig. 7) showed that the highest 
features on the run-in surfaces were loose aggregates of oxidized debris, 
and it was concluded that this would introduce a large element of 
abrasive wear. 

This survey of some detailed studies of wear oan now be reviewed 
against a wider background. The mechanism of the severe wear of 
brass has been very clearly established, but to the present author's 
knowledge, no other combination of materials has been studied in com- 
parable detail. Whether the detailed mechanism revealed by Kerridge 
and Lancaster applies to the severe wear of other combinations of ma- 
terials is a matter for speculation; but clearly, further experiments of 

323-47210--189--16) 
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this type are desirable. In particular, it should be noted that the absence 
of back-transfer in bhe experiments of Kerridge and Lancaster was a 
factor which greatly simplified their results. There is evidence to 
suggest that back-transfer will occur with some other combinatioas 
of materials rubbing under conditions of severe metallic wear. 

Clearly those factors which favor welding should also favor severe 
wem. Coffi (ref. 30) showed that metals combinations which form a 
conltinuous series of alloys are prone to welding. De Gee (ref. 31) has 
performed experiments in an ,atmosphere of argon in which pins of 
gold-silver alloys were run against steel rings. As the percentage of 
gold was increased, the onset of severe wear occurred at an alloy 
composition of 40 atomic percent gold. This is also the alloy com- 
position #at which the solubility of iron in gold becomes significant. 
However, ilt was found* that the behavior in air was worse than in 
argon; and even silver, in which iron has negligible solubility, ran 
under severe wear conditions. Clearly, further experiments are 
required. 

In an attempt to relate severe metallic wear to physical propertiw 
Machlin and Yankee {ref. 31) suggested that the important parameter 
was the ratio of the work of adhesion to the strength of the weaker 
material. This ratio should determine the tendency exhibited by a 
given combination of materials towards welding and the formation of 
transferred particles. Rabinowicz (ref. 33) considers the problem of 
the production of a loose wear particle and suggests that the influ- 
ential factor is the ratio of surface energy E8 to hardness H .  He sug- 
gests that the maximum residual &me which can be stored in an 
incipient wear particle is related to H and a particle can separate when 
this stress exceeds the surface energy required to create the particle. 
On the basis of this argument the linear dimensions of a loose worn 
particle should be proportional to E8/H. He considers a wide range of 
makerials and demonstrates an approximate relationship between 
particle size and EJH. However, the correlation within one class; of 
materials (Le., metals) is much poorer than for the whole range of 
materials. It has also been noted that a further difficulty is that of 
obtaining reliable and meaningful surface energy data. Thus, the 
surface energy concept, although an interesting one, is difficult to apply 
to detailed mechanisms of wear. 

It might be expected that Lancaster's arguments, noted above (ref. 
22), about transition from mild to severe wear, would apply to other 
combinations of materials. Perhaps the need here is that experi- 
ments with other materials be combined with a more quantitative 

* W e e ,  A. W. J. ; and Beelinger, A. : to be publishetl (see Sialoman, G., Bot. 
Inst. Mecb Engm., vol. 180, Pt. 3K, 1965-66.) 
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 FIG^ 7.-Electron micrograph of worn surface of high- 
speed tool steel (ref. 29). Load, 1.25 kg. Speed, 66 cm/sec. 
The whiite patches are lome wear debris and the length 
of the shadows indicates their height compared with other 
surface features. 

approach to the theory. This is also relevant to theories of the 
mechanism of mild wear by removal of oxide films which is discussed 
in more detail below. 

Finally, some comment upon ,the broad patterns of behavior, such as 
those shown in figures 4 and 5, is relevant. Hirst (ref. 34) has suggested 
that the more limited range of results obtained for other materials 
mill probably fit into the full behavior already recorded. He sug- 
gests that the main difference between the wear of different materials 
may be in the extent to which their behavior is affected by the control- 
ing variables, rather than in differences in the form of the pattern. 
Clearly, once again, the need is for more information. 

ANALYTICAL THEORIES OF WEAR 

All theories which forecast the magnitude of wear rate start from 
the concept of a true area of contact; that is, they are based upon the 
fact that surfaces will wear at  those places where they touch. 

We first outline the simplest theories of wear derived from the work 
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of Holm. (ref. 6), Burwell and Strang (ref. 7), and Archard (refs. 35 
and 36). The essential concept is that the worn volume, 7, produced 
in sliding a distance, I;, can be related to the true area of contact, A. 
It is usually assumed that the unit event which must be considered is 
the contact of two asperities on the opposing surfaces. Such a unit 
event, as idealized in figure 8, is concerned with the establishment of 
an a m  of contaot which, for the sake of convenience, is considered to 
be a circle of radius, a, and area SA=&. 

I f  such an event leads to th.e production of a worn particle one as- 
sumes that the depth of material removed is proportional to a. This, 
for example, would be true if the worn particles were roughly equiaxed 
lumps of material. (Some experimental justification for this assump- 
tion is to be found in reference 21). Thus the volume, SV, of the worn 
particle is proportional to a3, and the sliding distance, SI;, in which 
this event has occurred will be proportional to the size of the contact a 
(fig. 9).* Expressing wear rate in terms of volume removed per Unit 
sliding distance, the contribution of this event to the total wear rate is 
SV/SI; and is proportional to az, (Le., to SA). Thus the contribution of 
eaoh event to the total wear rate is proportional to its contribution to 
the total true area of contact. More specifically, if one assumes that 
the particles are hemispherical, of radius a, and that SL=2a, then 

SV aA -- 
SL-3'  

Summing for all the areas of contact, the total wear rate is 

where H is the hardness, and the summation implies continuous sup- 
port for the load W. The last part of equation 1 holds when the area 
of contact, A,  is formed by plastic deformation. Moreover, we have 
introduced the constant of proportionality K ,  called the wear coeffi- 
cient. This theory can be applied to wear or to transfer, depending 
upon whether we regard each event as producing a loose wear particle 
or a transferred particle. 

This theory provides an analysis of wear which parallels the earlier 
discussion of friction by Holm (ref. 6)  and Bowden and Tabor (ref. 
11). I& is argued that both the frictional force and the wear rate are 
proportional to the true area of contact. Because the true area of con- 

*I do not believe it has ever been noted that this assumption is not vital to the 
argument. One might say that if the event lasts for sliding distance SL the worn 
volume will be propontional to width a, to depth a, and to length, SL. Thus, 
6V a a%L, and 6 V / 6 L a  a'. 
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FIGUBEI 8.-Sehematic representation of a unit event in the 
process of friction and wear. 

tact is proportional to the load, so also are the friction and the wear 
rate. It need not be argued, at  this stage, whether the proportionality 
between area of contact and load arises from plastic or elastic defor- 
mation of the contacting asperities. 

The first conclusions to be drawn from the theory are that it fore- 
casts wear to be proportional to sliding distance and load, but inde- 
pendent of the apparent area of contact. These are results obtained 
from general studies of wear such as those discussed above. The theory 
also suggests that, if the area of contact is formed by plastic deforma- 
tion, the wear is inversely proportional to the hardness. This has been 
shown to hold for a limited range of materials. 

The second major comment to be made upon equation 1 concerns 
the magnitude of wear rate forecasted. When measured values of wear 
rates are compared with this theory (table l), it is found that the 
deduced values of K range from approximately to 10-7. (A similar 
result has been obtained by Rabinowicz (ref. 21) for a representative 
sample of 1'72 wear measurements.) This means that, if all events are 
assumed to produce a worn particle, the discrepancy between theory 
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and experiment ranges between 102 and 10’. Therefore, it is usual to 
assume that K represents the probability that any given event will 
produce a worn particle. For example, for tungsten carbide rubbing 
on tungsten carbide (table 1) , only one irl every million events results 
in a worn particle. 

It is possible, of course, khat other explanations can ‘be provided for 
K ;  some will be &discussed later. However, the most important fact 
about equation 1 is that it is an order of magnitude calculation and 
represents the first attempts to provide a quantitative basis for wear. 
Comparing the theory of wear with the theory of the strength of mate- 
rials, equation 1 corresponds to Frenkel’s calculation of the theoretical 
shear strength of perfect crystals (refs. 37 and 38) where large dis- 
crepancies were also shown to exist between theory and experiment, 
and these were eventually resolved by .the dislocation theory. Similarly 
we require physical explanations of the magnitudes of K which can be 
confirmed ‘by appropriate experiments. 

We now outline the consequences of an alternative assumption about 
the shape of the worn particles. It is possible, particularly when con- 
sidering the existence of protective films on metals, that each worn 
particle consists of a layer of material of thickness d. We may now 
proceed with arguments similar to those used in the derivation of 
equation 1. At any event, SA=&, SV=wa2d, SL=2a. Thus SVISL= 
1 / w d , m d  

( A t  (8 )  (C) 

FIGUBE 9.-Idealized representation of a single contact in sliding surfaces : 
(A) maximum contact area of radius a; (B) after sliding through a 
distance y; (0) after sliding through a distance 2a, the contact area 
is just reduced to zero. 
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We note that, if d has a constant, value (or represents a mean value 
which does not change during the wear experiments under con- 
sideration) 

The wear rate is now proportional to the load only when an increase 
in load causes a proportional increase in the number of contacts, which, 
if their mean size remains unchanged, than A=ma2, .n (x W ,  and 

E = ~ ( ’ ) ~ .  V 
(3) 

Equation 3 is similar to a formula discussed by Holm (ref. 6) .  As an 
order of magnitude calculation he imagined the worn vo1um.e to  be 
distribuked as a thin layer, m atomic layers thick, over the Itrue area 
of oontack (d=ma, where CC is the interatomic spacing). Comparison 
of equations 1 and 3 suggests thak if the wear me&anism is the removal 
of the mateTial as a thin layer rather than a lump, the K factor of 
equation 1 is reduced by a factor of approximately ( d / a )  . A crucial fac- 
tor here might be whether one takes as the value of a, the size of the over- 
all region of figure 2, ‘or the size of the individual regions of true 
contact. 

Uhlig (ref. 39) and Yoshimoto and Tsukizoe (ref. 40) have de- 
veloped the theory of wear using the assumption that the layer thick- 
ness d is the thickness of an oxide film. It is further postulated that 
this thickness can be derived from the theory of the growth rate of 
such films. Assuming a logarithmic growth rate, 

where 9 and T are constants, and t is the time available for growth. 
For small values of t /r ,  a useful approximation is 

d= qt17. (5) 

The time, t ,  in equations 4 and 5, is the time that elapses between two 
events at  any given point on the surface. After such an event wear 
has denuded the surf ace over an area, SA, of its oxide film, and during 
the time, t ,  the film grows again to a thickness, d, given by equations 
4 or 5. During this time, t ,  the surfaces slide a distance, s, where 
s=vt and 8 is the sliding velocity. Thus equation 5 becomes, 

d= 2, whsn - S <<1. 
721 TV 
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The crucial question in the next stage of the theory is to assign a 
value to s. The following simplsed discussion is based on important 
physical assumptions (refs. 39 and 40). First, the total true area of 
contact, A, consists of n areas each of size 6A=ru2. For the sake of 
simplicity these areas are assumed to be spaced in a regular rectangu- 
lar array with a spacing Z (fig. 10). 

It is further assumed that s is equal to I, the mean linear spacing 
of the contact areas. Now n12=Aa,p, where A,, is the apparent area 
of contact of the rubbing surfaces. Then using A=nru2, and putting 
Z=s in equation 6, equations 2 and 3 become, 

where the second half of the equation is based upon the assumption 
that the area of contact is formed by plastic deformation. 

I n  the opinion of this writer, the assumption, s=Z, is incorrect. Con- 

- ELEVATION VIEW 

FS(;LWE lO.--Idealieed distribution of the real area of contact. 
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siderthe following argument. In deriving equation 2 it was assumed 
that an area 6A=?ra2 is rubbed during a sliding distance 6L=2a. There 
are n such areas making a total area A=nSA. The question which 
needs to be asked is: How far will the surface slide, on an average, 
before these same areas are rubbed again? Now, in the course of a 
long period, all points in the apparent area of contact should be rubbed 
the same number of times. Therefore these same areas will be 
rubbed again after a sliding distance in which all the apparent area has 
been rubbed. Since an area A is rubbed in a sliding distance 2a, the 
whole apparent area, A,,,,, is rubbed in a sliding distance 

s=2a(A,,/A). (8)  

Then inserting this value of s in equation 6 and using equation 2 or 3, 
one finds that 

and that the wear ra'te is independent of load, inversely proportional 
to sliding velocity, and proportional to the apparent area of contact. 

A number of workers have studied abrasive wear of materials, 
usually using abrasive papers or loose abrasives (refs. 41 and 42), 
The theory of abrasive wear is relatively simple, but its application, 
thus far, is less certain. 

In the theory of abrasive wear (refs. 41 and 42), it is assumed that 
each abrasive particle is in the form of a cone that ploughs out and 
removes material from the abraded surface (fig. 11). Only minor 
changes in the constants of proportionality occur if a pyramid is 
assumed instead of a cone. Burwell (ref. 43) suggests that abrasive 
wear occurs most readily when the abrasive material is signiscantly 
harder than the abraded material, and when the abrasive particles 
are sharp, rather than rounded. This provides a justification for the 
assumption of a conical or pyramidal indentor. The physical condi- 
tions under whieh a spherical indentor might remove material have 
been investigated by Kragelskii (ref. 44) and this is discussed below. 

If the load, SW, on an abrasive particle (fig. 11) is supported only 
over the leading half of the contact 

SW=~?~HZ' tan2 6, 

where z is the depth of penetration, e is the cone half angle and H is 
the hardness of the material. The volume of material SV removed in 
sliding a distance 6L is 

6V=(zz tan 6) 6L. 
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Thus, substituting for z from above 

E= 26W 
SL u~ tane’ 

and once again, assuming that only a proportion, K, of all the contacts 
produce worn particles, one has 

where e is taken as a mean value for all the particles. 
Equation 10 may be compared with equation 1. The problem of 

abrasive wear theory is to arrive at a correct value of cot 8, and to de- 
duce the value of K .  Mulhearn and Samuels (ref. 45) made measure- 
ments of the effective value of cot e for the grits on their abrasive pa- 
pers, and deduced a value of K of about 0.1. 

It would be appropriate here to discuss briefly the extent to which 
the above theories and the assumptions have been justified by experi- 
mental evidence. Insofar as equation 1 has been used in the analysis 
of metallic transfer and severe metallic wear, there are a number of 
experimental investigations which justify its assumptions. I n  particu- 
lar, the analysis of worn and transferred particles by Rabinowicz and 
Tabor (ref. 14), by Rabinowicz (ref. 21), and by Kerridge and Lan- 

S W  

F I G ~  ll.-Geometric awumptiom in the theory of abra- 
sive wear. Similar geometric relationships hold if the 
indentor is ammet3 to be in the form of a pyramid. 
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caster (ref. 16), using the techniques of radiotracers has already been 
cited. 

I n  investigations of mild wear-in particular the idea of wear by 
removal of oxide films-no direct experimental evidence is known to 
this writer. Indeed, because of the very small scale of size, it might 
be a formidable task to provide such evidence. It seems more 
likely that the next stage in the development of this aspect of the sub- 
ject is to devise experiments in which the wear rate is measured under 
controlled conditions. This is discussed later in this paper. Therefore, 
it should be realised that the theory associated with equations 7 and 9 
is largely conjectural. At a number of points in the derivation of these 
equations alternative assumptions might be made. For example, the 
logarithmic growih rate law, equation 4, was used in the first paper on 
this subject (ref. 39), and has therefore been adopted here, but its re- 
placement by a parabolic law is a relatively simple matter. 

The assumptions of the theory of dbrasive wear have been examined 
in larger scale tests with single indentors, notably by Kruschov and 
Babichev (ref. 46) and by Sedricks and Mulhearn (refs. 47 and 48). 
The extent to which the results of such large-scale experiments are 
applicable to the smaller scale and the multiple-contact conditions of 
abrasive wear is open to question. However, some justification for this 
procedure has been provided by Mulhearn and Samuels (ref. 45) in 
their analysis of abrasive papers. 

CLASSIFICATION OF WEAR 

A number of authors have attempted to provide a broad classifica- 
tion of wear. Perhaps the most commonly used classification is that 
originated by Burwell (ref. 43). It involves wear by 

(1) adhesion or galling 
(2) corrosion 
(3) the presence of loose abrasive particles 
(4) cutting or ploughing of a soft material by a harder rough sur- 

( 5 )  less common effects such as erosion and surface fatigue. 
Burwell’s classification is essentially a list of the mechanisms of 

wear. Its major function is to provide a framework so that “at last the 
engineer and designer will be provided with a rational approach to 
the wear problem in their machinery.” 

Adhesive wear is described primarily in terms of metallic welding 
and, in the light of work discussed above, can probably be taken to 
represent the first stage of the severe wear of metals. Abrasive wear 
includes the two mechanisms given in (3) and (4) and the distinction 
between them should be quite clear; the two situations have sometimes 
been described as three-body and two-body conditions. I n  abrasive 

face 
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wear the ability of ti, mat%rial to withstand a given magnitude of 
strain may be an important consideration, and Oberle (ref. 50) first 
pointed out that the relevant physical property of the material was 
H/E, the ratio of the hardness to the elastic modulus. The same param- 
eter has omrred  in the analysis of the ability of contacting rough 
surfams to withstand plastic flow (ref. 51 and m). 

Corrosive wear requires the presence of both corrosion and rubbing. 
Specifically it was noted that “oxides or hydroxides of the metals in 
question are formed by exposure to the environment, and Since wi& 
few exceptions these compounds are relatively loosely adherent to 
the metal base, even the mildest rubbing serveg to remove them.” Bur- 
well (ref. 43) described fatigue wear as occurring primarily when sur- 
faces are in rolling contact. Pitting or flaking of the surfams was 
principally in mind. However, as discussed below, subsequent work 
suggests that fatigue mechanisms could well play even a larger pa&. 

The stake of knowledge, which existed when this classification ww 
proposed, was such that these mechanisms could be largely considered 
as saparate and distinct ways of removing material. However, to quote 
again from Burwell’s original paper, “In any particular instance of 
wear, one may have any of ‘these mechanisms operating either Singly or 
in combination, For example, the hard metal oxide formed on a steel 
surface by corrosion may then act as a fine abrasive ’ko wear both the 
surf&ces.” 

Kragelskii (ref. 53) has defined five “types of destruction of the 
frictional bond.” These are shown in figure 12 and are classified in 
table 2. The nature, and perhaps the function, of Kragelskii’s classi- 
fication is different from that of Burwell. It is a description of the 
various types of event which can occur between asperities in contact. 

In  this classilkation Kragekkii attempts to define the conditions 
under which various types of events will occur. A spherical indentor, 
or an asperity whose shape can be represented by a spherical cap, 
is assumed. The first important criterion which determines the char- 
acter of sliding is the ratio h/R, where h is the depth of penetration 
of the indentor or the height of the asperity and R is the relative 
radius of curvature of the surfaces. It has been shown (ref. 54) that, 
when a hard spherical indentor is pressed into a flat surface, plastic 
flow will occur when 

where C is a constant. (Alternatively one can derive an equation in 
which H is replaced by us, the yield stress). Similarly, if h represents 
the height of an asperity of radius of curvature R, equation 11 ex- 
presses the condition under which the aspsrity, when flattened, will 
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FIGWE 12.-Schematlc representation of the main types of 
destruction of frictional bonds (ref. 44). Also see table 2. 

incur plastic flow. This same criterion can be expressed in terms of 
the height to base dimension ratio called the mean slope (tan 0) of 
the asperity (ref. 51 and 52). Thus if no plastic flow occurs when the 
asperity is flattened . 

where 0’ is a constant that depends upon the particular assumed 
shape for the asperity. In  table 2, the type I frictional bond represents 
pure elastic deformation. 

With plastic flow the bond can be of type I1 or type 111, the im- 
portant distinction being that under type I11 conditions material 
is removed from the surface. Kragelskii (ref. 4 4 )  gives a simple 
derivation of the conditions for the transition from type I1 to type 
111, and they involve the equilibrium of the material at the front 
of and in contact with the indentor. If, as the spherical indentor 
moves forward, this material can slip beneath it, the sphere will 
plough out a track with displacement but no removal of material. 
If ,  on the other hand, material is unable to move with respect to 
the indentor, “pile up” will occur in front of the indentor and even- 
tually material will be removed. In this analysis the important factors 
are the limiting friction between the indentor and the work material 
(determined by p, the true or molecular coefficient of friction between 
indentor and work material), and the h/R ratio. As p increases, the 
transition to material removal occurs at lower values of h/R. This 
is shown in table 2 for dry and lubricated conditions. Kragelskii’s 
simple analysis suggests that, as p rises to unity, the transition to 



a 
P 
0 

B 
W 

E 
H 

F R I C T I O N  A N D  W E A R  



W E A R  293 

removal of material tends to a value of h/R=O. Presumably, this 
corresponds to type V of his classification: metallic welding, scuffing 
of the surfaces, and removal of material in depth. 

For the case of a pyramidal, rather than a spherical indentor, 
Sedricks and Mulhearn (refs. 47 and 48) consider the mechanics of 
the two sikuations: sliding with displacement of material, and slid- 
ing with removal of material. The first is analysed in the very simple 
terms used by Bowden and Tabor (ref. 11) to deduce the coefficient 
of friction associated with the ploughing mechanism. The second is 
analysed by methods similar to those used in the theory of metal 
cutting. From comparison of these two analyses, the critical condi- 
tion for the removal of metal is shown to depend upon the “attack 
angle,” and the true coefficient of friction p between work material 
and indentor. The “attack angle” is the angle between the leading 
face of the indentor and the work material and is equal to (~ /2+ the  
rake angle) , in metal-cutting terminology. Mulhearn and Samuels 
(ref. 45) have explained the existence of cutting and noncutting grits 
in terms of the range of “attack angles” exhibited by grits in abra- 
sive papers. In this way they give an explanation of the value K=0.1 
(equation 10) deduced from their experiments. 

The final comment on Kragelskii’s classification is the distinction 
he draws between type IV and type V. The critical parameter here 
is taken to be the variation of the shear strength T with depth. I f  
the shear strength of the surface film (and, one might add, of the 
film-substrate interface) is less than that of substrate, the frictional 
bond is of type IV;  but if the film, or the surface layer without the 
film, is the stronger the bond will be of type V. The implication of 
this classification appears to be that the removal or destruction of 
the surface film is an adhesive phenomenon. 

I n  the discussion of detailed studies of wear, it was emphasized that 
experiments have shown many mechanisms of wear to be multistage 
processes. Here the term “mechanism of wear:’ is used to describe the 
event or events which result in material, originally part of one rub- 
bing surface, becoming a part of the loose worn debris. On this basis 
it may be difficult to define wear mechanisms by Burwell’s classifica- 
tion. For example, in the severe wear of brass (ref. 16), the first stage 
of metallic transfer is adhesive. Kerridge and Lancaster suggest that 
“the most plausible explanation for the removal of wear particles is 
that the bond between them and the original surface of the ring be- 
comes gradually weakened as a result of the alternate compressive and 
tensile stresses to which they are subjected”; that is, the second stage 
is a fatigue process associated primarily with subsurface rather than 
purely surface adhesive effects. Therefore, in considering a funda- 
mental approach to wear, this writer is inclined to adopt an ap- 
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proach, similar to that of Kragelskii, in which the classification is one 
of events rather than of complete wear mechanisms. 

The classification put forth here, and shown in bable 3, is readily 
adaptable. One first considers the nature of the contact Ihtween the 
opposing surfaces; the deformation will be elastic or plastic. The re- 
sults which then follow from the imposition of sliding upon the system 
are associated with surface effects and/or phenomena occurring in the 
bulk of the material. It should be noted that in an elastic contact $he 
maximum shear stress occurs ,below the surface. Likewise in a static 
contact involving plastic deformation the plastic flow is below the 
surface. Moreover, experiments have shown that this is also true 
wben tangential motion occurs, provided the tangential forces are 
moderate (refs. 55, 56 and 57). Theory suggests bhat this situation 
will continue until the tangential forces reach values equivalent to a 
coefficient of friction of approximately 0.25 (refs. 58 and 59). It seems 
likely from this form of classification, that subsurface effects can play 
a part in wear only when they become linked with the surface effects. 
For example, a detailed analysis may well show that the transition 
from Kragelskii’s type I1 to type I11 condition corresponds to plastic 
flow, entirely subsurface in type 11, reaching the surface. 

It is worth noting that what ,has been described in this paper as mild 
wear can possibly cover a number of different mechanisms. The most 
obvious have been summarized by Waterhouse (ref. 60) in his review 
of fretting : 

TABLE 3 .-Ch&&atwn of Mechanisms Contributing to Friction 
and Wear 

Surface effects Subsurface or bulk effects 

Elastic Amontons’ law of friction Elastic hysteresis component of 
deforma- obeyed with multiple con- friction. Fatigue wear includes 
tion tacts. Adhesive wear likely to rolling contact fatigue 

be involved with protective 
surface f i l a  (i.e., mild wear). 

(pitting) and perhaps some 
smaller scale mechanisms. 

Plastic p==s/H (Bowden and Tabor) Ploughing term of friction. 
d e f o r m  
tion severe dependent upon degree lents, involve direct removal 

Adhesive wear can be mild or 

of protection offered by sur- 
face films. If severe wear, 
surface and subsurface effects 
become linked. 

Abrasive wear, and its equiva- 

of material. Ploughing can 
occur without removal of 
material but fatigue mecha- 
nisms are then probable. 
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(1) Removal of metal in a finely divided form with possibly sub- 
sequent oxidation. 

(2) Removal of metal which when oxidised gives an abrasive powder 
to continue the action. 

(3) Oxidation of the metal surface and the removal of the oxide 
whichexposes fresh metal for oxidation. 

%he classiscation of wear can serve many purposes, but the em- 
phasis of this discussion has been upon the evolution of systems of 
classification which are useful in furthering basic research. However, 
this is not to deny other very important functions that such classifi- 
cations can serve. Perhaps the greatest dangers are in a failure t,o 
reassess these systems in the light of new knowledge, and in the use of 
a classification outside the intentions of its aubhor. For example, Dhe 
severe wear of 60/40 brass has been described (ref. 15) as “pure ad- 
hesive wear,” which implies something unique. However, it has al- 
ready been shown that severe wear (involving adhesive wear as the 
first stage) can, possibly, cover a range of mechanisms in which the 
second or subsequent stages could differ widely. Only further research 
can answer such questions, and, perhaps this will always be done 
independently of how we classify and reclassify wear on the basis of 
imperfect knowledge. . 

THE WEAR OF NONMETALS 

The vast majority of investigations of wmr have been concerned 
with metals. One is thus preoccupied with the behavior of a ductile 
substrata covered with a thin protective film. I n  the terms of maiterials 
science, it might be argued that the research into mechanisms of wear 
has confined most of the evidence to materials in which the bonding 
forces are metallic, and therefore, strong and nondirectional. More- 
over, in the terms of the classification of table 3, one might argue the 
effects of changes in the rubbing materials. 

In  using nonmetallic materials, the changes in the deformation 
characteristics can be of two main types. For materials with the ionic 
or covalent bonding forces, one might expect brittle rather than ductile 
failure. By using molecular solids, such as high polymers, one is con- 
cerned with materials of low elastic modulus and large elastic range. 
This is important in terms of the shape of asperities which can be 
pressed flat wilthout exceeding the elastic limit (refs. 51 and 52). 

It can also be argued that nonmetallic materials might have less 
adhesion at the interface because of the absence of strong metallic 
welds. The experimental evidence, however, is mixed. Finally we nota 
that the nonmetallic materials will be notably poorer thermal con- 
ductors so that the thermal effects of sliding are expected to be greater. 

323-472 O-&Q---W 



296 F R I C T I O N  A N D  W E A R  

A number of limited investigahions have been made into the wear 
behavior of nonmetals, and some general conclusions can be drawn. 

First, there seem to be some indications that the wear of polymers 
and rubbers (refs. 61 to 71) occurs on two major scales of size some- 
what analogous to the mild and severe wear of metals. Kragelskii 
(ref. 67) produces evidence that, on a small scale, the wear is a fatigue 
process. On a large scale, Schallamach (ref. 62) shows how the damage 
is built up from small tears in the surface. These arise from large 
tensile stresses existing at  the edge of the contact region under the 
combined effects of normal and tangential loads. It may be noted that 
this situation requires a large adhesion. 

A number of authors have noted the importance of thermal effects 
in the wear of polymers; a large increase in wear has been shown to 
correspond to the conditions under which the surface temperature 
reaches the softening point of a thermoplastic polymer. I n  other situa- 
tions it has been suggested (ref. 68) that thermal and oxidative effects 
result in the formation of reactive low molecular weight components. 
It has been shown that wear rate of PTFE moldings of varying crys- 
tallinity (ref. 66) is approximately proportional to the elastic modulus 
and inversely proportional to the yield strain. However, it would 
appear that in order to understand these observations, one needs 
to establish clearly the mechanism of nonmetallic wear. 

The wear rate of electrographite is of particular inrterest because 
under many conditions its wear rate is amongst the lowest recorded. 
The questions #arising from the layer lattice structure of graphitic car- 
bons will not be discussed here, beyond noting that most carbons seem 
to combine a low elastic modulus with a low shear strength and fairly 
high %hernial conductivity. A number of investigations (refs. 72 to 78) 
suggest that the wear of carbons on meta.l;3 is critically dependent upon 
the 'surface finish of the metal surface. When this surface is rough, 
the wear rata is comparatively high (although still low by severe wear 
of metals standards) and the mechanism of wear is by a filing or micro 
cutting process probably involving brittle fracture of the carbon (ref. 
74). With smoother sarfaces of copper, the surfaces become smooth by 
transfer and wear of the copper. The wear rate under these conditions 
can be very low indeed, and it is suggested that the deformation of the 
asperities is entirely elastic and that the wear mechanism is a fatigue 
process caused by repeated elastic deformation of the regions of contact 
(refs. 75 and 76). Indeed, it is suggested that under these conditions 
the wear rate of the carbon material is inversely proportional to its 
elastic modulus. 

It has also been found that nongraphitic carbons, rubbed against 
themselves or against mild steel in an atmosphere of dry carbon di- 
oxide, exhibit a curious pattern of an increased friction at regular 
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intervals. It was shown (refs. 77 and 78) that the periods of high fric- 
tion corresponded ho a period when the transferred material formed 
a very smooth surface. I n  this situation ithe area of contact, and there- 
fore khe fictional force, increased. The increwed shear forces then 
caused a breakdown of the surface lwyers and the sur& became 
roughened for the process to start once again. It is ldso worth noting 
that the wear and transfer of graphitic materials rubbing on m d l s  
involves scme questions worthy of further study. There is evidence 
(ref. 73) that oxides on the surfaces of m t d s  play a beneficial role in 
the establishment of the transferred layers. 

The wear of hard brittle materials h s  been investigated by a num- 
ber of workers (refs. 79 to 90). It is suggested that the wear of abrasive 
grits (ref. 85) on metals is of two types: “attritious wear,” probably 
due, at least in park, to chemical reactions between the metal and the 
abrasive grit; and, fragmentation, which is presumably a brittle frac- 
ture phenomenon. The wear of artificial sapphire rubbing on metals 
has been investigated in detail (refs. 82,86, and 8’7). It has been found 
that the wear is dependent upon the orientation of the sliding direction 
to the crystal axes. The relative roles of chemical and mechanical 
factors have not been fully established. 
I$ might be thought that the mechanism of wear of all brittle ma- 

terials would show some similmity, but it seems likely that these ma- 
terials can show a range of wear mechanisms dependent upon the 
operating condikions. Thus Bowden and Hanwell (ref. 88) have found 
that in a high vacuum denuded of adsorbed films, diamond rubbing 
on itself shows high adhesion and severe wear caused by brittle failure. 
On the other hand, King and Tabor (ref. 89) have shown that brittle 
solids can exhibit a duotile behavior under contact stresses. This arises 
from the existence of large superposed hydrostatic stresses in the 
subsurface regions. Finally, Atkms and Tabor (ref. 90) have recently 
shown that hard brittle materials become ductile at high temperatures. 
Thus when used at high ,ambient temperatures, or perhaps under the 
influence of tempemturn generated by frictional heating, these ma- 
terials may well display the ductile behavior found in rubbing metals. 

WEAR UNDER LUBRICATED CONDlTlONS 

Perhaps the major problem in the study of wear under lubricated 
conditions is in deciding how much of the load is borne by a fluid film, 
how much by boundary lubricated conbact, and how much by unldbri- 
cated contact. ( In  this connection the term “boundary lubrication” 
is used to describe lubricdon by films whose properties and thicknesses 
are determined by the molecular rather than the bulk properties of 
the lribricant). Ths possible existence of fluid films has often been 
suggested by experimenters even though the application of Reynolds’ 
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equation to their experimental conditions imply that such films would 
be very thin indeed. For example, in some early experimenlts with the 
4-ball machine, Bee&, Givens, and Smith (ref. 91) measured elm- 
trical mistance between the specimens. In  this machine the load be- 
tween one upper ball and each of three lower balls is Concentrated, 
nominally, at  a single point. Bemk, Givens, and Smith concluded that 
there existed between the balls a quasi-hydrodynamic film. However, 
a s m i n g  the bulk viscosity of the lubricant at ambient temperature 
rcnd pmsure, and using the undeformed shape of the surfam, it can 
be shown that the theoretical thickness of tthe film generated by hydro- 
dynamic mechanisms would be comparable with or smaller than the 
size of a lubricant molecule. 
These persistent suggestions, that fluid films exist where theory says 

they are impossible, have %been justified, in recent years, by the devel- 
oprnen't of the subject of elastohydrodynamic (ehd) lubrication (refs. 
92, 93, and 94). It has been shown that in systems where the load is 
concentrated, such as gears, cams and tappets, and rolling-contact 
bearings, .a new mechanism of lubrication occurs. The local deforma- 
$ion of the surfaces and the large increase of lubricant viscosity wibh 
pressure combine to provide the conditions for a fluid film, where 
previously this was thought to be impossible. 

Using lubricants of conventional viscosities (say, a, fraction of 1 
poise under laboratory conditions) and steel specimens, having a ra- 
&.US of curvature on the order of an inch, it has been shown that this 
mechanism of lubrication can persist down to surface speeds of a 
fraction of one centimeter per second. Under these adverse conditions, 
film thicknesses of the order of a few hundred Angstdm units have 
been measured (refs. 95 and 96). Under conditions more normal in en- 
gineering, the film thickness may be approximately 10" cm. In  ehd lu- 
brication the coefficients of friction often lie in the range normally at- 
tributed to boundzq lubrication (0.05 to 0.10). These coefficients, high 
for normal conditions of fluid-film lubrication, arise from the shear- 
ing of a fluid film of high viscOsity. An increase in Viscositty of lubri- 
cants in the load-bearing region, by factors as high as 104 or W, have 
forecast by ehd theory andconfirmed by experiments. 

The development of the subject of ehd lubrication, and the fact it 
has been shown to persist over a wide range of conditions, adds con- 
siderably to the study of wear under lubricated Conditions. For ex- 
ample, it seems likely that when the wear of nominally conforming 
surfaces is studied, ehd mechanisms can provide lubrication of indi- 
vidual asperities. These mechanisms would also provide most of the 
mechanical feat- involved in the unlubricated contact of asperities, 
including the existence of appreciable tangential forces. However, fea- 
tures associated with intimate contact, such as metallic welding, should 
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be absent. Perhaps, under these conditions, wear by fatigue mecha- 
nisms and wear by the removal of protective slms could m u r .  

The theory of ehd lubrication assumes that the surfaces are per- 
fectly smooth. Likewise, the experiments in which the ehd film thick- 
nesses have been measured, used very smooth surfaces. More recently 
experbents have been performed with rougher surfaces and the ex- 
tent to which solid contaot occurs through the fluid film has been 
studied (refs. 97 and 98). To specify the character of these partial 
ehd conditions, a dimensionless parameter, the ratio of the ehd film 
thickness to some measure of the surface roughness, has been used. 
Gawson (refs. 99 and 100) uses a different, method of specifying the 
surface roughness from Tallian and co-workers (ref. 97), but the essen- 
tial physical ideas me the same. Wear and failure phenomena in lubri- 
cated rolling contacts apparently depend upon this parameter (ref. 

I n  conditione of partial ehd lubrication, one is concerned with the 
behavior of asperities, both in the lubrication of rough surfaces whose 
general shape is nonconforming, and in the lubrication of conforming 
surfaces whose surface roughness contains superposed features of 
widely differing wavelengths (fig. 2). The theory of ehd lubrication 
has, as yet, been concerned with the mechaniem of lubrication only 
when the larger of these features is present. A fundamental question 
which remains to be answered is the extent to which ehd mechanisms 
can depress, and therefore protect from contact and damage, the 
smaller scale features within the main load bearing region of an ehd 
contact. 

THEORIES OF WEAR 
One important question in any analytical theory of wear is the 

significance of the factor K .  I n  the earlier discussion K was inter- 
preted as the probability that any event would produce a worn particle. 
According to this, a typical severe wear situation, where the deduced 
values of K (table 1) can be as low as implies that each part of 
the rubbing surface must be rubbed lo3 times before a worn particle is 
produced. This, of course, would explain why wear rates can vary 
over 'a very wide range (table 1), while coefficients of friction show 
little variation. In  all normal rubbing conditions .the majority of 
events, and those which therefore determine the fricti.ona1 force, are 
contacts between asperities which separate without damage. 

Perhaps the most important problem is in relating the further de- 
velopment of analytical wear theories to real, rather than hypothetical, 
mechanisms of wear. Also, a part of this development must yield a 
more exact meaning for the value of K. There are a number of possible 
explanations that might be advanced to give the factor K some physi- 
cal significance. For the following discussion assume that K ie 

101). 
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(1) On statistical grounds, one in every thousand events is s a -  
ciently severe to produce a worn particle; in other words, one in every 
Zihousand deformation events is s&ciently severe to initiate damage. 

(2) On an average, under equilibrium conditione, each asperity must 
be rubbed a thousand times before i.t is damaged. This implies that 
wear is a microfatigue process, a view expressed by Kerridge and Lan- 
caster (ref. 16) and by Kragelskii (ref. 102). 

(3) I n  severe metallic wear with back transfer, material is trans- 
ferred )to sand fro between the rubbing surfaces until the bond becomes 
so weak that the material is removed rather than transferred. It seems 
unlikely that this could be %he total explanation of the K fador be- 
muse &the highest values of K ,  deduced (refs. 35 and 36) from transfer 
experiments, are in the range 4 to 16 X 

(4) In  mild wear, if one is concerned with removal of a protective 
61mJ then, under the conditions defined by equation 3, the wear rate, 
and therefore the deduced value of K,  is reduced by a factor d/a (d is 
the film thickness, and a is the radius of the individual contact areas). 

One further factor that can infiuence deduced values of K has been 
discussed recently by Cocks (ref. 103). Both Cocks (ref. 104) and 
Antler (ref. 105) have discussed a mechanism by which loose par- 
ticles are produced when a rider, typically of the noble metals, slides 
against a flat surface of a similar metal. Clumps of displaced particles 
build up at the leading edge of the rider and the whole of the load can 
be borne on this ‘prow’ of material until it breaks away to form a loose 
particle. More detailed mechanics have been studied by Cocks (ref. 
103) using concepts derived from Greenwood and Tabor (ref. 106). 
Cocks shows that in this model situation the wear rate becomes 

where a is the true area of contact, a n d 3  is the angle at which shear 
in the junction is inclined to the surfaces. In  this argument the proba- 
bility factor K of equation 1 is replaced by sin 4. Since K for severe 
wear is typically in the range (table l) ,  Cocks’ argument 
could be only a partial explanation of the observed wear rates. Another 
factor still seems to be needed. 

Rowe has applied wear theories to boundary lubrication conditions 
and has produced a theory (ref. 107) that is essentially a modification 
of equation 1. His approach may be outlined briefly as follows: 

(1) Under conditions of boundary lubrication, the area of metal- 
to-metal contact, &, is a proportion, a, of the total true area of con- 
tact, A, (A,=&). 

to 
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(2) The “fractional film defect,” a, is determined by the chance 
which an asperity has of trapping, as it passes over the surface, a site 
unoccupied by adsorbed boundary lubricant molecules. 

(3) a can be calculated from adsorption theory and is a function of 
known condank, such as $he heat of adsorption, the time of funda- 
mental vibration of ithe molecule in the dwrbed  state, ithe dimensions 
of the adsorbed site, and the sliding velmity. 

(4) Wear occurs only at tha area of metal-to-metal contact A,=-aA, 
while negligible wear occurs at the proportion of the true area of 
contact, (1--a) A, protected by a boundary lubricant film. 

( 5 )  For the area of metal-ab-metal conitaot, there is a bue  value of 
K designated Km. 

Rowe also descri’w some experiments measuring +,he wear of copper 
rubging on steel. The agreement between these results and the ;theory 
is remarkably good. Tabor (ref. 108) comments that some of the results, 
for example, ;the variation of wear rate with speed, might arise from 
the influence of hydrodynamic lubrication. This comment illustrates 
the problems involved in the inkerprhtion of wear experiments under 
lubricated conditions. 

To thie writer there are two other problems in Rowe’s kheory. First, 
according to (4), the wear rate is proportional to A ,  even though this 
may be made up of desorbed regions of molecular dimensions; on the 
other hand wear is generally concerned with regions of much larger 
dimensions. Second, the theory appears to be concerned wihh desorbed 
sites on one surface only, which means that if one calculated the frac- 
tional film defect, C Y ,  as the area where desorbed sites on both surfaces 
coincide, one might arrive at a very different result. Perhaps also under 
thwe condikions, Rowe’s surprisingly good agreement between theory 
and experiment might no longer apply. Nevertheless, €%owe’s approach 
is a, pioneer attempt at producing a modified theory of wear in which 
the value of X is at least partially attributed to measurable physical 
factors. %we has also applied these concepts to the wear of graphite 
(ref. 109). 

A modified tthwry of wear, appropriate [to the mild wear of steels by 
oxide film removal, has been suggested by Q u h .  I n  a prelilminary 
paper (ref. 110), he discussed the influence of transient flash tempm- 
tures, generated at  the true areas of contact, upon the oxide films 
formed on rubbing surfaces. Some correlation was claimed between 
the composition of the oxide debris, as observed by various investiga- 
tors, and the calculated flash temperatures. 

I n  la later paper Quinn (ref. 111) outlined a kheory of wear based on 
the following concepts : 

(1) Oxide film~growthoccurrs during the generated flash ltemperature 
phase, but p w % h  at other itimes is negligible. 
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(2) Oxide film growth continues for N traversals, over any given 
point on rthe surface, each traversal having a duration T. 

(3) At this stage a film of thickness 6 has been generakd that the 
su;bstrzbte can no longer support. The film is ;then removed. 

(4) On this basis $he value of K in equation 1 is 1 / N .  
This hst stakement seems rto this writer to be in error, because, ac- 

cording !to the argument of equation 3, ;the remoyal of a layer of thick- 
ness & instead of a hemispherical lump of radius a, is equivalent to 
changing K by a factor of approximately t/u. However, the most, in- 
tme&ing qu&+on raked by Quinn is khe implication of assumption 
(1) in which flash temperature is considered the influential factor 
in (the generation of surface pmtective films. Other evidence, though, 
such as that of Lancaster (ref. 22), suggeSt.3 that rthe mean surface 
temperature is tha important factor. 

Consider this simple order-of-magnitude calculation. Assume that 
a surface of apparent area of contact AaDp is rubbing against a similar 
surface. We take, as did Quinn, a parabolic growth rate law, 

(Am)'=kt (12) 

where Am is the increment of film growth, t is the time, and k is a 
constant which depends upon the temperature T and given by 

k=8 eq(-QQIRT), ( 13) 

where @ and Q are constants for the given material and R is the gas 
constant. 

If tl is the time for which the surface is exposed to the flash temp- 
erature Tl, and t is the time for which it is exposed to the mean 
surface temperature T,, then, according to the argument used in the 
derivation of equation 8, one may write the approximate relationship 

Thus if Aml is the increment of growth during the time tl (flash temp- 
ature) and Am2 is the increment of growth during the time t, (mean 
surface temperature) equations 12, 13, and 14 give 

Now, assume A=10-4~m2, AaDu=l cm2, Tl=lOOOo K, and T2=5Oo0 K. 
From reference 111, Q=4.6X loo4 cal/OK/mole, and R= 1.99 cal/mole. 
Thus from equation 15, ( Aml)/( A ~ z )  - 103. 
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This calculation appears to justify the assumption that flash tem- 
perature is the influential factor. However, apart from the experimental 
evidence of Lancaster (ref. 22), some suppo~% for the importance of 
mean surface temperature has been provided in recent experiments 
by Clark and Pritchard," who studied the mild wear of hardened 
steel as a function of load, speed, ambient temperature, and at- 
mosphere. They found that load or speed variations affected mean sur- 
face temperature. In addition the variation of wear rate with load and 
speed was found to be consistent only when the mean surface tem- 
perature rather than the ambient temperature was maintained con- 
siant. It is perhaps of interest to note that under these conditions the 
wear rate was found to be independent of the load and to decrease 
with speed rather more slowly than inverse proportionality (cf. eq. 9 
although the agreement may be coincidental). 

The role of these temperatures remains an open question. It is sug- 
gested that appropriate theories for the mild wear regime must be 
based upon experiments in which the mean surface temperature is 
known and can be controlled over an adequate range of values. Also, 
flash tempemtures must be estimated with reasonable accuracy : a diffi- 
cult task Quinn has followed a number of other workers, including 
this writer (refs. 112,113, and 114), in estimating the maximum possi- 
ble flash temperature, assuming that all the load is borne at a single 
region. The difficulties and dangers of this procedure can be illus- 
strated by referring to the work of Welsh (ref. 24). He found that 
for loads greater than the T ,  transition (see ,fig. 5), mild wear oc- 
curred. But with soft steels this was always preceded by a period of 
severe wear in which phase hardening of the surface layers occurred. 
As explained earlier, the conditions at &he T, transition were con- 
sistent with the idea that phase hardening was caused by a martensitic 
transformation. This argument was also based on the assumption that 
flash temperature was produced when all the load was borne at a single 
region. However, Welsh found that for loads greater than T,, after 
the estgblishment of mild wear, the intense hardening of the surface 
layers was not maintained. As mild wear proceeded the hardness of 
the surface layers declined, implying that, under mild wear condi- 
tions, the load was more widely distributed. 

CONCLUSIONS 
This review ha,s stressed fundamental studies of wear, and although 

it may be regarded as a counsel of perfection, the aim of such studies 
should be to reveal, in detail, the ways in which wear occurs. Nor- 

*Clark, W. T. ; Pritehard, C. : unpublished. (See Pritchard, C., contribution to 
diseussion, Lubrication and Wear Convention, Inst. Mech. Engrs., paper 21, 
May 1967). 
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mally this implies discovering the way in which material, originally 
a part of one rubbing member, eventually becomes loose detached 
debris. Judged on these standards, our knowledge of wear is less than 
our knowledge of the allied subjects of friction and lubrication. 

Wear is a complex subject, though. For example, the aspect of wear 
about which most is known is transfer by metallic welding (adhesive 
wear). But, in many rubbing situations, this is only one part of the 
complete wear mechanism. Moreover, it seems possible ,that the major- 
ity of “normal wear” in successful engineering systems does not involve 
metallic transfer at all. Under these conditions mild wetar occurs, and 
here again, fundamental knowledge is meager. It is also clear that 
chemical reaction between the environment and the rubbing surfaces 
often plays a vital role. For example, the importance of oxide films, 
in the unlubricated wear of metals in air, has been established in the 
transition from severe wear to mild wear. However, the detailed role 
of oxide film, once mild wear is established, is not clear. 

One possible mechanism of mild wear has been examined in more 
detail: the growth of oxide films and their removal at the areas of 
contact. However, experimental evidence does not support the cor- 
responding theories, and further study is needed. 

It seems that we have not yet discovered how to establish the de- 
tails of all wear mechanisms. Even when worn surfaces and loose 
debris are examined using sophisticated techniques, the sequence of 
events by which they were produced cannot always be established. 

Against this limited knowledge of mechanisms of wear, the classifi- 
cations of wear have been reviewed. Although such classifications have 
a useful role to play as a broad statement of present knowledge, their 
value in a more basic approach has been questioned. 

Finally, it ‘should be emphasized that part of our interest in wear 
arises from the potential it offers for the application of knowledge 
from a wide range of scientific disciplines. For example, a contact of 
size cm, rubbing at a speed of 100 cm/sec, could well involve the 
following combination of physical conditions : pressures, greater than 
lo5 psi; temperatures, 500° to 1000° C above ambient; duration, 100 
microseconds. Perhaps the application of a range of scientific dis- 
ciplines to the study of wear would also broaden those disciplines. 

DISCUSSIONS 

E. Rabinowicz (Massachusetts Institute of Technology, Cambridge, Massachusetts) 
A s  is invariably the case with his papers, Dr. Archard’s contribu- 

tion to this symposium is interesting, important, and relevant. He has 
produced a very comprehensive evaluation of the wear field. I n  my 
discussion, I want to  make a few brief additions to some of his topics, 
and then make a more detailed assessment of his conclusions. 
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In regard to the history of wear, I have recently discovered that the 
first p m n  to discuss a wear problem, that of material remowl1,dur- 
hg polishing, was none other than Newton in 1704 (ref. 115). His 
conclusion, that polishing is simply abrtmion on a r e d u d  dimensional 
scale, is currently controversial (and in my opinion incorrect), but 
has the powerful support of Samuels (ref. 116). All in all, the pedigree 
of wear is seen to be about on a par with that of friction, whose ances- 
tors include Leonard0 da Vinci, Euler, and Coulomb. 

Dr. Archard makes the point several times that h e  oxide d e p i t s  
lead to abrasive wear. This comment is frequently made, especially 
iri regard to fretting (I have dona so myself on many occasions). But 
two types of information have recently become available which make 
me doubt that oxids particles cause any appreciable amount of abra- 
sion. The experiments of Rabinawicz and Mutis (ref. 117) show that 
abrasive particles of mall grain size give greatly reduced abrasive 
action ; further, some unpublished mlcul&ons of mine show that 
values of K which arise during the fretting of lubricated surfaces are 
generally about 1W. "his is typiml of adhesive wear situations, but 
much too low to be abrasive wear as we generally defhe it. 

Dr. Archard quotes Oberle's work and his use of the HIE ratio. 
Oberle gives a table of HIE ratios for various metals, and finds that 
metals with the highest HIE ratios are most resistant to wear. His 
procedure is attractive, but logically it is suspect. The ratio HIE is 
essentially a constant of value 1% for all metals not subject to creep. 
The metals which do creep at  room temperature are a special class 
with a number of unusual properties (low hardness, low melting tem- 
perature). Thus, the fact that these metals behave differently may not 
be related to a lower HIE ratio at all. The point is that the strength 
properties of metals are so highly intercorrelated that it is difficult to 
prove by considering a batch of metals that a given effect arises from 
a given cause and no other cause. Much other work in the litera- 
ture is open to the same objection (e.g., Bowden and Hughes (ref. 
l lS ) ,  work on polishing, in which case, because of the high correlation 
between hardness and melting temperatures, it is difiicult to judge 
whether powders polish because they are hard or because they resist 
melting). 

My main point deals with Dr. Archard's conclusions that studies 
of detailed wear processes are needed. As he admits, this is a counsel 
of perfection but I go further, and regard it as the kind of counsel 
one gives to other people rather than to oneself, bearing in mind the 
relatively meager practical results which have come out of such 
studies in the past. 

Before examining wear on a microscopic scale, we should direct our 
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attention to macroscopic aspects, of which we have to date only 
scratched the surface. Equation 1, of Dr. Archard's paper, 

v m  -- L--3Hf  
seems to me to be the most fruitful jumping off point- To extend it, 
we note that K is nondimensional, and write 

K==f(rI, re, Ta, etc.), 

where the T terms are nondimensional parameters, representing ratios 
of like-dimedona1 quantities. 

Now we are launched into a hunt for r terms which might influence 
wear. For hexagonal metals, one such ratio has been identified, that 
between ithe c and a dimensions of the crystal lattice (ref. 119). Table 4 
shows the relatively good correlation we have measured between K and 
the cJa ratios of a number of hexagonal metals. 

Another potent ratio is that between W a b ,  the interfacial energy of 
adhesion ,at contact, and the surface energies ya and yb of the two 
contacking materials. As Machlin and Yankee (ref. 120) have pcstu- 
lated, especially Significant is the ratio of Wab to the surface energy 
of .the softer material. This ratio is high for compatible materials 
(in the metallurgical sense of high solubility) and low for incompati- 
ble materials (ref. 121). This correlation between K and compatibility 
is strikingly borne out in wear studies (tsble 5 ) .  Further work on com- 
patibility effeds, dong the lines embarked on by DeGee (ref. 122), 
is very obviously called for. 

A geometrical ratio which seems to be significant is the plasticity 

TABLE 4.-Wear Coefiknts, K ,  of Hexagonal Metals Arranged in 
Order of Increasing c/a Ratio a 

~ 

Metal c/a ratio Wear 
coefficient, K 

Hafnium 1.583 68X lo-' 
Titanium 1.586 23 
Zirconium 1.588 42 
Thallium 1.600 2 
Rhenium 1.615 .04  
Magnesium 1.620 12 
Cobalt 1.623 .81  

"Riders were slid against flats of the same metals, under 200 g load, at a speed 
of 10 cm/sec. 
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TABLE 5.---Oompar&on of Coelgicients and Compatibility Ratings of 
Metal Pairs 

Metal pair Compatibility Wear coefficient, K 

Copp =-lead 
Nickel-lead 
Iron-silver 
Nickel-silver 
Iron-lead 

Silver-lead 
Magnesium-lead 
Zinc-lead 
Silver-silver 
Aluminum-zinc 
Aluminum-nickel 
Aluminum-copper 
Aluminum-silver 
Aluminum-iron 
Iron-zinc 
Silver-zinc 
Nickel-zinc 
Zinc-zinc 
Magnesium-aluminum 
Zinc-copper 
Iron-copper 
Silver-copper 
Lead-lead 
Nickel-magnesium 
Zinc-magnesium 
Aluminum-aluminum 
Copper-magnesium 
Silver-magnesium 
Magnesium-magnesium 
Iron-magnesium 
Iron-nickel 
Iron-iron 
Copper-nickel 
Copper-copper 
Nickel-nickel 

Ahminum-letid 

Incompatible 
Incompatible 
Incompatible 
Incompatible 
Incompstible 
Incompatible 
Limited compatibility 
Compatible 
Incompatible 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 
Limited compatibility 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 
Limited compatibility 
Compatible 
Compatible 
Compatible 
Compatible 
Compatible 

0. lox 10-4 
0.21 
0.68 
0.68 
0.69 
1 .4  
2.5 
2.5 
2.6 
3 .4  
3.9 
4.7 
4 .8  
5 .2  
6 .0  
8 .4  
8.4 

11 
12 
16 
18 
19 
19 
24 
28 
29 
30 
30 
32 
36 
38 
59 
77 
81 

130 
290 

index developed by Williamson. This influences the way the load is 
carried during sliding and thus determines the transition between 
severe and mild wear behavior. 

In  conclusion, I would say that our present state of knowledge 
is the result of the peculiar history of the study of wear. Back in the 
1920’~~ 1930’s, and 1940’~~ when all the tools necessary for the study 
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of wear on a macroscopic scale were available, no research was done, 
possibly because everyone assumed that the available tools were inade- 
quate. I n  the 1950's, when radiotracer techniques for studying wear 
on a microscopic scale became available, much fundamental research 
was carried out with highly gratifying results. However, we can- 
not fit these results into perspective because macroscopic data are still 
lacking. We do not know enough about the effect of geometry or of 
compatibility, and we know next to nothing a b u t  the wear properties 
of multiphase or composite materials, or nonmetals, elastometers, or 
otherwise. Rectifying this deficiency seems to me to be the first order 
of business. 

C. N. Rowe (Mobil Research and Development Corporation, Princeton, New Jersey) 

Dr. Archard has presented a rather comprehensive and balanced 
appraisal of the literature on wear; I am in general agreement. The 
fact that the paper focuses largely on the descriptions and mechanisms 
of unlubricated wear testifies that knowledge of the critical parameters 
is limited, and a need exists for a deeper insight into wear procesm. 

The purpose of these discussions is to stress viewpoints that com- 
plement or deviate from those of the principal paper. Using these 
guidelines, I shall describe a few viewpoints that may hopefully stim- 
ulate discussions or suggest routes leading to further advanas in the 
study of war. 

Mild VI Severe Wear 

The author discusses several proposed models for differentiating 
between mild and severe wear. First, the transition from mild to severe 
wear is associated with the merging, by subsurface deformation, of 
loa1 asperities. Second, metal oxide is removed in the mild regime 
while large metal particles are removd in the severe region. The latter 
concept has d v e d  the most attention because oxide debris has been 
found in the mild region. 

An alternate proposal not discussed is that small metallic particles, 
in contrast to oxide particles, are generated in the mild regime and 
then undergo rapid oxidation, thereby giving the appearance of metal 
oxide removal. Larger particles removed under severe conditions would 
be less rapidly oxidized and appear as metal. Consider this order-of- 
magnitude calculation using the same values for oxidation that Dr. 
Archard used. For a wear particle cm in diameter coming off the 
surface at 1000" K (flash temperature), the time for complete oxida- 
tion is 0.001 second (p  in the equation k=P exp ( - &/RT) is 1.2 X 
lo2 gm2cm-4se~-1). For a particle of cm in diameter, the time is 
still only 0.1 second. I f  this calculation has merit, then small particles 
oxidize very rapidly, and the argument that oxide debris implies that 
oxide has been removed from the surface may be fallacious. 
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The formation of large particles in the severe region can result from 
the model discussed above (merging of local asperities), or may result 
from the aggregation of smaller wear particles in the contact region. 
Surprisingly, the aggregation of wear particles under sliding condi- 
tions has received little attention as a possible step in the sequence of 
events leading to severe wear. 

Wear Factor K 

Dr. Archard favors two interpretations for the apparent low values 
of K under unlu'bricated conditions : (1) one in about every thousand 
events results in a wear particle; and (2) each asperity must be rubbed 
about 1000 times before it results in a wear particle. A s  he states, we 
reported a modification of his (refs. 123 and 124) and Burwell and 
Strang's (ref. 125) expression for adhesive (metallic) wear in which 
it was assumed that weaz m u r s  only at  regions of metallic contact, 
and that the function of the lubricant is to control the amount of 
metallic contact (ref. 126). I n  this way the first-order contributions 
of the critical metallurgical and lubricant factors in K are segregated, 
thereby making it possible, in theory, to investigate each separately. 
Because this m d e l  leads to a different physical meaning of K than 
that described by Archard, it seems appropriate to review the model in 
greater detail and to examine it in light of available experimental 
results. 

The basic expression is 

where K,  is a true proportionality constant characteristic of the slid- 
ing surfaces, and A ,  represents the true metal-metal area of contact 
and may be related to the real area of contact A by a. It follows that a 
is a oharacteristic property, or a combination of properties, of any 
lubricant species within the area. of contact. That is to say, a is deter- 
mined by what happens to the lubricant film under slidiug conditions, 
and is not necessarily determined by the nature of the lubricant 
molecules at the lubricant-metal interface outside the conhot area. 
The weakness of this model is that it does not describe khe sequence 
of events that leads to film disruption and the consequent metal-metal 
mntact. It focuses on those local areas in which metal-metal contact 
has occurred. 

The ensuing problem, as to what lubricant properties are critical 
in a, is a diflScult one. Intuitively, the rheology of the surface or 
boundary film is important, but such knowledge of molecular films at 
the existing pressures and shear rates in a contact area is scanty. Be- 
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cause adsorbed fdms are the last line ,of defense against metal-metal 
contact a model was constructed in which the heat of adsorption of 
the lubricant is a critical parameter. Using this model for a, an aver- 
age value of about 0.2 for Km was calculated for copper sliding on 
steel with conditions of varying load, sliding velocity, and tempera.- 
ture, using n-hexadecane as lubricant (ref. 126). 

I n  a nitrogen atmosphere the wear rate of a copper pin against a 
steel disk was 3.3 X IO4 cm3/cm, giving a value of 7X for K=Kma. 
Again, using the heat of adsorption model for a and the value of 
0.2 for Km (a=3.5X10-2), the calculated heat of adsorption of the 
nitrogen on the sliding metal surfaces is about 7 kcaljmole, which is 
reasonable for initial coverage of metals (ref. 127). Thus, these results 
suggest that the concept of unlubricated sliding is not strictly correct 
because adsorbed gases can reduce the metal-metal area of contact and 
thus function in some degree as boundary lubricants. If this s u p p i -  
tion has merit, then the values of K reported, for example, in table 1 
of Archard's paper, may be low because of adsodmd gases or vapors. 

Because the proposed model for a has not been firmly established, 
a more direct determination of Km that does not involve u is desirable. 
(Needless to say, wear rate measurements with clean surfaces, where 
u+l, at high vacuum would be of no use because the wear process 
would most likely be catastrophic and thus is unlike the mild wear 
process about which we are concerned.) One approach is to examine 
K m  in terms of the dimensions (shape factors) of wear particles. 

Letting N be the total number of wear particles in a sliding distance 
of L, and 72, be *he number of metal-metal junctions making up the 
true metal-metal area of contact at #a given instant, equation 16 can 
be expressed as 

T=Kmnmam)  

where 8 is the average volume of a wear particle, and a, is the average 
cross-sectional area of a metal-metal junction. A reasonable assump- 
tion is that the junctions are initially circular, but assume an elliptical 
shape with the major axis along the direction of sliding because of 
tangential stresses and adhesion (ref. 128). Letting I equal the length 
of the junction and defining L= NJ,  where No represents the number 
of times the metal-metal area of contact is repeated in sliding distance 
of L, then the total number of metal-metal junctions, N,, in a sliding 
distance of L, becomes Nan,. Substituting and rearranging gives 

N u  jy -_._. 
"-Nm aml 

It is evident that the ratio N,Nm is the probability or frequeney, P m ,  
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that a given metal-metal junction will result in a wear particle. It is 
apparent that Km and probability are not synonomous, as Archard 
stated, but are related through a wear particle shape factor. 

Rabinowicz (ref. 128) observed that transferred wear fragments of 
copper adhering to steel have dimensions approximating a semi- 
ellipsoid. Finkin (ref. 129) studied the sizes and shapes of wear 
particles and found that they have a length, width, and thickness, 
all of which are significantly Werent. Most significant is the finding 
by both workers that there is a relation among the dimensions that 
is independent of the size of the fragments or particles (ref. 128). 
Assuming the particle shape to be an ellipsoid or a semiellipsoid, the 
volume will be ?rlwh/6, where I ,  w, and h are length, width, and 
thickness, respectively. The area of the junction a, can be expressed 
as nZw/4. Thus equation 18 becomes 

2h K - P,. m-5i 
I f  P m  is indeed unity, Km can be estimated from the shapes of wear 
particles. Conversely, if Em can be determined by some other method, 
such as proposed in reference 126, then Pm can be estimated from the 
shape f mtors of wear particles. 

Rabinowicz (ref. 128) anaiyzed the size and shape of transferred 
copper fragments from a radioactive copper pin sliding on an unlubri- 
cated steel surface. Table 6 gives the relative dimensions, which are 
independent of fragment size, and the calculated value of E m  using 
equation 19, and assuming Pm is unity. The agreement of the value of 
0.20 with the value of 0.2 for copper sliding on steel in the presence 
of n-hexadecane lubricant tends to confirm the assumption that P,,, 
is near unity, and may be taken as supporting evidence for the pro- 
posed adsorption model for a in reference 126. 

Finkin (ref. 129) measured the size and shape of over 100 particles 
*hart resulted from a ring rubbing against an unlubricated fiat for 
each metal in table 6. The calculated values of E m ,  from the relative 
dimensions in table 6, show that E m  is dependent on the metal. The 
excellent agreement of the value for copper, with the calculated value 
from the copper-on-steel results of Rabinowicz, is noteworthy and 
reassuring. The overall agreement is suggestive that the probability P m  
for a metal-metal contack is near unity, and that adsorbed gases or 
contaminants are probably responsible for the low values of Ez cal- 
culated from weaT rake measurements under dry sliding conditions. 
I n  other words, this analysis suggests khat two kinds of events occur 
simultaneously during dry sliding : one when the opposing laad-sup- 
porting asperities have a metallic interface, and one when a boundary 
film existi3 at the asperity-asperiky interface. 

323-472 0-m-ai 
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The weakness of this approach for estimating Km is khat the size of 
the particles are on the order of 50 to 1000 microns, which is several 
orders of magnitude larger than those found in the mild wear reghe; 
therefore, it must be questioned whether the shape factors are similar 
in both regimes. It is $bus apparent that a study of particle shape 
factcyrs with different nonreaating lubricants would be helpful in 
evaluating Km. It should be noted that Rabinowicz (ref. 130) has 
found athat particle size does depend on the lubricant. 

The factor Km represents in part the tendency of materials to wear 
by adhesive bonds (welding). We now need to identify the metallur- 
gical or physical properties that influence this tendency. Rabinowicz 
(ref. 131) considers the ratio of the surface energy to hardness to be 
a critical factor. Archard discussed the ratio of hardness to elastic 
modulus in abrasive wear and in elastic deformation of asperities. 
Table 7 compares the parameter H/Km with H / y ;  the values are 
expressed in this manner since H/Km denotes ‘(adhesive wear resist- 
ance,” LW/V, the product of sliding distance and load per unit wear 
volume. Also tabulated are the relative abrasive wear resistance 
values reported by Khruschov (ref. 132) and the hardness/elastic 
modulus ratios: Notice that all four parameters exhibit the same 
trend of increasing resistance to wear. This qualitative agreement 
appears worthy of further investigation using other materials. That 
the adhesive and abrasive wear resistances of these four materials 
exhibit the same trend is of interest in itself, and requires further 
study. Apparently a close relation between adhesive and abrasive 
wear properties of metals has never been quantitatively demonstrated. 

Another system in which a Km value has been calculated is in the 
lubrication of graphite by vapors (ref. 133). Again, the adsorption 

TABLE 6.-Calcub~on of K,,, 

Metal llw llh Kma 

Copper-on-steel b 1.7 3.4 0.20 
Copper 0 1.59f 0.088 3.82f 0.305 0.18 
Aluminum 1.71f0.144 4.16f0.328 0.16 
Mild steel 2.1lfO. 205 6.49f0.519 0.10 
zinc 1.55f 0.077 7.38f 0.580 0.09 
Copper-on-steel d _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0 .2  

* Except for last value, the calculated values assume Pm is unity. 
From ref. 128. 

o 95 percent confidence level (ref. 129). 
d From ref. 126. 
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TABLE 7.-Cmpa&on 04 Wear Resistance Parameters 
[From refs. 131 and 1321 

Adheaive Relative Hardness/ Hardness/ 
wear abrasive surface elastic 

Metal resistance, wear energy, modulus, 
HIKmi resistance, H / y ,  cm-1 HIE 
kg/cma e 

Aluminum 1.7 3.6 3 . 3 x  106 4 . 3 ~  10-3 
zinc 4.2  6.5 4 . 8 X  106 4 . 2 ~  10-3 

Mild steel 27.0 22.0 _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 4 . 0 ~ 1 0 - 3  
6 . 7 X  Copper 4.4 10.0 7 . 1 X  106 

model was used for a, and the calculated value of K, is about 3.5 X 
Because K ,  represents the height worn per unit sliding distance, the 
calculated thickness of .the graphite removed, in a sliding distance 
equivalent td the diameter of the rider, is on the same order of magni- 
tude as the interlamellar spacing. Thus, one may be attracted to the 
thought that .the graphite wears by the removal of individual lamellae, 
which certainly would be consistent with the concept of the function 
of graphite in friction phenomena. However, Savage and Brown (ref. 
134) found that the graphite debris consisted of platelets of approxi- 
mately 3500 Angstroms in diameter and 20.4 Angstroms thick. Thus, 
the probability of forming a platelet would be P,= (35O0/20.4)Km= 
6 X This low value provides quantitative evidence for the fatigue 
process of graphites mentioned by Archard. Further evidence that the 
value of 3.5 X is reasonable can be found in a wear rate study of 
graphite cornpads in ultrahigh vacuum (10-s torr) by Bryant and 
Gutshall (ref. 135). They report a wear rate of 0.006 mm/min. The 
oalculated wear rate m8m;ng that the apparent area of contact is the 
true area of contact is 0.005 mm/min ( h=K,L=3.5 X X 2.4 X lo3 
X 60 mm/sec X sec/min= 0.005 mm/min). Thus, the calculated value of 
K ,  from wear rate data under lubricated conditions appears to support 
what may be considered conflicting observakions. Clearly, additional 
wear rate studies are needed to achieve a fuller understanding of the 
graphite wear process, especially to determine if the wear rata is inde- 
pendent of the apparent area of contact for this system. It is also worth 
noting that pyrolytic crystalline graphite showed negligible wear in 
high vacuum (ref. 135) so that the Km value must depend on the nature 
of the graphite substrate as well. I n  comparison with the metals, the 
low value of K ,  may be indicative of the wear characteristics of lamel- 
lar solids. 
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As a final comment on Km it must be statad that since the critical 
physical properties of the sliding surface are unknm, it is not pos- 
sible to predict the effect of temperature (phase transformations, etc.) , 
work hardening that may owur during sliding, minor changes in cum- 
position, or possible diffusion of lubricant or lubricant fragments 
into the substrate. These phenomena ca.n most likely be investigated 
provided Km per se can be experimentally measured. 

Chemical Wear 

Archard discusses in %me detail the chemical wear theory proposed 
by Quinn (ref. 136). It is agreed that the analysis of wear in an oxygen 
atmosphere is worth pursuing. As Rowe and Fowles pointed out in 
a discussion of Quinn’s paper (ref. 137), and as Archard stated inde- 
pendently in his discussion, the probability must be changed by the 
factor t / d ,  the ratio of oxide film thickness and junction diameter. 
Upon making &is change, Quinn finds that 6, and not p/d, may become 
constant at  10“ cm at high flash temperatures. This constant value 
would be in agreement with recent work of Rabinowicz (ref. 138) thus 
lending support to the concept of a critical oxide film thickness. 

As Arohard statad, the question remains as to what temperature is 
important, flash OT mean surface. The importance of this ques6ion is 
indirectly borne out in Quinn’s work in that the K factors fall within a 
range of la( 7X10-8 to 7 X while the calculated oxide film thick- 
nesses vary over a range of lo8 ( X to lPS cm) . It may be expected 
that if the oxide film is important in preventing wear (chemical wear 
will take place if the film becomes very thick), then a larger variation 
in the K factor should result. Moreover, Quinn observes the highest K 
factors when the calculated oxide film thickness approaches 1W cm. 
In contrast, Rabinowicz (ref. 138) believes a minimum thickness of 

cm is required to prevent metallic contact. On this basis, films 
less than cm should result in higher K factors because of metallic 
contact. Clearly, more work is needed to resolve the role of oxide films 
in wear. In all probability, mathematical models of both adhesive and 
chemical wear must he considered simultaneously in order to achieve 
better understanding. For example, by considering #both wear processes 
one may be able to predict the minimum in the curve of the wear rate 
vs. oxygen concentration. 

C. M. Wayman (University of Illinois, Urbana, Illinois) 

I am pleased with the invitation to participate in this interdiscipli- 
nary symposium and to present some comments on Dr. Archard’s paper 
on wear. It is always pleasant to expose on& self to a new subject 
through a broad, well focused review such as Dr. Archard’s. As do 
most interesting subjects, Dr. Archard’s account makes clear the nu- 
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merous processes in wear. The complexity of wear reminds me of the 
welding process, where, as a former professor pointed out, steel- 
making, solidification, heat treatment, and deformation all occur :kt 

essentially &he same time. It seems clear that the questions raised 
by wear far outnumber those which can satisfactorily be answered 
at  this time. But this is a healthy situation, and it is gratifying to see 
here a mustering of forces to engage the problem in an interdiscipli- 
nary way. My participation here finds me previously unexposed to the 
general subject of wear; thus I am fortunately not involved in the 
existing controversies, but unfortunately some of my comments will 
reflect my ignorance. 

I n  this discussion, aspects of lubricated wear are not considered, in 
accordance with the mainstream of Dr. Archard’s paper. 

In general, I find myself wondering about the condition of various 
test specimens ; they are not well specified in many cases. For example, 
terms such a,s ~rrwoth and flat are not well defined, whereas these can 
be resolved to a scale of at least a few hundred angstrom units by inter- 
ference microscopy. Although the general wear situation may change 
when surfaces have settled down or run in, it is not clear that the 
initial surface condition of pins, rings, etc., is not important. Certainly 
the apparent contact area would more closely approach the true con- 
tact area if the rubbing members were carefully lapped, with, say, a 
vibratory polisher or an electropolisher. Such techniques can produce 
flatness to within a few hundred angstrom units, and in terms of Dr. 
Archard’s size classification relevant to mild vs. severe wear, may not 
involve the blending of small-scale contacts into large-scale contacts. 
One thus wonders about the wear behavior of two pin-ring combina- 
tions, the only difference otherwise being in initial flatness, perhaps 
suggesting a difference between atomic and engineering wear. One 
should also consider that even conventionally well-machined surf aces 
are severely work-hardened to begin with, whereas a spark machined 
surface, subsequently ele,ctropolished, is relatively soft. The recently 
developed technique of scanning electron microscopy should prove 
invaluable in studying surfaces initially as well as after various 
degrees of wear. Likewise, the wear particles themselves could be 
studied in greater detail. The great depth of focus of the scanning 
electron microscope (coupled with its high resolution), employing 
secondary electron emission, is naturally suited to metallic specimens. 

Along the same lines, I could not determine if the pins used in 
rubbing experiments were taken from a cold drawn or swaged rod 
(having characteristic grain orientation), or were removed from an 
annealed block of material having essentially randomly equiaxed 
grains. In the former case one not only has to contend with the fact 
that the specimen is in&aZZy coldworked (rather than during wear), 
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but also that a preferred grain orientation may exhibit a pronounced 
consequence, especially since friction is related to rubbing plane orien- 
tation. Likewise, the grain size per se must be important since ahoms in 
a grain boundary, having on the average fewer neighbors, have a 
tendency to acquire more neighbors. This tendency would be a source 
of frictioh. (Dr. Archard points out that wear rates can vary by lo5 
whereas frictional coefficients may vary by only a factor of three or so. 
In this cunnecition it is not certain that the measured coefficients of fric- 
tion are the true ones because of the difference between the true and ap- 
parent areas of contact.) Also, the well annealed (soft) vs coldworked 
nature of rubbing specimens should be important in an overall wear 
experiment, as evidenced by the work on steels which suggests that 
only mild wear occurs once the rubbing members reach a certain hard- 
ness, (or flow stress). I n  fact one wonders how wear results would com- 
pare if, other things being equal, both annealed and coldworked pins 
were made to rub on a given ring. Thus it would seem important to 
characterize thoroughly the initial state of rubbing members at least 
as to grain size and randomness, hardness, and initial surface flatness. 

Much useful information has been and will be obtained from pin- 
ring tests, but one wonders if this method tends to obscure certain 
trends. Since the pin is usually small relative to the ring or rubbing 
substrate, the bulk of the thermal effects due to rubbing may be con- 
centrated in only one member of the couple (Ithe pin) to the extent 
that dynamic conditions are always present, and that both softening, 
diffusion effects, and hardening processes are manifest concurrently. 
One also wonders about the effect of the thermal conductivity of the 
rubbing members. Apart from other differences, one might expect 
different effects from, say, brass, a good conductor, and stainless steel. 
I n  the latter case, thermal effects due to rubbing would likely be more 
localized due to relatively poor conduction. Perhaps a systematic 
investigation based on thermal conductivity would yield interesting 
information. 

The formation of oxides during wear raises questions about which 
little is apparently known. The view has been presented that mild 
wear may correspond to the rupturing away of small oxide particles, 

em on a side, whereas severe wear involves welding and the 
formation of much larger (metallic) wear particles. One could ques- 
tion to what extent oxides behave like jeweler’s rouge: smoothing out 
the rubbing surfaces and preventing any large scale grab or adherence 
leading to severe wear. It seems clear that the absence of oxides would 
exclude mild wear, and thus one may think about some useful experi- 
ments performed under refrigerated conditions. Almost any rubbing 
experiment could be carried out at liquid nitrogen temperature, thus 
deterring oxide film growth. Would only severe wear then result? It 
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would be interesting to compare two identical experiments, one carried 
out at room temperature and the other at, say, '77" K. Equivalently 
the same kind of information may result from experiments carried out 
in a reducing atmosphere, or by working with noble metals such as 
gold. Noble metals, though, as Dr. Archard points out, encounter 
special difficulties because of a tendency for clumps of particles to 
build up at the leading edge of a rider; the load is borne by the clumps 
rather than by the rubbing pin. This kind of effect, however, may not 
really be a point of peculiarity, but may only reflect certain metallurgi- 
cal differences. For example, a room-temperature wear comparison 
of, say, gold vs cartridge brass is not a fair one, even though both are 
fcc. I n  the first place gold is generally produced of 99.99 or 99.999 
percent purity, aad is soft because of no appreciable solution-harden- 
ing. Cartridge brass, on the other hand, containing -30 percent zinc, 
is highly solution-hardened. (For example, the critical resolved shear 
stress of 99.9 percent Ag is four times (200 psi) that of 99.999 percent 
Ag.) Likewise, it would not seem fair to compare say Au to Pb of 
comparable purity in room-temperature wear experiments because 
the temperature at which the experiments are carried out would be 
O.2Tm for Au in contrast to 0.5 T,  for Pb  (where T, is the melting 
temperature in OK). Thus when an allowance is made for the purity, 
test temperature, and load, relative to T,, the wear situation may not 
be so different after all. Of course the oxide film problem can also be 
minimized in the experiments now being conducted in ultrahigh 
vacuum. Much will be learned about surfaces and adhesion in these 
UHV experiments. 

Numerous effects can be superimposed during a typical wear experi- 
ment, as evidenced by the observation that a low carbon steel may be 
made harder during wear than is possible by heat treatment alone. 
This probably indicates the combined effects of martensitic hardening 
(which is reported), work-hardening, and/or the formation of brittle 
phases such as oxides and intermetallic compounds. The high tempera- 
tures in some of the wear experiments may cause significant diffusion 
leading to both hardening and softening processes. Softening 
prooesses would be those such as recrystallization, tempering, and over- 
aging ; hardening processes would include solution hardening by 
alloying, the formation of new phases such as brittle oxides and inter- 
metallics, and martensitic transformation. Although it has been well 
taken that rubbing steels can form martensite, it should also be con- 
sidered that the temperatures involved may also cause tempering and 
hence softening. I n  view of the many likely diffusion effects which 
can occur during wear experiments, it would seem that greater insight 
might be obtained by microprobe analysis of various worn surfam 
and subsudm. 
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Another puzzling question about wear is the nature of the deforma- 
tion processes involved. The severe in-rubbing of surfaces laving 
gouges and resulting in the gross removal of particles (or clumps of 
particles), coupled with the observation that worn debris is in a hard- 
ened condition, suggests the importance of plastic deformation. This 
also follows from the correlation of wear rate to the ratio of yield 
strength and elastic modulus in certain experiments. However, the brit- 
tle rupturing or fracture of oxides and metallic asperities may be an 
important mechanism. One might also consider that the combined 
effects of load and heat would enhance the “quashing out” of asperi- 
ties by plastic defomation, and in this way the true contact area could 
significantly increase, leading to consequences in the wear behavior. 
On the other hand, in certain works, it  is indicated to be unclear 
whether the wear process involves elastic or plastic deformation, and 
there are suggestions (particularly for rolling contact) that fatigue 
may be an important process in wear. 

As far as deformation mechanisms are concerned, there are several 
experimental avenues which might produce results. It seems important 
to learn more of the deformed state of surface and subsurface regions 
after wear has occurred (e.g., depth of the wear affected zone). Trans- 
mission electron microscopy might be valuable here. This is particu- 
larly so now that techniques are avail8able for removing sections from 
bulk pieces b revml conditionsat or near the surface (e.g., dislocation 
density and cell strudure) . Such experiments have recently been per- 
formed in my own laboratory to study surface oxidation effects. Also 
to be considered in greater depth is the fatigue deformation. One 
wonders about the outcome of wear experiments when the surfaces have 
been preconditioned with favorable stress distributions. For example, 
fatigue life can be extended subsbantially by shotpeening. Such treat- 
ment produces residual compressive stresses that partially nullify 
cyclical tensile stresses. One might similarly expect a difference in wear 
behavior in, say, peened vs unpeened rubbing members if indeed micro- 
fatigue mechanisms are responsible for the removal of worn particles. 
Following the argument presented by Dr. Archard, if K=10-3 and if 
microfatigue is involved, then a typical asperity must be rubbed 1oY 
times before it is removed. Fatigue failure at  lo3 cycles, by comparison 
to typical S-N curves, indicates that the stresses thus involved would 
not be greatly different from static yield stresses, signifying again khe 
importance of plastic deformation in wear processes. 

I n  Dr. Archard’s paper, several experimental points that were not 
clearly resolved may be worth brief mention since they were sources of 
confusion to me as an uninitiated reader. It is reported that worn 
particles are signscantly harder than the members from which they 
are removed. One wonders how this is established, since it is difficult to 
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determine the microhardness of such mall particles or aggregatss, even 
though their chemical activity should be higher in the oold-worked, or 
hardened, state. 

The transfer of material from one rubbing member to another, such 
as brass to stellite, is an interesting problem. One wonders about .the 
basic principles involved: Does this vary according to the chemical 
dissimilarity, or alloying tendency, of rubbing members, or does a ma- 
terial, once mechanically embedded in an opposing surfae, attract 
species of its own kind from, say, a pin which is comparatively hotter 
due to frictional heat? It is reported thak welding (which should favor 
severe wear) is most pronounced when materials are mutually solu- 
ble. Thus should the rubbing of two metals which are mutually in- 
soluble lead to the absence of severe wear? I n  addition, one wonders 
what is involved in transfer in cases where the substrate is covered by 
an oxide film. If ,  as is suggested, mild wear is associated with oxide 
film disruption, the K factor should be reduced by d/a (where a is the 
radius of the contact area, and d is the film thickness). Is this borne 
out by experiments where oxide films are definitely established? 

It is also shown that once a critical hardness is reached, only mild 
wear occurs, and thus.one wonders if a severely work-hardened pin 
does not exhibit severe wear. Since oxide particles (or intermetallics) 
are evidently generated in profusion during wear, it appears that dis- 
persion hardening effects due to such phases should not be overlooked; 
and, it seems possible that while some oxides definitely exert an abra- 
sive influence, others may perform a lubricating function and thue 
lead to contrastingly different wear behavior. 

Finally, it is encouraging to  see work like the recent investigations 
reported by Buckley in which fm, bcc, and hcp crystals of known 
orientadion are rubbed in ultrahigh vacuum. Systematic carrelations 
between friction, welding, and crystal &ruotures are evolving. Like- 
Wise, the importance of the relative orientation of close-packed crystal 
planes has been established; in each case those of highest atomic 
density m u 1 1  in lowest friotion. There is much to be said for the 
single orystal type of investigation, and especially sthose involving 
nonstandard materials. For example, much information on dislocation 
mobility and motion has been obtained by studying lithium fluoride, 
not a well-known compound. Our present knowledge of work-harden- 
;lg of metals has been increased substantially by single crystal investi- 
gations. It also seems that the study of a particular phenomenon in a 
material such as steel may not be efficient. As a case in point, our 
knowledge of martensitic transformations has been extended substan- 
tially by studying martensitic reactions in materials other than steel. 
Indeed, because of various complexities involved, one is not certain 
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today why martensite in steels is hard, although hardened steels have 
been employed technologically for centuries. 

R. S. Fein (Texaco Research Center, Beacon, New York) 

Dr. Archard pointed out that one of ithe most completely understood 
wear mechanisms is the severe wear .of 60/40 brass rubbing against 
hard materials. He also indicated th t  this severe wear mechanism 
may be typical for a soft metal against a harder one. The purpose of 
khis diecussion is to point out: (1) some aspects of this mechanism 
which need funther study, and (2) *he implications of these aspects 
for both basic research and screening tests for bearing materials and 
lubricants. points can best be made by reviewing the results of 
a four ball machine study. 

The study was conducted with 52100 steel rotating balls and 
“bronze” stationary balls.* This study under lubricated conditions in- 
dicated the same mechanism of severe wear as the dry sliding studies 
(refs. 139 to 141) discussed by Dr; Archard. Thus, transferred 
“bronze” was observed on the steel ball and, with a light solvent- 
neutral oil lubricant, “bronze” ball wear and friction were shown to 
depend on the history of the steel ball surface (not on the “bronze” ball 
surface history). Rnns under dry conditions, and with cetane as a 
lubricant, produced wear coefficients and smooth wear-versus-time 
curves in good agreement with Kerridge and Lancaster. This agreement 
was achieved despite the differences between machine configurations 
and, probably, test specimen materials. 

Lubrication lby the solvent-neutral oil reduced the steadyatate wear 
coefficient by over two orders of magnitude from that under dry or 
cetane-lubricated conditions. Further, as illustrated in figure 13, the 
lubricant introduced additional features in the “bronze” ball wear- 
versus-time relationship.** I n  the range of sliding distance marked 
stage 11, changes in slope (which appear small on a log-log scale) were 
observed corresponding to changes in volumetric wear rate of about 
two orders of magnitude. Friction coefficient changes were generally 
found correlating with changes in slope of the wear curves ; however, 
t.here were significant sliding distance displacements. An example of 
the latter is indicated by the large increase in friction near the end of 
stage I1 and the large increase in wear; in this case the friction increase 
precedes the wear increase by about 20 000 cm of sliding. Similar data 

*The quotation marks on “bronze” are used because subsequent analysis of 
these commercial balls indicated a brass-like composi$ion. 

**The data in figure 13 represent 23 individual runs. The sequence of runs 
waa randomized and each run ww made with new ltest specimens and oil. Fewer 
than 23 points are shown due cto essentially exact replication of wear and friction 
results near the sharp maximum and minima in the friction curves and loss of 
one friation point by equipment failure. 
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were also obtained at speeds of 0.34 rpm and 1800 rpm and loads of 20 
and 40 kg. In  all cases, qualitatively similar but quantitatively differ- 
ent stage I1 transients were observed, and the limits of the stages were 
different. By contrast, stage I and stage I11 (steady-state) data on 
friction and wear per unit load as a function of sliding distance, ap- 
peared quantitatively independent of operating conditions. 

It is apparent that even for this fairly well understood wear mech- 
anism, much remains to be learned about how the sequence of weap steps 
can lead to the observed stages and transients and why these depend 
so much on operating conditions. Further, it would be of interest to 
know the reasons for the indirect relationship between the friction and 
wear processes sometimes indicated by high wear rate and low friction 
(and vice versa) in stage 11. 

Table 8 presents data taken with three lubricants and using the aver- 
age steady-state (Le., stage 111) wear eoe5cient, on the constitution 
of the “bronze” at three locations in the wearing system. Obviously, 
there is depletion of the “bronze’s” zinc which has been transferred 
to the steel, and then further depletion in the loose wear debris. Fur- 
ther, the wear appears to decrease with increasing zinc depletion. These 
results indicate that there is a chemical factor in the wear process in 
need of further study. 

Further elabomtion of Dr. A’rchard’s severe wear mechanism should 
conceivably folllow .the dsiireotion outlined above. Much more impokant 
than &he indioated fukure study of severe wear, however, are the needs 
for more oareful basic research and materials screening. As Dr. 
Archard painked out, all wear processes seem to occur by a series of 
both concurrent and consecutive physical and chemical steps. As a 
consequence of lthe competiltive and sequenti.al nature of these steps, 
tmnsients qnd sensikivities to operating conditions would be expeoted. 
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Unless these phenomena are recognized, misleading experimentd re- 
sulk will follow. To illustrate, prior to obtaining .the above results 
((table 8), an explorabry study of the effects of lubricant constitution 
was carried out using fairly arbitrarily chosen operating conditions of 
load and run .time. The results showed a rational correlation of friction 
with lubricant composition at .the end of the run. However, when the 
wear data were subsequently examined, (they were not found to be 
rationally related to the lubricant. This observation led to the study 
discussed above (fig. 13), showing khat &he original screening test 
conditions gave resullts in lthe stage I1 or transient mgion. Thus, the 
friction (land wear) values obtained from this screening test pro- 
vided misleading lubricant comparisons. This illustrates the need .to 
exercise considerable caution before attaching significance to results 
from arbitrary tests. This is already widely recognized by those sophis- 
ticated &in friction, wear, and lubrication research and development. 
However, ik appears to need emphasis because this recognition often is 
not evident in publications or in the use of screening or specification 
tests. Consequently, people ltend ‘to be mislead by results which may be 
essentially meaninglw. 

D. 6. Flom (GeneraI’Electric Company, Valley Forge Technology Center, Philadelphia, 

I am interested particularly in Dr. Archard’ss last paragraph in 
which he cites the special conditions at rubbing contacts; namely, con- 
tiact size of cm, speeds of 100 cm/sec, pressures greaiter than lo5 
psi, ]temperatures of 500 to 1000” C, and durations of 100 microseconds. 
These conditions are strongly suggestive of those obtained during 
solid-solid impact which in turn can result in spallation. 

During thO pa& ken years, many laboraitories have developed tech- 

Pennsylvania) 

TABLE 8.-E$ect of Lubricant on Wear and “Bronze” a Constitution 

Atomic Ratio 0, Zn/Cu 
Average 

Lubricant wear coeffi- Wear Steel “Bronze” 
cient X 100 debris wear wear 

in oil surface surface 

3,9-diethyltridecano1-6 0.58 0.35 0.43 0.63 
Light solvent neutral oil 1.4 0.45 0.47 0.63 
SAE 90 mixed base oil 4.5 _ _ _ _ _ _ _ _ _ _  0.50 0.63 

a “Bronze’, of brass-like composition. 
b Steel on “bronze” at 1800 rpm for 15 hr (3.7X 100 cm) ; load, 20 kg; 100’ F. 
c New “bronre” Zn/Cu=0.63. 
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niques for producing high-speed impacts. One method is the “flying 
plate’’ technique in which a 6-inch compressed-gas gun is used It0 pro- 
pel a flat plate or “slapper” within the barrel of the gun so as to impact 
a stationary flat plate or “target” situated at the middle or end of the 
gun. Ordinarily, a thin slapper of lower inertia than the target is used 
if one wants to determine khc: threshold of spallation for a materid. 
What happens at impact is that a compressive stress pulse is propa- 
crated through the target at  shock velocity, and, on reflection from an b interface of lower impedance (e.g., air), a tensile stress is developed 
which can be sufficient to cause fracture, or spallation, if the initial 
impact velocity is high enough. The fact that spallation usually occurs 
from the rear surface of a target should not deter us from considering 
it in connection with wear since most compressive pulses develop a ten- 
sile tail; consequently, for this and other reasons, front surface spalla- 
tion is not uncommon. 

For kypioal pllastics and composites, spallation occurs at pressures 
of 0.5 to 5 kilobars (i.e., N 7000 to 70 000 psi) at  impact velocities of 
perhaps 0.05 to 0.2 mm/p sec (165 to 660 ft/sec) and with impact dura- 
tions of a few microseconds. The exact numbers depend on *he dynamic 
equations of state for ithe materials involved. 

For mdals, spallation occurs a% pressures of greater ,than 10 kilobars 
but usually less than 100 k,ilobars. The temperatures during impaat are 
more difficult ta specify although it is certain that these can be high. 
Also, if khe gun is not s&cienkly evacuated ahead of the flying plate, 
gas ;temperatures owing to compression just prior to impact can be 
high enough to scorch the face of the barget. Et is interesting to note 
that khe results of hypervelocity particle impact experiments are ex- 
plained best by hydrodynamic equakions, indicating that the solids in 
impact behave like liquids. 

The idea that fracture and spallation can contribute to wear has 
occurred to others (ref. 142). However, it does bring to the subject 
a viewpoint somewhat different from that customarily employed. I 
think one of the important points is that, in wear, we should be think- 
ing in terms of dynamic properties and equations of state of the 
materials involved rather than in static properties. 

J. J. Bikerman (Horizons Incorporated, Cleveland, Ohio) 

It is interesting to imagine what Coulomb would have said on 
the elementary mechanism of wear in air. When two metal asperities 
are “in contact” in air, there is no atomic metal-to-metal contact 
between them. They are always separated from each other by ad- 
sorbed oxygen, water and so on. However, stress is readily trans- 
ferred through the adsorbed film. 

I f  the average tilt of the support asperities were, say, lo”, then 
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a tangential force proportional to tan loo would be sufficient to raise 
the slider over the obstacle and to continue sliding. On the other 
hand, if a particular hill had a slope of, say, 30°, the above force 
would be insuflicient. Consequently, in the latter case, the force which 
was previously spread over many contacts would now be concen- 
trated at the steeper MI. As the asperities are small to begin with 
and as the “contact” area (through which the stress is transmitted) 
is small compared with the surface area of an asperity, the local 
stress (Le., the ratio of the concentrated force to the microscopic 
“contact” area) is very high. It may be high enough to initiate a 
crack in one of the two hills pressing each other. 

This mechanism would account for the fact that only one in many 
“contacts” results in the formation of a wear particle. It also leads 
to the expression W-a3  (where Wp-volume of removed material, 
and a=radius of contact area) as the chunk broken off an asperity, 
on the average, may be expected ta be greater when the hill is more 
voluminous. It may, moreover, supply the mechanism for the decrease 
of the wear rate on an increase in the speed of sliding. When this 
speed increases, the depth to which a hill of the slider descends in 
a valley of the support gets smaller (as the hill simply has no time 
to descend far) and, consequently, the probability of hitting a par- 
ticularly steep slope decreases. 

J. A. Schey (IIT Research Institute, Chicago, Illinois) 

It is rather regrettable thst some of the most sophisticated work 
on khe mechanisms of wear has been conducted with 60/40 brass as 
the specimen material. While this material has many desirable tech- 
nological properties in  addition to low price, it is rather poorly de- 
fined, and it is unlikely that results could ever be reproduced on a 
different batch of material. For varying reasons, the value of much 
of the work on friction and wear is greatly reduced by the unknown or 
unidentified condition of the experimental materials, especially steels 
and other alloys. Material properties are highly dependent on prior 
bhermomechanical history. 

I would suggest that a few simple steps be taken to insure greater 
reproducibility and relevance of experiments and to allow for the 
integration of ;the work of several researchers into a logical, general- 
ized treatment. First, a list of preferred experimental materials (both 
metals and lubricants) should be drawn up. These materials should be 
used unless there is some pressing reason to select a less well-defined 
material. Second, a basic stock of pedigreed materials, accessible to 
all researchers, should be established encompassing steels and at least 
the most important copper nickel and aluminum base slloys. Third, 
whether as wriber, editor, or referee, we should w u r e  that only work 



W E A R  325 

with properly identified materials and experimental conditions be 
published. 

LECTURER’S CLOSURE 

I am greatly indebted to the discussers of my paper for their con- 
tributions ; they have effeotively broadened and supplemented my 
presentation by .their suggestions, comments, and questions. I n  this 
reply it would be ,appropriate to isolate and discuss those items which 
are regarded as most important in the further development of the 
subject. 

I n  my first draft, wear was described as ;the Cindemlla of the trio 
of subjects friction, lubrication, and wear. I n  his review Dr. Twbor 
has responded by referring to it as “a wayward, capricious child of 
mixed and uncertain parentage.”” This well expresses the reaction of 
those involved in the study of wear. Where else in basic research would 
one expeot to find useful information from a 60/40 leaded brass as 
opposed.to high purity copper? 

It is probably fair to comment that this particular 60/40 brass was 
first used for a detailed study because of its exceptionally reproducible 
results. Indeed this has been confirmed by experimenis carried out in 
different laboratories under the auspices of the OECD Group on Wear 
of Engineering Materials (ref. 15) ; a brass of essentially similar 
composition to that used in the original work has been included in 
this cooperative program. It is, perhaps, ;through programs such as 
this that the need for standard materials, as suggested by Dr. Schey, 
can best be met. It is also worth recording that Welsh’s work ‘on steels, 
outlined in my paper, was performed with a special range of steels 
reserved, by the British Iron and Steel Research Association, for 
experimental purposes. The description of Welsh’s work in my paper 
was very much condensed, but $he reader is referred to the original 
papers for a detailed description of .the experimental conditions in- 
cluding the thermomechanical history of the specimens. 

I think that Lancaster’s meticulous study of the wear of 60/40 brass 
should be defended as being relevant and bimely at  t3at particular 
stage in %he development of our knowledge of wear. It showed that 
wear can be a “competitive and sequential” process, as Dr. Fein has 
stressed. As emphasized in my review, one of our present problems is 
to determine the extent to which the results of this particular study 
(brass on steel) are applicable to a wider range of materials. Only 
further experiments can provide the answers. Dr. Fein suggests that 
the introduction of a lubricant can also malke radical changes. In  my 
review, the role of the lubricant in affecting the way in which the load 
is distributed was emphasized. Dr. Fein also comments on hhe possible 

*See Dr. Tabor’s lecture on Critical Appraisal and Researcb Opportunitiee 
The Lubricakion Research Viewpoint. 
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role of the lubricant in controlling the chemical nature of the 
environment. 

Much emphasis a t  this symposium has been on the desirability of well 
defined surface conditions. For example, Professor Wayman has dis- 
cussed the advantages that might accrue from the use of single crystals, 
very smooth surfaces, variations in grain size, and strain free sur- 
faces. ’Phe point worthy of emphasis there is tihat such experiments are 
probdbly relevant to only one stage of a multistage wear mechanism 
(for example, the adhesion stage). Moreover, under equilibrium wear 
conditions, the rubbing process generates a characteristic surface con- 
dition which is the result of ‘many traversals of each point on the sur- 
face. This surface condition, complicated as it may be, is often a vital 
part of the wear process. Experiments made under carefully controlled 
conditions have a part to play in wear study, but their relevance to 
wear processes resulting from repeated sliding remains to be proved. 

An alternative, and complementary, approach to wear studies is 
the application of the full range of modern physical techniques to 
the study of equilibrium wear conditions. Both the surfaces and the 
debris might be studied in this may, as Professor Wayman has outlined. 
He also makes a very important point when he refers to the assym- 
metry present in pin and ring (and pin and disk) experiments because 
of size differences. The interested reader is referred to Welsh’s work 
on steels for a discussion of some poss2ble influences of this type. 

I n  discussing thermal effects in wear the major effects are the over- 
all temperature rise of the rubbing members and the “flash tempera- 
tures” occurring at the true areas of contact. The hardening effects 
discussed in connection with steels may arise from rates of heating 
and quenching which are rapid compared wieh those found in normal 
metallurgical heat treatment. The superposed conditions of high 
pressures were stressed in the closing stages of my paper and Dr. 
Flom suggests that the same combination of conditions might well be 
obtained in other ways. The extent to which @he flash temperature 
directly affects the experiment through thermal softening is raised 
by Professor Wayman. The evidence of Lancaster’s experiments, dis- 
cussed in my paper, is that the bulk rather than the flash temperature is 
the influential variable. This conclusion and its explanation clearly 
deserve further examination. I n  any discussion of khwmal effects, the 
contribution of Dr. Johnson in connection with Professor Ling’s 
paper should also be noted. He cites the work of Barber who demon- 
strated that conventional ideas of the duration of flash temperatures 
may not always$& valid. 

Some broad questions of mild and severe wear also deserve com- 
ment. Dr. Rowe makes a valid point when !he suggests that aggrega- 
tion of small metallic wear particles could lbe a mechanism in the scale 
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of size transition from mild to severe wear. However, I am not aware 
of ‘any experimental evidence which would support this suggestion. In  
discussing the three possible mechanisms of mild wear (or fretting) 
proposed by Waterhouse, Dr. Rowe stresses the role of flash tempera- 
tures in the oxidation of small metallic particles. In this process sliding 
speed, upon which flash temperatures are markedly dependent, should 
be an influential factor, Professor Rabinowicz doubts whebher loose 
oxide debris could be an imporhant cause of abrasive wear. I f  tkis con- 
clusion could be fully substantiated, it would clearly help in the de- 
velopment of the subject by removing one possible mechanism of mild 
wear from the list. I n  &he meantime a number of investigators have 
suggested that A1,03 plays an abrasive role in fretting when alumin- 
ium alloys are used, 

I n  my paper the need for a physical interpretation of K factors was 
stressed. Both in his discussion and in his published papers, Dr. Rowe 
has emphasized the idea that the K factor, as used in my paper, can be 
divided into two parts. Firstly, he postulates a value of K (namely 
K,) that is truly representative of metal-to-metal contact. Secondly, he 
introduces a factor, CL, which is characteristic of the lubricant species 
within lthe area of contact. Thus his theory appears to be applicable to 
a wear process concerned with the removal of metallic particles. I n  
my review the value of a, derived from the adsorption model, was 
emphasized because it appeared to provide a basis for the calculation 
of a (and therefore K )  in terms of physical quantities derived from 
independent measurements. I n  his discussion Dr. Rowe points out 
that other interpretations of CL are possible, but whether they can 
similarly be calculated is not yet clear. Dr. Rowe’s discussion also 
highlights, in my view, the difficulties which are met in assigning 5t 

true value to Km. 
I n  considering the major wear factors, both Dr. Rowe and Professor 

Rabinowicz have suggested further investigation of factors such as 
E / E  and B / y .  It is relevant to point out that H / E  forms part of 
the Greenwood and Williamson plasticity index discussed in Dr. Wil- 
liamson’s paper. E / E  is therefore a relevant factor for comparison only 
when the surface topography remains constant. Professor Rabinowicz 
extends the discussion of these factors to suggest a strategy of wear 
analysis baed upon the inclusion of a number of such nondimensional 
parameters. Two difficulties seem to arise, however. Firstly, as Profes- 
sor Rabinowicz himself points out, many of the factors which have 
been proposed are interrelated. Secondly, these factors are difEcult to 
assign ~a lues  which are appropriate to a wearing interface under 
equilibrium conditions. It is much easier to see the relevance of these 
factors when considering the more idealized experiments described 
in Dr. Merchant’s paper. Perhaps our greatest need is for a firmer 
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bridge between them fundamental studies of friction and adhesion 
and the more complex array of facts which must cbracterize any com- 
plete description of our present knowledge of wear. 
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Boundary Lubrication 

D. GODFREY 
Chevron Research Company 

Richmond, California 

!Phis review article discusses boundaq lubrication in terms af the 
lubricating films on sliding surfaces. Elms are formed by phy&cal ad- 
sorption, cbmisorption, and chemical reaction. The physical properties 
of the Ws, paTticularly melting point, shear strength, hardness, and 
adhesion to the surface, am important to lubrication. Film failure mech- 
anism include desorption, melting, solution, discontinuity, detachment, 
and rupture. This review also reveals that ithere is no adequate theory 
for boundary lubrication, and that there is a lack of knowledge of the 
chemical composition of. films on sliding surfaces and on their physical 
Wpertiea under conditions of high premre ,  high shear rate, and high 
temperature. 

N 1922, Sir William Hardy (ref. 1) wrote that boundary lubrication I is that condition where the ‘Yriction depends not only on the lubri- 
cant, but also on the chemical nature of the solid boundaries.“ Re- 
cently, Dowson (ref. 2) defined boundary lubrication as follows: “Sur- 
f ace interaction between monomolecular layers of boundary lubricants 
and the solids dominate the operation of the contact. Hydrodynamic 
effects are negligible, and there is considerable asperity contact.” The 
concept is represented in figure 1 which shows a microscopic cross sec- 
tion of films on two surfaces and areas of asperity contact. This writer 
considers that the films may be multimolecular as well as monomolec- 
ular. 
In practical machines, boundary lubrication conditions can be recog- 

nized by the occurrence of wear and by the effectiveness of small 
quantities of ~ u r f  m b n t  additives in reducing wear. The mm-hydraulic 
lifter contact in an automobile is an example. In  laboratory apparatus, 
boundary conditions are induced by high loads, small areas of contact, 
and low sliding speeds ; they are recognized by wear and coefficients 
of friction greater than about 0.03. A small pin sliding on a slowly 
rotating disk is an example. 

Three other states of lubrication have been recognized : (1) hydro- 
dynamic, (2) mixed hydrodynamic and boundary, and (3) elasto- 
hydrodynamic. Hydrodynamic lubrication, where the surfaces are 
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FIGURE 1.-Schematic representation of boundary lubrication. 

completely separated by a fluid a m ,  is the most desirable state of 
lubrication and is dependent on fluid viscosity, speed, and bearing 
geometry. The journal bearing in an automobile operates hydro- 
dynamically at high speeds. 

Elastohydrodynamic lubrication is a recently proposed state of 
lubrication which possibly exists in cases (such tm gears) previously 
labeled as boundary. In elastohydrodynamic lubrication, local elastic 
distortion of the solids provides coherent hydrodynamic films, and 
asperity interaction is prevented (ref. 2). The thin oil films are sub- 
jected to high pressures, and, as a result, local viscosity increases 
markedly. 

In lubrication research there is a tendency to analyze results in 
terms of one state of lubrication or one mechanism. Undoubtedly, 
other conditions are imposed, such as local high pressures, hot spots, 
and short exposure times. These conditions cause states and mecha- 
nisms to occur other than the one being investigaked. Further cam- 
plications arise, especially in practical machines, by the use of 
complex impure lubricants where various molecules compete for the 
surface. Also, variations in the atmosphere occur, such as water con- 
tent. Larsen and Perry (ref. 3) listed 19 different reactions that could 
occur with the action of tricresyl phosphate in mineral oil on a steel 
surface. The happenings in the intimacy of a sliding surface are 
indeed complex. 

In the art of lubricant development, terms such as oiliness, lubricity, 
extreme pressure, mild extreme pressure, antifriction and antiwear are 
used. They are related to boundary lubrication, but will not be used 
in this review because they are not specific. 

The lubrication research literature reviewed here indicates khat 
under 'boundary conditions, the physical properties of surface films 
govern performance. These films may be extremely thin, such as a 
monolayer of chemisorbed soap, or thick, such as a IOOOA film of iron 
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sulfide. The important physioal properties are melting point, shear 
strength, and hardness. Other properties are adhesion or tenacity, lack 
of cohesion, and rates of formation. This review points out the absence 
of adequate theories and the shortage of experimental facts in bound- 
airy lubrication. Melting points of films appear to be one unifying 
physical property. There is a need to conduct experiments to determine 
the chemical composition and physical properties of films under con- 
ditions of sliding. where appropriate, contrary views, areas of con- 
fusion, and controversial mechanisms are mentioned. 

Other recent and pertinent reviews of boundary lubrication have 
been written by Akhmatov (ref. 4), &we (ref. 5 ) ,  Davies (ref. 6), 
Bowden and Tabor (ref. 7), Barwell (ref. 8), Zisman (ref. 9), and 
Bisson and Anderson (ref. 10) . 

MECHANISMS OF FORMATION OF SURFACE FILMS 

The literature and patents on the chemistry of boundary lubri- 
cants is voluminous. A great variety of compounds has been added 
to petroleum and synthetic oils to improve their performance. In  
most cases, the mechanism of additive action was not known. Only 
in the last ten years has some understanding emerged. The chemistry 
of modern lubricating bil additives has been summarized by Stewart 
.and Stuart (ref. 11). They discuss boundary lubricant additives such 
as esters, acids, and soaps which are adsorbed on the surface and re- 
duce friction ; zinc dialkyldithiophosphate, which reduces wear ; and 
mercaptans, whioh react and inhibit scuffing. Each additive action is 
sensitive to concentration, temperature, and the presence of other 
additives and contaminants such as water and oxygen. 

This writer recognizes the importance of this chemistry but feels 
that it is ultimately evaluated in the physical properties of the result- 
ant film. Even corrosive wear, where chemical films are removed by 
mechanical action, is a result of the weakness of bhe film. Therefore, 
physical properties will be emphasized in this paper. 

The classifications of film fonnation to be made are due to Uhlig 
(ref. 3) and Akhmatov (ref. 4). The latter discussed film formation 
comprehensively. 

Physical Adsorption 

The film is composed of molecules concentrated on the solid surface 
from the liquid or vapor state. Molecules are weakly bonded, and for- 
mation is characterized by reversibjllity and monomolecular or multi- 
molecular layers. Polar molecules, particularly long-chain hydrocar- 
bons, adsorb with preferred vertical orientation. 

Perfect nonpolar molecules are rare, so adsorption in random posi- 
tions may be diacult to achieve. Even if molecules are originally per- 
fectly symmetrical, they can be polarized by the process of adsorption 



338 F R I C T I O N  A N D  WEAR 

itself (ref. 4) or by heat, catalysis, or sliding (ref. 12). I n  flowing sys- 
tems, such as in Viscosity measurements or a journal bearing, the first 
layer is strongly adsorbed ; otherwise, the liquid would slip over the 
solid. Levine and Zisman (ref. 13) imply that adsorbed films are solid 
only above a chain length of 10 carbon atoms. The physical adsorption 
of hexadecanol with vertical orientation is represented in figure 2. 

Chemisorption 

Chemisorbed films are composed of moleculas that were first adsorbed 
physically on the surface and then reacted chemically to form a new 
entity. The chemisorbed film is limitsd to a monolayer, and formation 

- -  

COHESION 

UNREACTIVE METAL 

I%IouBE 8-Sehematic diagram representiiw the physi- 
cal adsorption with preferred onientation of three 
polar molecules of hexadwand to a metal surface. 
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is characterized by irreversibility and strong bonding energies com- 
pared to physical adsorption. An example is a monolayer of zinc 
stearate from the chemisorption of stearic acid on zinc (ref. 14). 

Holm (ref. 15) considered these films to be solid and to behave “as a 
rigid continuation of the solid body-” Akhmatov (ref. 4) cites several 
papers which show by diffraction that the chemisorbed flms of long- 
chain hydrocarbons are crystalline. Andrew (ref. 16) established that 
strongly oriented films correlated with efficient boundary lubrication. 
The chemisorption of stearic acid on an oxidized steel surface to form 
a monolayer of iron stearate is represented in figure 3. 

Chemical Reaction 

For lubrication, the term “chemical reaction” will be used to describe 
the formation of films of inorganic salts on metals. The term “corro- 
sion” could also be used. Films are unlimited in thickness and char- 
acterized by high activation and bonding energies and irreversibility. 
A n  example is the reaction of sulfur with iron to form a film of iron 
sulfide, shown ideally in figure 4. 

The formation of adsorbed and reaction films is most dependent 
upon temperature, which is an  operating variable in a lubricated ma- 
chine. The weak bond of a physically adsorbed film is further reduced 
by increased temperature, whereas the chemically bonded films in- 
crease in rate of formation with increased temperature. The work of 
Sakurai and Sato (ref. 17) is an example of studies of chemical reac- 
tion rates. They show that the rate of reaction of additives, such as 
dibenzyldisulfide and monochlorobenzene, with iron follows a para- 
bolic law and is diff usion-controlled. Other chemical factors influencing 
film formation are p H  of the solution, adsorption of solvent, precipi- 
tation, and chelation (ref. 18). 

The composition of the film in the above mechanisms has been ideally 
represented as a single pure compound. This is not generally true on 
sliding surfaces. For example, this writer has found (ref. 19) that sul- 
furized oil forms a mixture of iron sulfide and iron oxide on steel. On 
gear teeth run in sulfurized oil, the oxygen was found in high concen- 
trations several microns below the surface. Fein and Kreuz (ref. 20) 
and others have written on the importance of oxygen in oil-lubricated 
systems. Minor concentrations of impurities, such as polar compounds, 
have a marked influence on boundary lubrication (refs. 21 and 22). 
For example, Tingle (ref. 23) showed that a fatty acid will not react 
with a metal to form the soap film unless the metal is oxidized and 
water is present. 

MEASUREMENT O F  FILM PERFORMANCE 

Performance of surface films is judged by measurement of friction, 
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FTGUBE 3.-Schematic diagram representing the chemimrption of 
Seearic acid on an iron surface to form a monolayer of iron stearate, 
a soap. 

wear, load carrying capacity, and failure temperature. In these days 
of good lubrication and ample power, friction is of lesser practical 
significance than wear, but it is significant to *he understanding of 
lubrication. Under boundary conditions, the friction force has been 
considered to be the sum of the force required to shear the lubricant 
film and that required to shear solid-to-solid junctions. For example, 
with oleic acid on smooth steel the friction of the lubricant fdm has 
been estimated to be 0.194 kg and the friction of the solid junctions 
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0.002 kg (ref. 24). Wilson (ref. 25) also showed that during effective 
boundary lubrication there is very little solid-to-solid contact. Fric- 
tion is a sensitive index of film action in one range of operation, such 
as the reduction of the coefficient of friction from infinity to unity by 
t.he admission of oxygen to a clean surface. But as Rabinowicz (ref. 
26) has pointed out, it is an insensitive index in the more practical 
range of values. For example, the addition of a fatty acid to a base oil 
may lower the coefficient of friction from 0.15 to only 0.09. 

Other definitions are : (1) “wear” is the removal of solid material 
due to mechanical action; (2) “load carrying” capacity is the maxi- 
mum load, in a specified machine, which can be applied before a lubri- 
cant fails; and (3) “failure temperature” is the temperature at which 
a lubricant film fails. Wear is of great practical significance and is 
sensitive to effective boundary lubricants (ref. 26). Some authors rec- 
ognize failure temperature as the most rewarding way to measure the 
effectiveness of boundary lubricants (refs. 27 to 29). Increasing loads 
and speeds resolve into temperature effects (ref. 29) provided the en- 
vironment is constant. 

PHYSICAL PROPERTIES OF FILMS 

Meltins Point or Thermal Stability 

The melting point or thermal stability of surface film appears to be 
one unifying physical property governing failure temperature for a 
wide range of materials, including inorganic salts. It is based on the 
observation (refs. 7,  13, and 15) that only a film which is solid can 
properly interfere with potentially damaging asperity contacts. Con- 
versely, a liquid film allows high friction and wear. Under practical 

s s  S s s  S 
S 

S S 

FIGURE 4.-Schemrutie represenrtation of an inorganic 
film formed by reaction of sulfur with imn to form 
iron sulfide. 
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conditions, physically adsorbed additives are known to be effective 
only at low temperatures md chemisorbed additives at moderate tern- 
peratures (ref. 30). High melting inorganic materials are used for 
high-temperature lubricants. 

A temperature effect to be considered before melting is desorption 
of physically adsorbed molecules. Brophy and Zisman (ref. 31) have 
shown that the temperature of desorption was 40" to 100" C for 
alcohols, 70" to 130" C for acids, 100" to 150" C for amines, and 140" 
to 170" C for amides. 

The correlation of melting point With failure temperature has re- 
cently been established for a variety of organic films by Russell, Camp- 
bell, Burton, and Ku (ref. 32). Their data for hydrocarbons are repro- 
duced in figure 5. The correspondence of melting points and sudden 
increases in friction is striking. The failure temperature of hexadecane 
has been measured by others (refs. 33 and 34). 

Films of soap also fail to lubricate above their melting point (refs. 
14, 26, 33, and 35). Chemisorbed fatty acids on reactive metals fail 
to lubricate above the melting point of khe soap film that is formed. The 
correlation of increasing friction and melting point found by Barwell 
and Milne (ref. 35) for copper stearate is shown in figure 6. The failure 
temperature of soft metal films, such as lead and zinc, occurs at their 
melting point (refs. '7 and 15). 

For ma,terials melting above approximately 150" C, the correlation 
is not established. Rowe (ref. 36) showed a failure temperature of 
about 800" C for MoS, (which decomposes at 1200" C) , and 300" C for 
tungsten hexachloride (m.p., 2'75" C )  in  vacuum. Braithwaite (ref. 3'7) 
stated, but did not support, that the performance of solid lubricants is 
limited by melting. I n  a review of high-temperature lubrication, 
Peterson (ref. 38) stated that thermal softening is one of the predomi- 
nant factors leading to failure. He showed how simple films such as 
silver, gold, and polytetrafluorethylene cannot be used above their 
melting points. 

The highest failure kemperature in petroleum lubrication has been 
observed with sulfurized mineral oils. Provided a thick film consisting 
of iron oxides and iron sulfides is allowed to form, the SAE lubricant 
tester can be loaded until the steel rings are thermally distorted. The 
bulk melting point of the oxides and sullide is above 1000" C. 

Lack of correlation of failure temperature and melting point fre- 
quently can be explained by decomposition, oxidation, or vaporization. 
For example, Rowe's (ref. 36) titanium dioxide (m.p. 600" C) decom- 
posed at 450" C into volatile tetraiodide. The effect of pressure on the 
melting point of a solid could confuse the correlation. Oxidation of 
oils and catalytic polymerization mask failure temperatures (ref. 39). 
I n  wire drawing, soaps are known to lubricate above their melting 
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FIQURE 5.-Variation in friction with temperature for copper pairs 
lubricahd with hydrocarbons in dry helium (ref. 32). 

' 

point. Wistreich (ref. 40) believes this is possible because of the short 
time (for example, 75 microseconds at 4000 feet/minute) that the soap 
film is in the hot zone. High-temperature performance of soaps is 
improved by the addition of fillers with higher melting points. 

Proof of the importance of melting point in boundary lubrication 
might be found in the results of experiments where films of different 
composition or structure but the same melting point show the same 
failure temperature. 

323-47la 0-69-23 
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Shear Strength 

Presuming the films are actually sheared during sliding, one would 
predict that low shear strength would causa low friction. The shear 
strength 0% a calcium stearate film has been found to be only 0.25 
kg/mm2 with a corresponding low friction coefficient of 0.05 (ref. 41). 
White (ref. 42) has measured the shear strength of soaps. Table 1 lists 
the shear strength of some film materials used in lubrication showing 
values ranging from 0.25 .to 130 kg/mm2 and different values obtained 
by different investigators. For example, the shear strength of lead has 
been measured at 0.75 and 1.6 kg/mm2. The difference is probably due 
to the different anvil pressures used. 

Merchant (ref. 43) has calculated the shear strength of inorganic 
salts from the derived equation 

T m  
T &'=I3930 Q,p log -7 

- 

- 
- 

0 

MELTING POINT 
OF SOAP 

I I I 

where S is the strength of the crystalline solid in dynes/cm2; Q, is the 
latent heat of fusion, cal/g; is the density; T, is the melting point 
in degrees absolute; and T is the bulk temperature of the solid in 
degrees absolute. His results are included in table 1. They do not 
agree with the observed data of Bridgeman (ref. PQ), and Boyd and 
Robertson (ref. 45). The expected friction reduction for given com- 
binations in a cutting operation was observed. Merchant and his 
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TABLE 1.-Observed and Calculated Shear Strength of Solids 

Material a 
Shear Anvil 

strength, pressure, Reference 
kgl-2 kglmrna 

Stearic acid 
Calcium stearate 
Stearic acid 
Silver sulfate 
Lead 
Stearic acid 
Ferric stearate (1000 C) 
Lead 
Ferric stearate (27O C) 
Stearic acid 
Silver sulfate 
Lead sulfide, PbS 
Molybdenum disulfide, MoSz 
Lead oxide, PbO 
Lead 
Gold 
Zinc 
Lead sulfate, PbSOc 
Aluminum chloride, AlzCla 
Silver 
Cuprous chloride 
Zinc sulfide 
Silver sulfide, AgaS 
Iron chloride, F%C16 
Copper 
Iron sulfate, FeSa 
Lead chloride, PbClz 
Zinc sulfate 
Iron sulfide, FeS 
Zinc oxide, ZnO 
Iron oxide, F%03 
Iron sulfide, F e s  
Graphite 
Iron chloride, FeCla 
Aluminum 
Copper sulfide, Cu2S 
Iron sulfide, FeS 
Steel 
Copper 
Iron 

0. 25 
0. 25 
0. 30 

0. 75 
-1. 4 
1. 41 
1. 6 
3. 16 
4 4  
4. 9 
5. 0 
5. 6 
6. 5 
6. 9 (Calc.) 
7. 0 
8. 0 
8. 5 
9. 0 (Calc.) 
10. 2 
10. 2 (Calc.) 
13. 0 
15 
15. 2 (Calc.) 
16 
17 
18. 6 (Calc.) 
19 
20 
21. 0 
23 
23 
29 
37. 2 (Calc.) 
40 (Calc.) 
41. 2 (Calc.) 
60. 7 (Calc.) 
90 
96 (Calc.) 
130 (Calc.) 

-0. 7 

2. 5 4 
? 41 
? 25 

-100 45 
? 7 

-100 45 
109 42 
100 44 
109 42 
169 42 
100 44 
100 44 

-100 45 
100 44 

? 43 
100 44 
100 43 
100 44 

? 43 
100 44 

? 43 
100 44 
100 44 

? 43 
? 7 

100 44 
? 44 

100 44 
100 44 
100 44 
100 44 

? 44 
100 44 

? 43 
? 43 
? 43 
? 43 
? 7 
? 43 
? 43 

* Repeated values are by different investigators. 
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coworkers identZed’ films of inorganic salts formed during a cutting 
operation and proved that a low ratio of shear strength of the film to 
the substrate metal gives a reduction in friction. Conversely, a high 
shear strength film on a low shear strength metal, such as lead 
chloride on lead, gives an increase in friction over lead. Another 
example of the wrong combination is silver sulfide on silver. Friction 
coefficients greater than 0.8 (ref. 46) have been measured for silver 
sulfide films on silver. 

The high shear strengths of some hgh  melting point inorganic 
salt &s result in high friction values. Rowe (ref. 36) has measured 
a coefficient of friction of 1.8 for copper oxide film. Friction values 
for thick films of iron s a d e  on steel have been found to be at  least 
0.6 (refs. 7 and 46) as shown in figure 7. It was speculated that the 
first rise in the curve of figure 7 was due to increasing metal-to-metal 
contact. Near 75’ C, sulfur started to react with the metal to form a 
sulfide flm of optimum thickness giving a friction of 0.3 at 100’ C. 
Above that temperature, the film was too thick and its lubricating 
effect on steel was lost. 

These data support Tabor’s junction growth theory (ref. 7) of 
friction which states that friction is a function of the ratio of shear 

- 

- 

- 

- 

- 

i 100 200 

TEMPERATURE, OC 

D 

FIQUBE 7.-Change in coefaeient of friction with 
temperahre for steel sliding on &eel lubricated 
with deaerated sulfurized oil. Load, 0.5 kg. Speed, 
2.68 cm/sec. 
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strength of surface films to the shear strength of the underlying 
solid. The relationship is shown in figure 8, where the ratio is plotted 
on the horizontal axis with a value of 1 at the left and zero at the 
right. The theory is in agreement with experience. For example, a 
Masz film on steal gives low friction and FsO,  gives high friction. 
The theory also indicates how the same friction value can be obtained 
with various combinations provided the ratio is the same. For ex- 
ample, in order to obtain low friction with copper, a low shear 
strength film such as stearic acid is necessary. With this combination, 
the ratio of shear strengths is 0.09. The =me friction can be obtained 
with materials of a higher level of shear strength, such as lead sul- 
fate on steal, which also has a ratio of 0.09. 

Knowledge of the chemical mmposition of a film on a sliding sur- 
face is needed in order to apply shear strength analysis. Further, 
there is a need to know the composition of the film as it is being sub- 
jected to high pressures, high temperatures, and shear. Part of these 
data might be obtained by X-ray diffraction of a thin film of material 
between small loaded rotating anvils. 

The location of the shear plane is an unknown and presents a chal- 
lenge to the experimentalist. I n  the thinnest film consisting of two 
hydrocarbon layers, slip probably occurs between the outermost 
terminal groups (usually methyl) of the molecules. Wilson's (ref. 
25) electrical resistance data indicated that adsorbed fatty acid mole- 
cules were not sheared but bent over during sliding. I f  shear occurs 
between the lamina of a multilayer film, flow would occur and low 
friction values would be expected. I f  sliding causes rupture of molec- 
ular bonds, very high friotion values would be observed. Since ad- 
hesive bonds are the same for a homologous series of fatty acids on a 
given metal, the coefficient of friction should be the same. The work of 
Hardy (ref. 1) , Bowden and Tabor (ref. 7), and Levine and Zisman 
(ref. 13) shows, however, that the friction is not constant for a series 
of acids. I f  slip occurs at the interface of the film and the metal, ad- 
hesive bonds would be broken. Patrick (ref. 47) reports that rupture 
of the interface of an oriented monolayer on a metal would be very 
difficult to realize. 

The location of shear planes in thick films of inorganic salts is also 
unknown. Under condikions of mild wear of steel, the wear fragments 
are Fe304, a few hundred angstroms in size. The small size and the 
absence of iron (by electron diffraction) indicated that only the oxide 
film has sheared. 

This writer suggests that the location of the shear planes is essential 
to further understanding of boundary lubrication. The knowledge 
would lead to the development of better film materials, where the 
shear would be clearly k e d  in the films rather than at the metal-film 
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interface. Sensitive and sophisticated analytical tools are needed to- 
locate shear zones. 

Hardness Limitation to Melting Point and Shear Strength 

A limit 15 increasing the melting point and shear strength in order 
to achieve high failure temperatures is imposed by such undesirable 
physical properties as increasing brittleness and abrasiveness. 

A hard particle mn plow a furrow in a softer solid, so one must as- 
sume that the aktrited solid films are softer than the material being 
lubricated in order .to avoid abrasive wear. The hard film may be the 
oxide of the metal, such as tin oxide, as described by Dies (ref. 48). 
Piggott and Wilman (ref. 49) conducted wear experiments with films 
of F0,04, a-Fe,O,, and FeS on mild steel disks under paraffi oil. "he 
wear observed was abrasive caused by the attrited films which were 
identified in the debris. 

Combined Properties 

The foregoing indicates that a high melting point and thermal sttt- 
bility allow high failure temperatures, and low shear strength results 
in law friction. Unfortunately, high melting point usually is com- 
bined with high shear strength. Iron sulfide Blms'have this character- 
istic and show high friction and high failure temperatures. Molyb- 
denum disulfide is an exception possessing both high thermal stability 
and low shear strength. Since low shear strength and high melting 
point are desirable, compromises must be made or other combinations 
sought. Reasonsbly low melting points are needed to realize the low 
friction of low shear streng$h materials. Similiarly, high melting 
point is compromised with moderate hardness. 
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FAILURE MECHANISMS O F  SOLID FILMS 

A film fails to lubricate when metal-to-metal contact occurs. Failure 
inechanisms should be considered with the view that asperities on nor- 
mally machined surfaces are not sharp peaks but elevations with gen- 
tle slopes (refs. 50 and 51) as shown in figure 1. These low slopes give 
surface films a better opportunity to prevent metal-to-metal contact 
than if the asperities were sharp peaks. The mechanism by which such 
an asperity actually penetrates a film is not clear. 

Melting 

An earlier section indicated that failure temperature correlates wikh 
melting point. During melting there is a reduction of molecular co- 
hesion and orientation. Zisman (ref. 21) has commented that as the 
temperature of a monolayer is raised, the film melts and the molecules 
flow away from the asperity contact. The evidence was not presented. 
I f  the liquid is not strongly bonded to the surface, high surface tension 
may draw it up into droplets; then the metal would be unprotected. 
But, if melted chemical films are still bonded to the metal and resist 
flow, how then would metal-to-metal contact occur? 

Incomplete and Defective Films 

Discontinuous or incomplete films allow asperity contact at the site 
of the discontinuity. Peterson and Johnson (ref. 52) confirmed this 
by showing that effective solid lubricants such as MoSz are those whieh 
adhere to surfaces and form a continuous film on the sliding track. 
Films formed in situ may be incomplete as a result of chemical factors 
such as too low a concentration of the solute molecules, kinetics such 
as too low a temperature for chemisorption or chemical recadion, too 
short a time of exposure for reaction, or physical factors such as 
over extension because of plastic deformation. Discontinuity and de- 
fects in the crystal structure could also exist in a film by the presence 
of competing adsorbents. For example, the hexadecane solvent may 'be 
adsorbed in a local area to the exclusion of a fatty acid (ref. 13) if 
the acid concentration is too low. Further, the solid film can be re- 
moved from the surface by solution in the base oil (ref. 33). This 
mechanism is recognized (ref. 7) for soap films with increased soh- 
bility at higher temperatures. 

Rate of formation determines film completeness. Cook (ref. 53) has 
shown that in one minute about 40 percent of a monolayer of 2-hy- 
droxystearic acid was adsorbed from 50" C solution onto a gold and 
iron coated window of a Geiger counter. This rate seems slow when ap- 
plied to a sliding surface, which is probably at a higher temperature. 

The completeness of the fdm during boundary lubrication also ap- 
pears tu be time dependent because of the rheological properties of 
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film material. Tabor’s junction growth theory assumes sufficient time 
for film coverage and for plastic deformation, which may not be 
available in lubricated machinery. Milne (ref. 54) has considered the 
possibility of lubricant film migration or creep under load. He found 
that static friction was high after prolonged static loading, for ex- 
ample, a soft grease film gave a static friction of approximately 0.02 
after one hour loading and 0.26 after 16 hours’ loading. Apparently, 
the grease film was removed in the latter case. 

Some data (refs. 18 and 55) indicated that less than a monolayer 
could provide protection during sliding. However, the films were Lkng- 
muir films lifted from water surfaces (which Zisman refers to as arti- 
facts) and loads were low. At higher loads, such as 2 kg, less than a 
mono1aye;r allowed failure (ref. 55). 

A question on the need for a continuous film on a sliding surface 
arises when one realizes that only the tops of the asperities need to 
be covered to prevent metal-to-metal contact. Could effective lubrica- 
tion occur if only the tips of the asperities were covered with a film 
and the depressions were not? Since the potential area of real contact 
is a small fraction of the area of apparent contact (ref. 7), the film 
coverage could be a very small percent of the total area and still be 
effective. This question could be answered by experiments using auto- 
radiographs from radio-tagged film material on a sliding surface. 

Luck of Cohesion and Adhesion 
The question arises on how an asperiky penetrates a double, close- 

packed, continuous chemisorbed film if it does not melt. The situation 
is represented schematically in figure 9 which shows two ideally 
smooth contacting asperities covered with oxide and hydrocarbon films. 
Levine and Zisman (ref. 13) have stated that the cohesional energy of 

c ‘ MONOLAYER 

OXIDE 

METAL 

FIom 9.-Schematic representation of solid chemisorbed film on two 
metal asperities. 
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long-chain hydrocarbon films is considerable, and Akhmatov (ref. 4) 
reports high shear resistance for very thin films. Therefore, high 
friction alone, without evidence of surface damage, does not prove film 
failure. Also the presence of furrows, observed microscopically after 
sliding over a monolayer (ref. 7) could be caused by plastic deforma- 
tion of the metal through the unmptured film. Lack of cohesion among 
molecules in a close-packed film seems to resolve into other mechanisms 
such as desorption, melting, or incomplete films. 

Lack of adhesion of the film to the metal would result in film de- 
tachment and exposure of base metal. Research on the lubrication of 
gold (ref. 56) has shown that adhesion is necessary for effective lubri- 
cation. Monolayers of long-chain polar materials do not lubricate gold, 
whereas halogenated fluids do because of the strong adhesion of the 
halogen atom to the gold. Levine and Zisman (ref. 13) explain the 
lack of durability of films by discontinuity and lack of adhesion, but 
they do not provide direct evidence for the mechanism of failure. 

The adhesion of boundary lubricants under extreme loads was dem- 
onstrated by Laneaster and Rowe (ref. 57) in drawing mild steel bars 
1/2 inch by l/iL inch in cross section. They showed khat fatty acids and 
soap could sustain extreme die loads, such as 1 to 5 tons, provided 
there was an ample supply of lubricant to cover the newly formed 
surf ace. 

The failure mechanisms of films of inorganic salts has not been sat- 
isfadmily resolved. For example, does an iron oxide or an iron phos- 
phate film melt or break off of the steel surface? Gulbransen, et a1 
(ref. 58) have speculated that cubic oxides are nonadherent and could 
allow wear, whereas oxides that form flexible whiskers and platelets 
could resist wear. His electron micrographs and sketches of these forms 
of iron oxide are shown in figure 10. Hirst and Laneaster (ref. 55) 
supported this by showing that the rate of metal oxide film forma- 
tion affected friction during boundary lribrication with stearic acid. 
They concluded that the protection given by a lubricant film com- 
plements that afforded by the oxide. Osias and Tripp (ref. 59) 
showed that simple cracking of a brittle film does not allow metal-to- 
metal contact because the film is still present. They studied a model of 
two contacting asperities consisting of shellac on plasticine and ob- 
served that plasticine-to-plasticine contacts occurred only if the cracks 
matched. A smear of petrolatum prevented the cracks matching. 

A close examination of films during various stages of sliding would 
contribute to identification of the physical properties. The mechanism 
of film failure could be resolved with sensitive tools such as optical 
and thermal devices, radioactive tracers, or electron diffraction and 
electron microscopy, which would show the stah of the film during or 
after failure. For example, autoradiographic evidence, that a film was 
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Ploorra: lO.-Zkctron micrographs and schematic representations of 
oxide film growth at 400" C an pure iron under lthree conditiom 
(ref. 64); 

sti l l  present, in *he wear track after a  failure^ with metal transfer, 
would suggest kha& it must have melted and flowd away when tra- 
v e d  by the rider and then flowed back and resolidXed. 

EffECT Of CONSTITWION VARIABLES IN 
BOUNDARY LUBRICATION 

The p d s e  of this pper is that the physical pmperties of surface 
films determine the nature of boundary lubrication. Any constitution- 
al variable, such MI the chin length of a fatty acid, :becomes effective 
as it influenoes the Elm properties. Ample dah, for example, &hose 
of Pmey (ref. 60), show different friction and wear values with dif- 
ferent metals and lubricantsused. 

Less obvious variables include the concentration of air in the lubri- 
cant and in the atmosphere. Removal of air from white mineral oil 
has a mwked eff& on the kind of wear obtained in the sliding of 
steel on steel. Feng (ref. 61) reported severe wear of cast iron balls 
in a four-hll  rmtchine when air was removed from white oiL This 
writer found that with untreated whits oil, mild wear was &served. 
The d d  wear w&s evident by the formation of microscopic plateaus 
and the generation of wear fragments about lOOA in size and composed 
of FesOr. With deaeration of the oil and operation in an Nz ahos- 
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phere severe wear was observed, evidenced by ScufEng and the genera- 
tion of very large metallic wear fragments. ,Clearly, one component 
of air was reducing wear during boundary lubrication. 

Another example of the importance of minor components is the 
lubrication mechanism of tricresyl phosphate additive. Film analyses 
showed the Kim formed on stael to be iron phosphate (ref. 62). The 
phosphate was formed by phosphoric acid contamination in the com- 
mercial product or hydrolysis during use Q form acidic or polar 
materials (refs. 22 and 63). 

Sulfur and oxygen in mineral oil act upon steel coopratively during 
high-temperature lubrication (ref. 46). Iron sulfide alone on a surface 
causes high friation and wear. A mixture of FaOa and FeS reduces 
friction and wear. 

CONCLUSION 
This review of the literature on boundary lubrication revealed that 

no entirely adequate theory exists, and that there is a shortage of exper- 
imental facts. The formation of a solid surface film appears to be Men- 
kial for effecrtive lubricakion. The shear strength of the h determines 
friction and the melting point correlates with failure temperature. 
Melting point appears to be the one unifying physical property which 
determines film performance. Other factors can and do mask or com- 
plicate the basic mechanisms. 

Necessary areas of research include : 
(1) Knowledge of the chemical composition of films on sliding 

(2) Data on the shear strength of film materials under conditions of 

(3) Data on the melting points of film material under conditions of 

(4) Examination of films before and after sliding ko indicate the 

surfaces 

high pressure, high shear rate and temperature 

high pressure and high shear rake 

location of shear planes and the importance of adhesion and cohesion 

DISCUSSIONS 

W. E. Campbell (Renaelarr Polytechnic Institute, Troy, New York) 

In studying the literature on boundary lubrication, it is easy to be- 
come confused by the terminology. For example, many investigators, 
starting with Hardy (ref. 65) who coined the term boundary lubrica- 
tion, refer to lubrication by a film resulting from interadion of a solid 
and a lubricant, usually an organic liquid. This has been extended by 
some to cover lubrication by films, such as oxides and sulfides, formed 
by chemical reaction with gases or even predeposited on the surface 
by other means such as electrodeposition or by rubbing against a lubri- 
cating solid (ref. 66). Many others use the term for lubrication in the 
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four-ball, T i k e n  or Falex machines operated at  speeds where the 
load is obviously borne in significant part by a hydrodynamic film, 
operartion is therefore mixed lubrication. 

Mr. Godfrey very sensibly started his initeresting review with two 
definitions. However, the first, is very unspecific, being an incomplete 
quotation, while the second, which limits: boundary lubrication to the 
action of monomolecular films, would seem to be too r&riotive, in 
that &he available evidence indicrutes khat effective ;boundary films, es- 
pecially *hose of inorganic composition, are hundreds or even thou- 
sands of monolayers in thicknem (refs. 67 and 68). Even in the case 
of adsorbed, polar, long-chain organic films, several molecular layers 
are o jhn  necessary for effecltive friction reduction and wear preven- 
tion (refs. 63 and 70). A more complete quotation of Hardy is: 

In what is often called complete (hydrodynamic) lubrication, &he solid sur- 
fa- are mple t e ly  floated apart by the lubricant. There is, however, another 
kind of lubrication in which the solid faces are near enough to M w n c e  directly 
the physical properties of the lubricant and the friction depends no& only on the 
[properties of] the lubricant but on the chemical nature of the solid bmndaries. 
Boundary lubrication differs EO greatly from m p l e t e  lubrication as to suggest 
that there is a discontinuity between the twa staka In bomdary lubricatian the 
surfaces have the property of static friction and the [frictional] resistance is 
some inverse function of the viscosity of the lubricant. In complete lubrication 
static friction is absent and the resistance varies directly wi%h the Viscosity of 
the lubricant. 

Essentially the mme definition is given more briefly by Bowden 
and Tabor (ref. 71). 16 is this di-sousser's belief khat the essence of this 
definition is still basically sound and khat confusion in communica- 
tion of research results would be greatly reduced by retaining it. The 
following definition is [therefore offered as a basis for discussion: 

Boundary lubrication is lubrication by a liquid under conditions where the 
salid surfaces are so close together that a@peciable contact takes place between 
thR asperities. The friction and wear are iafluenced predominantly by inter- 
action between the lubricant and the solid, and the bulk flow properties of the 
lubricant play little or no part in, friction and wear behavior. 

This definition separates boundary lubrication from solid lubrica- 
tion (defined as lubrication by a solid film) on the one hand, and from 
hydrodynamic (including ehstrohydrodynamic) and mixed lubrica- 
tion on khe other. It would include, however, hydrodynamic lubrica- 
tion resulting from lubricant-solid interaotion tto produce highly vis- 
cous products as proposed by Fein and Kreuz (ref. 72). Since, as Mr. 
Godfrey has pointed out, a solid , a m  at the metal-liquid interface is 
the lubricating agent in many boundary lubrication situahns, .and 
the same solid applied as a film alone may be equally effeotive as a 
solid lubricant, ithe distinction implied in the definition may appear 
arbitrary. Aside from the convenience of the distinction for classifica- 
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tion purposes, there is often a basic difference in the two situations 
because of changes in -bhe film properties in &he two different environ- 
ments. The basis for this belief is ouklined below. 

In view of the uncertainities in definition and the inadequate knowl- 
edge of mechanism clearly brought out by Mr. Godfrey, one wonders 
why the term “boundary lubrication” has any more specificity than the 
terms “oiliness” or “lubricity.” It is generally understood that they 
refer to lubricating ability under boundary conditions. Since they are 
less clumsy to use in general descriptions, it is hard to understand the 
rather common objection to their use. 

It is also hard to see how an adequate discussion of boundary lubri- 
cation can be given without reference to the chemical mechanism of film 
formation and to the reaction kinetics involved. If ,  for emmple, the 
rate of film formation were lower than the rate of its removal by fric- 
tional action, the film could have ideal physical properties but would 
not provide effective boundary lubrication. Rather than any weak- 
ness of the film, competition between rate of film formation and rate 
of film solution in the lubricant can be the controlling factor in so- 
called corrosive wear situations. Thus copper oleate is an effective 
boundary additive for steel surfaces; but oleic acid in mineral oil is 
highly corrosive to copper or brass surfaces under boundary lubrica- 
tion conditions because of the high solubility of the copper oleate 
formed by reaction with the surface oxide film. I f  the oleic acid were 
used in a medium which did not dissolve copper oleate, it  is likely 
that good lubricity with low corrosiveness would be provided. 

Although there is a great deal of evidence that solid films play a 
dominant role in many boundary situations, much of it has been 
obtained at high loads and very lqw speeds designed to eliminate 
viscosity and surface temperature effects. These conditions are not rep- 
resentative of many practical situations and there is mounting evi- 
dence that films of highly viscous polymers, developed by complex 
oxidation reactions, are involved in boundary lubrication at higher 
speeds (refs. 72 to 75). The effectiveness of these films is obviously 
critically dependent on chemical reaotions involving metal oxide, 
bbricant, and oil oxidation intermediates such as organic peroxides. 

There is also evidence that wear may be related to oxidation of the 
metal by reaction with organic peroxides. Vinogradov et a1 (ref. 76), 
in four-ball machine studies of petroleum fractions in a deoxygenated 
and an oxygenated condition, conclude that friction is governed by the 
interaction of metal and hydrocarbon oxidation products that accel- 
erate chemical wear but reduce seizure and facilitate running-in. Sim- 
ilar explanations have recently been advanced to explain reduction in 
fretting corrosion of splines by addition of antioxidants to the lubri- 
cant (ref. 77). It is suggested that the metal is oxidized by organic 
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peroxides and that the continuous formation and removal of the oxide 
film is the cause of the wear. The peroxides react preferentially with 
the antioxidant when it is present and thus prevent metal oxide 
f orma.tion. 

Another interaction which may be of importance and which ac- 
cords with Mr. Godfrey’s emphasis on &he necessity for studying film 
action under actual operating conditions, is that of the oxide or other 
film with the environment. For example, oxide films on copper 300 to 
400A thick have been shown to reduce the friction coefficient from 1.8 
to 0.4 when measured in air at  low loads (ref. 78). When measured in 
helium, other workers using comparable loads find films of Cu,O up 
to 2UOOA thick to give values varying from a low of 1.0 to above 2, 
greater in some cases than that of clean Cu (ref. 79). This suggests 
that absorbed oxygen and/or water films on t.he oxide are a factor 
in its effectiveness as a friction reducer. 

There are several other ways in which oxide film interactions can 
influence boundary friction and wear. One of these, reactions with 
an additive which is unreactive to the substrate, was cited by Mr. 
Godfrey. Another interesting case is the lubrication of aluminum as 
reported by St. Pierre et a1 (ref. 80). The lubricant hexadmane, an 
unsaturated hydrocarbon, while reducing friction, is relatively ineffec- 
tive at  reducing wear. On the other hand allyl stearate, a long-chain 
ester with an unsaturated ester group, reduces both friction and wear. 
It is concluded that the former additive adsorbs only on the aluminum, 
leaving the hard oxide particles free to cause abrasive wear, while the 
latter adsorbs on the oxide surface as well as the metal. 

Another factor influencing the behavior of metal oxides is their 
defect structure. Many are defect semiconductors which conduct by 
movement of anions or cations into lattice vacancies. Since oxidation 
rate is also frequently controlled by diffusion of cations through a cat- 
ion deficient lattice, it is likely that chemisorbed films, by attracting 
cations, can influence their mobility and therefore the rate of film 
formation. Entry into the oxide lattice from the substrate metal of 
impurity ions or ions of minor alloying elements having different 
valence from the oxide cation can influence both the rate of film forma- 
tion and the physical properties of the film. 

The adhesion theory, as modified to take into account the effect of 
combined stresses to produce junction growth, gives a satisfactory 
SemiquantitSLtive explanation for a wide variety of phenomena, es- 
pecially under conditions, such as those cited by Mr. Godfrey, where 
the proportion of metallic contact in the load-bearing area is rela- 
tively small. However, there is a sizable body of evidence indicating 
that bulk solid deformation, rakher than adhesion, is the principal 
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factor in frictional action more often than the adhesion theory 
predicts. Thus Feng (ref. 82) believes that the work necessary to de- 
form interlocked steps, produced presumably by emergence of dis- 
locations in the mating surfaces, is the primary source of frictional 
energy loss. His ideas are supported by Russian work (refs. 83 and 84). 
The prevailing friction theory of a large school of Russian workers, 
spearheaded by Kraghelskii (ref. 85), is that friction is a process in- 
volving both adhesion and metal deformation with the latter gen- 
erally assuming the more important role. Whatever the merits of 
these theories, as applied to boundary lubrication in general, it would 
ippear likely that under extreme conditions, such as sliding of a 
hard surface on a soft surface, or in metalworking operations, metal 
deformation accounts for most of the friction. Under these condi- 
tions, it is believed by many that the lubricant functions to weaken 
the metal at  points of high stress. The exact mechanisms are still in 
dispute, but they do not involve load support by an interfwial flm 
(refs. 86 and 87). 

Thus Shaw has conducted experiments on the lubricating action of 
carbon tetrachloride which indicate that its action as an effective 
cutting lubricant is not dependent on i,ts ability to  lower tool-chip fric- 
tion, which is poor, but on its ability to absorb in invisible micro- 
cracks in the freshcut chip surface and to prevent them from rewelding 
under the high compressive stresses near the tool-chip interface (ref. 
88). This explanation is in accord with the work of Kohn (ref. 89) 
who believes that the lubricant’s role in low-speed metal cutting is 
primarily to promote shear at the tool tip by the stabilization of 
microcracks at the tool tip enabling shear to m u r  ak reduced levels 
of stress. On his theory lubricant action along the tool-chip interface 
is basically similar, in this case resulting from embrittlement of as- 
perity welds. This action is believed to resulk from the blocking, by 
an adsorbed film, of the egress of dislocations, in much the same way 
as impurity atoms and foreign particles have been shown to block 
them in the bulk of the solid. 

In stating that for lubrication use “chemical reaction” refers only 
to inorganic reaotions, it  is not clear whether the author is defining a 
usage for his review or is referring to what he considers established 
practice. The purpose of the distinction is not clear. The formation 
of metal soap, a common constituent of load-bearing films, is certainly 
a chemical reaction, as are the organic reactions from which many of 
the complex components of a boundary film resulk. In  fact it is this 
discusser’s belief that the action of a monolayer is the exception in 
boundary lubrication, whereas chemical reaction to form films of 
finite thickness is the rule. 
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Two ather points relating to interfacid interaction appear worthy 
of cornen%. The first has to do with orientation of &&sorbed Elms. 
The author has depicted such a film in figure 3. This representation 
gives the hpression, commonly held, that effective organic boundary 
films are oriented with the chain axis normal to the surface. This is 
by no means always the cam, even for Iiangmuir-Blodgett type films. 
For example, s b r i c  acid films on chromium are found to be inclined 
at 35” to the surface n o m 1  (ref. 90), and the dibasic sebwic acid is 
believed .to be oriented paralllel to the surface. Furthermore, it should 
be remembered that mmt of the diffwtion work has bean done on 
films flo&~XI onto a metal from a water surface, or dqmited from a 
solution. Dah an friction and contact rwistance measurements (ref. 
91) * indioate *hat khe film at the sliding interface is always bent par- 
allel to the s&=; its thickness is reduced to that of the width of 
the molecule, -SA, thus allowing conduction by elwtron tunnelling. 

The other point has to do wikh the relation Ibetween polarity and lu- 
bricity. Although it is conceded that many effective boundary lubri- 
cants are polar, polarity in a molecule does not ensure the &&on 
necessary for effeotive action. Thus the long-chain liquid alcohols 
are relatively ineffective. On the other hand, as has already been 
poinkd out, a nonpolar m&xule with an active group, such as caHbon 
tetrachloride, can be very effeative. The good lubricity of the rela- 
tively nonpolar pr f luo~mrbons  is probably also related to the high 
electronegativity of the fluorine atom. 

It is realized k h a t  most of the pointx diwussed in these remarks are 
known to 6he aukhor, who deliberately chose to stress film properties. 
They reinforce his main thesis that much more effort needs to be ad- 
dressed to the m m d y  difficult task of studying the boundaxy film 
in &h. 

R. S. Fein and K. L. Kreutz (Texaco Research Center, Beacon, New York) 

Mr. Gdfrey concludes that “no entirely adequate theory exisb” for 
boundary lubrication and “there is a shortage of experimenhl fads.” 
Even a quick literruture perusal conhns a paucity of theory but reveals 
an &bundance of facts. The critical need is for a theory which will ex- 
plain ,the fads. Consistent with the symposium objectives, this discus- 
sion is add& to this need rather than explicitly to Mr. Gdfrey’s 
review. 

Tche present lack of adequh  theory to explain boundary lubrica- 
tion facts seams to result, from : ( 1) inadequate boundary lubrication 
definitions, m d  (2) lack of apprwiaition of the dynamic characteristics 
of boundary lubrication. 

Boundary lubrication has been d&ed in terms of experimentad ob- 
~~ 

*Also unpublished data taken by the discusser. 
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sewations (e.g., friction response to compositional and operational 
varhblw) or in terms of apparent solutions to &he problem (e.g., 
monola.yem, corrosion produots, etc.) . The experimental observation 
defmitions fail to exclude observations resulking from elastohydro- 
dynamic lubrimtion without asperity inkra&iom (ref. 92). “he ap- 
paseat mlution defmitions fail because their limited scapes exclude 
many boundary lubrication phenomena and they presume knowledge 
of molecular d e  conditions. It is suggested tht  the prablem ‘be 
approached by defining the boundary situation, specifically in physical 
term which mn be adequately tested. 

Beyond this, it appears necessary that the boundary situation, and 
particularly boundary lubrication, must be treated as a dynamic sys- 
tem. The act of sliding brings about a number of interacting processes 
occurring both concurrently and consecutively at the bearing surface 
conjunction. The controlling features at the boundary cannot be 
understood by employing the essentially static model of the pioneer 
workers in the field, except as a point of departure when sliding begins. 

Boundary lubrication effects occur whenever bearing surfaces of 
a sliding system approach each other so closely that their prominences 
or asperities interact. Thus, to encompass khese effects, the boundary 
lubrication situation may be defined specifically as one in which bulk 
lubricant film thickness between bearing surfaces is less than the sum 
height of opposing asperities. Verification of this situation for a bear- 
ing is generally possible by means of experimentally confirmed theory 
(particularly hydrodynamic theory) and available surface roughness 
measuring equipment. 

Using this definition of the boundary lubrication situation, the 
dynamic interactions of asperities must be considered. Specifically, 
these interactions should be amenable to the same type of analyses 
proved effective for full hydrodynamic lubrication but on a “micro” 
level. Thus, elastohydrodynamic principles (ref. 93) should apply to 
phenomena occurring a t  asperities, as long as the scale is not so small 
that the materials cannot be treated as continua. On this basis, this 
discussion first treats boundary lubrication, of a single asperity, by an 
idealized Newtonian liquid. This treatment, leads to quantitative ex- 
pressions relating micro-elastohydrodynamic (micro-ehd) film thick- 
ness. and stresses on the asperity to the physical properties of the 
liquid and surface; the asperity topography; surface separation as 
determined by bulk lubricant film thickness and/or surface compliance ; 
and sliding velocity. Qualitative generalization of this idealized micro- 
ehd model provides what may be termed a micro-rheodynamic (micro- 
rhd) model of boundary lubrication. Examples are given of how this 
model permits rationalization of some of the boundary lubrication 
phenomena. It is suggested that this model may be useful for explaining 

323-472 M - 2 4  
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the large number of confounding boundary lubrication results. Lastly, 
because of its apparent wide-ranging potential value, research needs 
indicated by the model are listed. At the outset, it should be emphasized 
that this model merely consists of an integration of concepts proposed 
by other research workers. 

B 4 r y  lu6kcatbn modeZ.-The idealized model is illustrated in 
figure 11. This shows a single hemispheriml asperity with undeformed 
crown radius P and height 2 sliding along an inhitely stiff plane at 
velocity U,. The basal planes are separated by 8 distance E. The space 
between the basal planes is occupied by a Newtonian liquid with vis: 
cosity qo. The viscosity of this liquid at pressure P is qo exp (a P) 
while temperature is assumed constant. The asperity is deformed by 
elastohydrodynamic forces land separated from the opposing plane 
surface by a fluid film of thickness h. Macro-elastohydrodynamic 
studies (ref. 93) show that over a wide range of conditions ;the dimen- 
sions of flattened area on the bearing surfaces will be approximately 
the same as would be obtained wikh static elastic contact (i.e., 
“Hertzian contact”) under the same load. The studies also show that, 
over this range of conditions, the film thickness between the surflaces 
in the flattened area may be considered approximately constant and 
independent of ‘ load. Application of these approximations to the 
model asperity of figure 11 permits calculation of the pertinent p ram-  
eters; thus lthe mirco-ehd film thickness h may be calculated from 
Archard and cowking’s macmscopic “point” conj unotion formula 
(ref. 94) 

h=1.07 (arr)oU8)2’a(r>1’3. (1) 

If the basal plane separation His k e d ,  then, for a given undeformed 
asperity height 2, changes in the micro-ehd film thickness must 
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FIC~JZE 11.-Idealized .single asperity model. 
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change the asperity deformation. The Hertz elastic theory (ref. 93) 
yields the radius of the flattened zone, b, the asperity load, W, and 
the average pressure on the flattened zone, fs, as 

and 

Young's Modulus* in which E'=effective elastic modulus= 1-(Poisson Ratio) a 
Viscous shear of lubricant produces a much greater shear stress 
within the flattened area than outside because of the high shear rates 
and the increase of viscosity with pressure. The average shear stress 
at tire surface of the flattened area is 

in which qe= eff ective viscosity. 
Some feeling for the significance of these equations can be obtained 

by making some reasonable substitutions. Thus, substituting a! as 
10-Qcmz/d (typical of a mineral oil) and r=10+ em (a finely ground 
steel bearing surface after brief run-in) yields from equat,ion 1 

in which viscosity is in units of poises and sliding velocity in centi- 
meters per second. This equation is shown graphically in figure 12. 
The equation indicates that at very low sliding speeds a high viscosity 
lubricant is nwessary to achieve a reasonably thick micro-ehd film. 
For example, at U,=O.Ol cru/sec, qo must be 100 poise to provide 
a film thickness equivalent to about a monolayer of stearic acid. 
Viscosities greater than this occur in macro-elastohydrodynamic 
conjunctions lubricated with oils having typical lubricating oil 
viscosities because of the effect of pressure on viscosity (ref. 93) .  
Thus, even at low sliding velocities, asperities in macro-ehd con- 
junctions should be separated by micro-ehd ams.  Obviously, at more 
practical sliding speeds (e.g., several cm/sec), viscosities in the range 
of typical lubricating oils would provide reasonably thick micro-ehd 

*When one surface is not infinitely stiff, E'=E'1E'2/(E'I+ E'z). 
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films (even in conjunctions without appreciable macro-ehd load 
support). 

Equations 2, 3, and 4 all indicate that b, W, and 'i; increase with 
undeformed asperity height and 

W H  
1+---7 z z  

- 
while b and W increase with asperity crown radius and P decreases 
with it. The effective elastic modulus has no effect on b but directly 
affects both W and p. Among these parameters affecting b, W, and P, 

h F  1+--- z z  

is the most critical since it becomes nil when H/Z equals ( l fh/Z).  

1OOX 
and again r=10-2 ern gives 

Substitution of values of E'=2.3X108 kg/cm2 (for steel), Z= 
ern (for a high asperity on a ground steel bearing surface), 

and, 

Figures 13 and 14 graphically illustrate these equations for micro-ehd 
film thickness, h, ranging from zero (i.e., dry contact 60 1OX am, 
and basal plane separahions, H ,  from 60 to l l O X  cm. From figures 
13 and 14 it is evident that asperity interaction effects become appre- 
ciable when the ratio of basal plane separation to asperity height, 
H / Z ,  is in the vicinity of wiity. Further, as this ratio is reduced below 
unity the effect of micro-ehd thickness h becomes smaller on a per- 
centage basis. In  other words, 6 ,  W ,  and P' with a mioro-ehd film 
tend to approximiike the values for dry contact (h=O) when H/Z 
becomes less than unity. Thus, the micro-ehd model yields approxi- 
mately the same values of 6 ,  W ,  and 3 as those in the static boundary 
lubrication model with elastic contact. For an assemblage of asperities, 

*It can be shown that equation 1 is valid only when His  at least approximately 
5h. Equations 2 through 5, however, should be valid to somewhat lower H/h ratios. 



B O U N D A R Y  L U B R I C A T I O N  363 

0.011 1 

0.1 1 10 100 1000 
qoUs, DYNE/crn 

FIQUBE lZ.-Micno-elastohydrodynamic flbn thickness. 

in this static model, the total area supported elastically by asperity 
contact is essentially proportional to load (ref. 96) as in the classic 
static plastic asperity model {ref. 97). Further, from figure 13, it is 
apparent that micro-ehd can produce pressures sufficient for full plas- 
tic deformation of steel. (In this case the value of h should depend on 
the plastic asperity deformation in the micro-conjunction entrance 
region ; in the absence of junction growth, 6 ,  W ,  and should be essen- 
tially the classical values (ref. 97). 

Consideration of the average asperity shear stress aalculated from 
equation 5, however, shows a considerable deviation from the classical 
model. Substitution of h from equation 1 and incorporation of the Bell, 
Kannel, and Allen (ref. 98) effective viscosity relationship yields the 
average shear stress as 

Hence, the model indicates that the shear stress should increase 
slightly with vOUs and exponentially with aF. Further, shear stresses 
calculated with reasonable values of rloUs and aF are ridiculously 



364 F R I C T I O N  A N D  W E A R  

high, being greater than the shear modulus of elasticity for organic 
materials (ref. 99). The explanation, probably, lies in the high rates 
of change of pressure and rates of shear in micro-ehd lubrication. 
Comparisons of these rates with estimated relaxation times under 
high pressure indicate that both compressional (ref. 100) and shear 
viscoelasticity should produce effective viscosities much lower than 
those given by the Bell, Kannel, and Allen (ref. 98) relationship used 
in equation 5a. At present, available rheological knowledge seems to  
be too limited to permit substitution of a more realistic effective 
viscosity in equation 5. 

Consider now another ideal case illuetraked in figure 15. Here the 
ideal lubricant is present as 8 film of thicknss d<H on the plane 
srarhee. Two steady-state possibili&s would seem ko exist; d is eibher 
sdlicient or insufficienk to permit development of the full micro-ehd 
fb thickness. The limiting value of the film thickness on the plane 
surfam can be obtained by a material transport balance, assuming 
lubricant incompressibility and negligible conjunction side leakage". 
That is, in the limiting case, the lubricant transport to the conjunction, 
U&, must equal the transport of lubricant through the conjunction, 
U,h/2. Thus, khe minimum lubricant film thickness ,at which full 
micro-ehd lubrication can be achieved is d = h/2. 

Although dl is less than h on the surface far ahead of the con- 
junction under steady-state conditions, the lubricant film immediately 
in front of the flat on the asperity tip must be greater than h. This is 
obvious from the hydrodynamic considerations which require some 
slling of the gap between the surfaces to provide hydrodynamic 
pressure buildup in the entrance region of the conjunction. Elasto- 
hydrodynamic analyses suggest that the vast majority of the pressure 
buildup occurs within about 

3 (rh)2/a 
blfi 

ahead of the Hertzian flat. Thus, to achieve steady state, the gap 
between the surfaces must be filled to about this distance ahead of 
the Hertzian flat. This gap is approximately 

&=3'fzh. (6) 

Thus, with the limiting lubricant film thickness far ahead of the 
conjunction, d,= h/2, the film thickness in the micro-conjunction 

*The incompressibility is usual in elastohydrodynamics since it is reasonably 
valid (ref. 93). The work of Archard and Cowking (ref. 94) suggests that negli- 
gible side leakage is not too bad an assumption for a circular elastic load suppoPt 
zone. 
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FIGUEE 13.-Asperity load support m e  radius and average pressure. 

entrance region must be about &=lo&. In  other words, there is a 
pileup of the lubricant film ahead of the asperity; this pileup must be 
accumulated during an initial transient condition in which the micro- 
elastohydrodynamic film thickness is less than the steady-state value. 

In  the case that the lubricant film on the plane surface is less than 
dl, then under skady-state conditions, the micro-ehd film is deter- 
mined by the material transport. This ‘‘starved’’ micro-ehd film 
thickness is 

h,=2d, for d<dl. (7) 

Material transport consideration indicates that the steady-state 
micro-ehd film thickness should be obtained after vary short sliding 
distances; this initial sliding is required to accumulate sufficient ideal 
liquid at  the entrance to the micro-conjunction. In  the case of non- 
ideal liquids, such as ideal plastic solids, similar accumulation should 
occur in front of the micro-conjunction. 

General model for effective boundary Izcbricution.-Th, preceding 
section discussed the component parts of micro-ehd lub,ication in 
terms of a single asperity on one surface. In  general both surfaces 
mill have many asperities. The same micro-ehd principies should 
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apply at any instant. However, the asperity crown radius becomes 
the relative crown radius, and the asperity height the total for two 
interacting asperities. These along with the effdive basal plane 
separations will change as sliding progresses. Hence, the micro-ehd 
film thickness, radius of the micro load-support zone, asperity load, 
and stresses will change continuously. Further, as previously pointed 
out, asperities can deform plastically and thus affect the micro-film 
thickness. 

Also, in general, the asperity substrates will be covered with a solid 
film, a more or less fluid boundary film, and L bulk lubricant fluid 
51m, none of which have ideal rheological propertiw. This general 
picture would be expected to appear somewhat like figure 16. Ob- 
viously, some of the films separating the bearing surface asperitiw 
could be absent or the filras could be combined into a single film with 
a continuous gradient in constitution and rheological properties. Since 
the rheological properties and thickness of the films, along with the 
surface topography and separation, control the micro-ehd lubrication, 
any variable affecting these faators should influence the effectiveness 
of the lubrication. Melting or other abrupt physical change (e.g., a 
glass transition) would abruptly change rheological Properties of the 
films while dissolution .would change thickness ; thus the model would 
account for the classical effects covered by Mr. Godfmy. Surfaca 
topography would change with bearing surf ace finishing operations, 
plastic flow of the surfaces, and wear processes. Separation (ie., 
effective basal plane) would change with macro-ehd film thickness 
(refs. 93 and 94) and with compliance of the bearing on a scale much 
larger than a single asperity (refs. 96 and 101). Since dynamic de- 
formation of asperities and the films separating them is the essence 
of this general model, it may appropriately be called a micro-rhd 

BOUNDARY FLUID ,/ SOL: FILM 

FIGURE 16.4eneralized micro-rheodynamic model. 
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model. Although quantitative treatment of this general micro-rhd 
model is prohibited presenkly by its complexity, it may be qualitatively 
treated with the aid of the idealized single-asperity ideal-fluid micro- 
ehd model. 

A n  example of the usefulness of this micro-rhd model is lubriaation 
by solid monolayers and multilayers of fatty type materials. Here the 
film thickness will be less than the basal plane separation and may be 
“starved” in the ;terms of the ideal model. Also, the film material 
probably more closely approximates an ideal plastic than an ideal 
liquid. Sliding a short distance should plow up sufficient film in front 
of an asperity to provide lift. This increases the film thickness to  a 
level greater than the applied layer,” and disorients the film in the 
load support zone. Assuming the load-supporting micro-rhd film is an 
ideal plastic, the average shear stress reduces to the classical shear 
strength AS’. However, actual films would be expected to show a viscous 
component of shear stress. Equation 5 indicates that this should lead to 
an increase in shear stress with sliding velocity at each microconjunc- 
tion, and consequently an increase in friction coefficient with sliding 
velocity ; this agrees with experiment (ref. 96) .** Since the micro-rhd 
film thickness dFpends on the thickness of the film applied to the sur- 
face under starved conditions (equation 7) ,  equation 5, for the small 
viscous component of shear stress, also indicates that friction coefficient 
should decrease as the applied fiIm becomes thicker due to longer 
molecules and/or rnultilayers. This also agrees with experiment. 

Melting or disorientation of the fatty films decreases their rheo- 
dynamic lifting ability and abruptly changes their properties towards 
those of an ideal liquid. Thus the sudden degradation of lubricating 
ability with these phase changes is consistent with the micro-rhd 
picture and the classical picture covered by Mr. Godfrey. 

Similar considerations might be expected ct,o sapply to thin films of 
any material which flows coherently under stresses that are low com- 
pared to those of the substrates. Thus for thin soft metal films, the 
shear stress (and friction) should decrease with increased applied film 
thickness until this applied film bridges the basal plane gap. When 
the gap is bridged, film also will be sheared outside this microconjunc- 
tion and friction should increase. Thus, the existence of an optimum 

*This increase is assumed in the classical interpretation of monolayer lubrica- 
tion (ref. 102) ; thus, the interpretation assumes khat asperity tips 5x1 both 
surfaces are covered by a monolayer amough initially a monolayer was applied 
to only one surface. 

**With mineral oil lubricants, experiment shows that friction coefficient de- 
creases with sliding velocity (ref. 96). Presumably in this case, viscoelastic 
effects decrease the effective v+mity  of #the micrg-rhd film with increased sliding 
velocity and the liquid becomes progressively less ideal. 
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applied film thickness for minimum friction (ref. 97) appears con- 
sistent with the model. 

Weur and h5&a&n f ailwe.-The natural question at this point is 
how wear and lubrication failure occur when asperities are always 
separated by a micro-rhd film. The answer appears to lie in the i%cts 
that : (1) some wear processes can occur in the presenca of the film, 
and (2) plastic flow of the surfaces probably can produce film dimip- 
tion leading to adhesion and sometimes to failure. 

Consider first the four basic wear processes (ref. 92) : corrosion, 
fatigue, plowing, and adhesion. 

Corrosion occurs when a reaction product of the bearing material is 
removed from the surface. The reaction product may be a soluble or 
dispersible salt such as metal soap or other metal organic compound, 
an inorganic material such as an oxide, or a mixkre of materials. I f  the 
reaction-product film on the asperities is soluble, dispersible, or readily 
flows coherenkly, then micro-rhd lubrication would be expected to take 
the film from the surface, pile it in front of the asperities, and make 
it subjeat to removal by shear stresses. I f  the reaction product is a brit- 
tle material, shear stresses in a supernatant micro-rhd film could be 
expeoted to fracture the film and remove it as wear particles. Neither 
of these processes require contact of asperities. 

Repeated stressing of asperities through micro-rhd films would be 
expected to produce “fatigue” with consequent spalling from the sur- 
faces. No asperity contact appears necessary for this microspalling. 

Plowing occurs when an exceptionally large and hard asperity or 
wear particle plastically “plows” a groove in the bearing surface. Pro- 
viding the asperity or wear particle has a sufficiently large curvature, 
the “particle” probably coulddbe separated from the surface by a micro- 
rhd film. I f  the curvature is too small, films would be too thin to flow 
coherenkly and khis would be considered as contact. 

Adhesion of materials requires approach within atomic dimensions 
over an area large compared to atomic dimensions (ref. 103). Thus, 
contact between clean surfaces is necessary for adheskn. The problem 
in this case is a paraphrase of the question raised by Tabor (ref. 104) ; 
how is the contaminating film removed from a sufEcient area over two 
opposing surfaces for them to %dhere? A reasonable answer mighk be 
provided by the “creation” of new surface areas when only a thin con- 
taminating film is between the rubbing surfaces. Such creation could 
result either from plastic “junction growth’’ (ref. 105) when a thin co- 
herent micro-rhd film separates the surfaces, plastic deformation of a 
wear particle as it plows a surface, or even from britkle “breaking” of a 
wear particle as it plows a surface. I n  all cases, adhesion should occur 
only when the freshly formed surface area is large compared to the 
thickness of the contaminating film. For an ideal liquid or plastic 
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film, this appears to require extension of the area by at least a factor of 
1O8h, when h is in centimeters. This factor reduces the micro-rhd film 
thickness to less than one atomic radius. 

The failure of lulbrication is readily indicated by bearing surfaee 
distortion in the form of macrospalling, plastic flow or metal transfer, 
and tearing (i.e., scuf ig)  . Macrospalling mighk be affected by micro- 
rhd lubrication through the sum of shear stress contributions from in- 
dividual microconjunctions. This contribution increases markedly as 
H / Z  decreases in  the single-asperity model (since the single asperity 
contribution to the total is ~ 6 ~ 7 ) .  Since H should be directly depend- 
ent on the macrosurface separation, it is not surprising that decreasing 
the ratio of macro-elastohydrodynamic film thickness to asperity height 
beyond a certain limit produces macrospalling (ref. 106). Nor, in the 
light of the effects of surface films on micro-rhd lubrication, is it sur- 
prising that lubricant constitution influences pitting (ref. 107). Simi- 
larly, on the basis of Tabor’s analysis (ref. 104), gross plastic flow of 
the bearing surf ace material would be expected to depend on the shear 
stress contribution from the microconjunctions. Thus, “wiping” of 
bearings under macropressures that are low compared to their hard- 
ness might be expected when the micro-rhd lubrication leads to high 
friction. 

Scufkg of bearing surfaces leads, via metal transfer and plastic flow 
during the tearing of microwelds, to an increase in asperity heights 
(i.e., 2 in the single asperity model) and a decrease in asperity curva- 
tures (i.e., r in the model). Since both of these changes in asperity 
topography would be expected to decrease the effectiveness of micro- 
rhd lubrication, the self-accelerating nature of scuf ig  is consistent 
with this model. Initiation of scuflhg appears to require microdistor- 
tion of the surfaces by plastic flow but not necessarily by high tempera- 
ture. Such microdistortion towards higher and/or sharper asperities 
might be expected as a result of plowing or adhesion. Conceivably, it 
could result also from the action of the micro-rhd stresses on an asperity 
made plastic by these stresses. Figure 13 indicakes that average pres- 
sures may be sufficient to initiate plastic deformation of asperities 
(ref. 96), and any micro-rhd shear stress should then lead to increased 
plastic deformation (ref. 105). Thus all of these initiation phenomena 
would be exp-d to depend on the stresses on ,asperity produced under 
micro-rhd conditions. 

The importance of initiating scuf ig  by micro-rhd produced stresses 
permits explanation of the many factors affecting load-carrying capac- 
ity, for example, so-called “critical” or “transition” temperatures. Thus 
surface film melting point and “shear strength” should affect load- 
carrying capacity as Godfrey states. I n  addition, experimentally ob- 
served load-carrying capacity can be affected by macro-ehd film thick- 
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ne% (ref. 108), bulk lubricant viscosity, sliding velocity (ref. log), 
and Blok’s flash temperature (ref. 110). The effect of Blok’s flash 
“temperature” in producing s c u h g  is rationalized as resulting from 
reduced viscosity at the entrance to micro-ehd lubricated conjunctions. 
The effects of the other observed parameters are explained by the 
previously discussed greater or lesser effects on the asperity stresses in 
the presence of micro-rhd films. The factur (or factors) that deter- 
mines whether scuffig is initiated depends intimately on the overall 
bearing system configuration, operating variables, microtopography, 
and rheological properties of the surfaces and surface films. Since the 
surfaces and surface films change during the course of sliding, changes 
in load-carrying capacity with test procedure should and do (ref. 111) 
occur. Further, the asperity stresses under starved conditions should 
depend on the film thickness (e.g., fatty material chain length for an 
oriented monolayer and the number of monolayers). 

Emirorvmmtal effects on rheology of soZidS.--The previous section 
pointed out that plastic flow of the bearing material is an essential 
feature of lubrication failure and all the types of wear except corrosion. 
Evidence reviewed by Kramer and Demer (ref. 112) indicates thah 
environment can affect both the general stress-strain, strain rate, and 
fatigue properties of metals. Most often inorganic surface films have 
an embrittling effect while adsorbed polar organic molecules have a 
plasticizing effect. The latter is often called the “Rehbinder Effect” 
and has been demonstrated with amphipaths which are effective bound- 
ary lubricants (e.g., oleic acid) . 

Published evidence that extreme pressure (EP) luhricanb also plas- 
ticize metals seems to be primarily based on metalworking studies 
(ref. 113). I n  these studies the observed results suggesting a change 
in the metal ductiliky or shear strength could also be explained by a 
change in Rilction coefficient. ‘Therefore, 60 eliminate possible fridion 
effects, a statistically designed torsion study was carried out with the 
torsion specimens immersed in an oil filled heated capsule.” The mild 
steel test specimens were cylindrical rods with “necks” midway be- 
tween bhe ends ta a s m e  that fracture occurred midway between the 
grips. The SAE 30 uil environments were a solvent neutrd oil and a 
sulfurized oil; the latter did not vis+bly stain (Le., corrode) &he bright 
steel sur fam even a h r  several days at  room temperature. Stress- 
strain curves were recorded for each run. 

Two parameters, the strain at which fracture occurred, and COB- 

quently the energy ,to fracture, varied SignXcankly with hhe varia,bles 
studied. The effects of all the variables except specimen-to-specimen 
differenm are summarized in figure 17. Summarizing briefly; first, 

*Data by H. T. Marshall and 33.5. Fein, unpublished. 
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the strain-to-fracture, or ductility, with the mineral oil environment 
i s  greater than that with ,the sulfurized oil environment, and sec- 
ondly, the relative ductility with the two oils changes with torsion 3 

(i.e., strain) rate and temperature. I n  other words, the EP sul- 
furized oil tends to embrittle the specimens relative to the mineral oil 
effect, and the amount of embrittlement depends on operating condi- 
tions (the maximum and minimum shown in figure 17 are not statisti- 
cally Significant). Thus, at least for these conditions, lubricant environ- 
ment can affect the rheology of metals and the effect of an EP oil is the 
opposite of that reported for fatty acid lubricants. 

The most important result of varying metal rheology would appear 
to be control of the consequences of plowing and adhesive contmt 
betiween boundary l u b r i a M  surfaces (ref. 114). Plasticizing the sur- 
fam material would be expeded to lead to increased surfme distortion 
due to plowing and increased junction growth under micro-rhd stresses. 
On the other hand, embrittlement should decrease damage. As 
shown by table 2, this explanation appears to correlate with the extent 
of the wear and friction jumps acoompanying initial seizure (or “tran- 
sition”) in the four ball machine. The initial seizure transition has 
been assooiahd with ,the failure of micro-rhd lubrication (ref. 108) ; 
and presumably refleots &he onset of microconjunction grcmth. The 
amount of wear occurring after the initial seizure is one of the 
measures of EP oil &ion included in the so-dled “Mean Hertz Load.” 

I n  addition $0 the influence of EP oils and other nodowing films 
on lthe direct control of microjunction growth, the films ghould in- 
fluence ;the stresses which initiate microconjunction growth. This 
should occur because a solid ftlm can change the effective elastic 
modulus of an asperiky and, mording to equation 4, the average pres- 
sure on an asperity is directly proportional to effective elastic 
modulus. Experimental data, (ref. 115) indicate that coatings wi6h 
different e l h i c  moduli begin to change the effective elastic modulus 
when coating thicknesses approach $he Hartzian radius of the sub- 
strate makerial. As Godfrey (ref. 116) and others (ref. 117) have 
pointed out, EP fiIms often are of the order of cm in thickness. 
From figure 13 and from experiments (refs. 118 and 119), b is also 
of the order of to cm. Hence, EP films should be sufficiently 
thick to affeet the effective elastic moduli of asperities. Since oxides 
and other inorganic compounds of metals usually have lower elastic 
moduli than the parent metal, the inorganic portion of the EP films 
should favorably influence the effective elastic modulus. Further, 
as illustrated in tables 3 and 4 by carbon and hydrogen content 
as well as the “organic” portion, EP films generally seem to contain 
a major organic component. This component would be expwted to 
reduce greatly *the elastic modulus of the film and, therefore, the 
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FIQUBE 17.-Effects of temperature and torsion rate on relative tor- 
sional ductility of straight mineral and sulfurized oils. SAEI 1080 
steel. 

TABLE 2.-E#ect of Fatty Acid and EP Additives on Extent of Wear 
and Friction “Jumps” at Transition a 

Wear, (cc/kg) X loQ 

Below Above Below Above 
transition transition transition transition 

Friction coef. 
Additive 

0.43% stearic acid 4.5 8300 0,08 0.29 
None 5 .9  290 0.08 0.11 
0.375% zinc diisopro- 

pyldithiophosphate 11 32 0.12 0.14 

a Four ball machine; load 40 to 50 kg; 1800 rpm; 10 sec; base oil, squahne. 
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average pressure P on an asperity. In turn, the decreased pressure 
should, because of the junction growth mechanism (ref. 104), reduce 
the tendency for microconjunctions to grow and adhere. 

Mr. Godfiey indicates that shear strengbh, melting point, and hard- 
ness of solid films are important to lubrication. However, elastic modu- 
lus, hardness, and shear strength are all fairly directly related (ref. 
121). Thus, the micro-rhd model suggest5 that khese apparent effects 
of solid film propertie mighk be equally well explained in .terms of 
elaticity; until tempemtures become suEciently high to allow film 
flow. 

Bmmary.-The foregoing micro-rhd model qualitatively describes 
boundary lubrication in terms of (1) dynamically shearing lubricant 
films between asperities, and (2) the influence of these films on 
asperity stresses and the tendency to fatigue and plastically deform 
the asperities. The quantitative plausibility of the model is demon- 
stpated with an idealized single asperity picture. The qualitative 
plausibility of the model is demonstrated by a few examples illus- 
trating how it permits explanation of boundary lubrication 
phenomena,. 

Admittedly,$he model is n d  as simple aa that of classical boundary 
lubrimtion or smooth-surface macro-elastohydrodynamic lubrication. 
However, khe model produced by inkegration of these wnceptx, coupled 
with less ideal makerial rheology, appears to have the generality nec- 
w a r y  to accounk for ,the diversity of experimential boundary lubrica- 
tion results. If indeed the micro-rhd model can account for these resultts, 
then iite; lack of simplicity is justified. The question of justificakion 
requires further amplification and quantification of the model, and 
these requiremerhs lead to the research needs listed below. Implicit in 
this suggested research is the development of new knowledge relating 

TABLE 3.-Constitution of EP Films and Approxhate  Atomic Ratios 
in EP Films 

EP lubricant type 
Component 

sulfur -9 Borateb 

Iron 1. 0 1. 0 
Oxygen 1. 2 4. 7 (by difference) 
Carbon 0. 5 1. 0 
EP element 0.02 (sulfur) 0.82 (boron) 
Hydrogen 0. 8 Not determined 

.From ref. 116. 
bFrom ref. 117. 
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TABLE 4.-Cmstitution of EP Films and Ratio of (‘0rga&d1 to 
“Inorganic” Phosphate in E#ective Phosphate-ester Film 

[From ref. 1201 

Surface Ratio “organic” to 
“inorganic” phosphate 

Chrome-plate 3. 1 
Hardenable iron 1. 3 
Chilled cast iron 0. 37 

physical ppoperties of bearing and lubricant materials 60 their consti- 
tution and to their chemistry related to boundary lubrication. 

Indicated research needs.-Amplification and quantification of the 
mioro-rhd model points to the need for oonsiderable research beyond 
that indicated by Mr. Godfrey. Roughly, this research may be divided 
into elaboration of the model and development of techniques to meas- 
ure pertinent physical properties of surfaces and surface films. The 
research should include : 

(1) Analyses and experiments with realistic assemblages of asperi- 
ties to determine the influence of surface topography 

(2) Analyses with idealized constitutive equations for non-New- 
tonian liquid and elastic-plastic solid micro-rheodynamic lubricant 
films 

(3) Analyses and experiments with gradients of lubricant-filtm rheo- 
Iogieal properties normal to khe surfaces; a statistical mechanical 
analysis, of the influence of a solid surface on the shear viscosity of a 
particulate liquid near ‘the surface (Ithe panticulate liquid, of course, 
is a model assemblage of molecules); and the rheological factors 
affeoting ,adhesion to the substrate 
(4) Analyses and experimenits to determine how an asperity plasti- 

oally changes in shape under the influence of forces generated by 
micro-rheodynamk lubrication 

( 5 )  Consideration of the model in planning and interpreting experi- 
ments on boundary lubrication, load-carrying capacity, etc. 

Pertinent physical properties to be determined should include : 
(a) Surface topography descriptions with at least statistical dis- 

tributions of asperity heights and crown radii consistent with the 
results of Item 1 above ( I t  should be noted here that the Greenwood 
and Williamson’s description (ref. 101) certainly is an improvement 
over common practice and may even be adequate.) 

(b) Rheological properties of bearing surfaces consisting of khe 
stress-strain and strain-rate characteristics in appropriate stress fields 

323-472 0-4-25 
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and in the presence of various environments including solid films; 
these properties necessarily include more than just elastic modulus, 
shear strength, and hardness 

(c )  Rheological properties of solid films applied or formed on the 
bearing surface 

(d) Rheological propedes of more or less “liquid” lubricant 
films formed on bearing surfaces; these properties include more than 
just viscosity and shear strength 

P. M. Ku (Southwesi Research Institute, San Anbnio, Texas) 

As indicated in the remarks made by Mr. Godfrey, Dr. Campbell, 
and Drs. Fein and Kreutz, there is, as it has been for many years, con- 
siderable disagreement with regard ‘to the dehi9;ion of boundary lubri- 
cation. I agree with Mr. Godfrey and Dr. Campbell that Dowson’s 
definition, limiting the lubricant film to monolayer thickness, is too 
resbrictive. I like to think of boundary lubrication simply as that 
regime of lubrication where substantial asperity contacts take place 
through the lubricant film, regardless of the film type or its interactions 
with the surfaces. It appears to me that the latter relates to the 
mechanism of boundary lubrication, rather than ‘to its definition. 

Turning to the case of liquid lubricants, many investigators have 
considered that there are three regimes of operation : hydrodynamic 
lubrication, mixed lubrication, and boundary 1ubricaJtion. Recent ad- 
v a n m  in elastohydrodynamics have clearly established khat .a goodly 
portion of the so-called mixed lubrication regime, khat portion immedi- 
ably adjacent to the hydrodynamic lubrication regime, is in fact a 
regime of elastohydrodynamic lubrication. One might then speak of 
four regimes of lubricmtion : hydrodynamic lubrication, elastohydro- 
dynamic lubrication, a regime of uncertainty, and then boundary lubri- 
cation. In  the regime of uncebinty, one might include the micro- 
elastohydrodynamic lubrimtion proposed by Drs. Fein and Kreutz, 
and perhaps others. I refer ko it as a regime of uncertainty, rather than 
as mixed lubrication, because not enough is known about it at present. 

I6  appears to me that ;there is a continuous progression of lubrication 
regimes from boundary (to hydrodynamic. Our difficulty is not only in 
definitions, buk in leamiing more about the transition from one regime 
to another as well as khe mechanisms involved. Once the nature of the 
problem is better understood, definitions may hopefully evolve by 
themselves. 

J. F. Archard (University of Leicester, Leicester, England) 

I would like to commiserate with Mr. Godfrey in the difficulties he 
faces in attempting to define boundary lubrication. This is a persistent 
problem somewhat akin to the d3Ecd;ties in the classifimtion of wmr 
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which I have discussed. In  my paper, in discussing the question of 
wear under lubrieabd conditions, it was suggested that boundary 
lubrication could be described as “lubrication by films whose properties 
and thicknesses are determined by the molecular rather than bulk 
properties of the lubricant.” 

However, it must be m p t % d  that all such definitions or systems of 
classification are an oversimplification of the true situation ; more prob- 
ably ithere exists a continuous spectrum of conditions ranging from a 
full fluid film to solid contact. Thus, it has been shown (refs. 122 and 
123) that, with sufficiently smooth surfaces, the full fluid-film regime 
persists under conditions of elastohydrodynamic lubrication, d m  to 
film thicknesses of some hundreds of Angstrom uniks. Moreover, under 
these condigtions, the coefficient of friction was indistinguishable from 
that observed under boundary lubrication wilth monomolecular films ; 
thus measurement of the coefficienk of friction provided no reliable in- 
dication of the lubrication regime. 

Between such conditions of thin, full, fluid films and .those defined as 
“surface interaction between monomolecular layers,” lies an interesting 
region whkh has not been mentioned at this symposium. For example, 
Cameron and co-workers (refs. 124 and 125) have suggested that, if 
the fluid film becomes sufficiently thin, the molecular architecture can 
have L significant influence upon its thickness and other properties. I n  
this connection they might have cited the work of Deryaguin (ref. 126) 
which invokes the existence of long range molecular forces. The range 
of such surface forces is a subject of some controversy. However, fur- 
ther examination of ;the properties of such (thin lubricant films is a sub- 
ject of both considerable fundamental interest and great practical 
importance. 

The discussion by Drs. Fein and Kreutz is .a well argued and pro- 
vocakive staikment of the case for ‘the existence of ehd effeds at as- 
perity contacts. I agree with their conclusions insofar as isolated 
asperities are considered ; however, when groups of asperities upon non- 
conforming surfaces (such as those of rolling disks) are considered, 
the situation becomes more complicated, and itt is difficult to provide a 
solution which satisfies both the elastic and hydrodynamic equations. I 
have argued (ref. 127) that appreciable flattening of an asperity can 
occur only if (in the terminology of figure 11) the Z / r  ratio is less than 
the Z / r  ratio of the Hertzian load bearing region between the disks. 

R. W. Roberts(Genera1 Electric Research 8 Development Ccnter,Schenectady, New Yo&) 

Over the past several years, we have developed a useful approach to 
predicting boundary lubricant additives for difEcult-to-lubricate metals 
(refs. 128 and 129). During sliding under boundary conditions, metal 
surfaces wear and expose clean metal. By studying the surface chem- 
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istry of similar clean mekal surfaces, using ultrahigh vacuum and 
associated techniques, it is possible ,to identie chemical species which 
can function as boundary lubricants. New practical boundary lubri- 
cants for aluminum were a direct outgrowth of such an approach (ref. 
130). Currently these techniques are being used to predict and investi- 
gate new lubricants for stainless steels and the heat-resistant alloys of 
nickel and cobalt (ref. 131). 

LECTURER’S CLOSURE 

Drs. Campbell, Fein, Kreutz, Ku, and Archard have submitted 
definitions of boundary lubrication. Dawson’s definition, which I used, 
is open to some criticism. First, limiting boundary lubrication to mono- 
molecular films is questionable. Certainly multimolecular films are 
influential. Secondly, the wording is confusing : “Surface interaction 
betwean monomolecular layers . . . and solids . . .” is not clear because 
the monomolecular layer is a result of the interaction of the lubricant 
and the solid. The use of the word “boundary” in the definition of 
boundary lubricrttion seems unwise. Lastly, asperity contact implie? 
metal-to-metal contact, which is not necessary. As Archard has shown, 
many contacts of film-to-film or oxide-to-oxide may occur without 
metal-to-metal contact. My definition, like the others, shows how they 
are tailored to each author’s wncept and analytical approach. I prefer 
the following : Boundary lubrication is that state of lubrication where 
surface films influence friction and wear. 

I appreciate Dr. Campbell’s comments on the chemistry of bundary 
lubrication because they balance my vim on the importance of physi- 
cal properties of resultant films. However, I can rationalize some of 
the mechanisms he discusses as physical phenomena. For example, if 
rate of film removal exceeds rate of film formation or if the film is 
dissolved, an incomplete or discontinuous film would result. Is not the 
“hole” in the film the important result ? Similarly, if the metal oxide 
film formed by organic peroxides had more resistance to removal, 
would not fretting wear be reduced? 

I agree that use of &he term “chemical reaction” to denote the forma- 
tion of a film of inorganic salt on metal, such m iron sulfide, is not sat- 
isfactory. A better term is needed. 

Drs. Fein and Kreutz have offered a theory of boundary lubrication 
involving no asperity contact which they use to explain numerous ob- 
servations. This theory needs experimental support as the authors state 
and indicate in their list of areas of needed research. I do not mean to 
contest the theory, but in future writings I would appreciah explana- 
tions of observations of low contact resistance and additional discus- 
sion of the marked effect of a small concentration of additives on 
friction and wear. 
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CCORDING TO THE ORGANIZERS OF THIS SYMPOSIUM the main purpose A of this review is twofold: first to spell out, particularly for 
workers in other disciplines, the main problems in the fields of friction, 
lubrication, and wear; and secondly .to indicate those areas where, as 
specialists, they might find worthwhile and challenging prablems of 
fundamental interest, to which they could make useful contributions. 

Neither of these tasks is easy. As is apparent from the intaxsting 
and stimulating papers already prepared, the field is too large for any 
individual to claim expert knowledge of the whole of it. Problems that 
may seem to one worker to be fundamental and of challenging impor- 
tance may seem trivid or boring to the specialist. For these reasons 
this review must necessarily be imperfmt and refleet to some extent the 
personal viewpoints of the writer. 

STRUCTURE OF CLEAN SOLID SURFACES 

Dr. Gatos has produced a very full and cumprehensive account of 
current ideas concerning the solid surface. This review discusses six of 
the points he has raised. 

Surface Energy 

Surface energy and surface tension are not the same thing. The sit- 
uation may be summarized by saying that if y is the free surface 
energy, the excess energy for a surface mea A is yA. The work done in 
producing an incremental change in A is given by 

where s is the line tension in the surface. For liquids */bA is zero so 
385 
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that s and y are identical. For solids &y/dA is not zero; in some cases 
theory suggests that it may be negative and may even be so negative 
that y +A &y/dA will be negative; the surface forces will then be com- 
pressive rather than tensile. Thus the forces in the surface may actu- 
ally tend Do expand the surface rather than contract it. It is sad to 
note that experimental study of this has been almost entirely neglected. 

Of course the free surface energy is thermodynamically the more 
important parameter-it enters directly into solid-solid, solid-liquid, 
and solid-vapour interactions. As Professor Rabinowicz hzLs often 
pointed out, it may play an important part in lthe mechanism of wear 
particle detachment, even though the curling up of wear fragments 
depends on the surface tension rather than surface energy. I n  any case 
direct measurement of the surface tension, perhaps along the lines indi- 
cated at the end of Dr. Gatos’s paper, is a challenge to the experimental 
worker, and could be of great value to the theoretician. 

Surface Energy and Adhesion of Solids 

The free surface energy of metals can now be measured with reason- 
able accuracy at temperatures a little below the melting point by study- 
ing the noncreep equilibrium of a suspended wire. With nonmetals, 
particularly m&hrinls which are brittle at low temperature, the 
surface energy can be determined by cleavage methods. The measured 
values are in fair a p m e n k  with values calculated from Simple 
theoretiad models. I f  two  atomically smooth surfaces oould be p l d  
in contact, the adhesion should depend only on the surface energies 
and the interfacial energy. There is, as far as I know, no way of 
determining &he interfacial energy of solids. From the point of view 
of frictional mechanisms, however, contacting surf aces are nevex 
atomically smooth (except in the case of mica) ; further, the contact 
Wwem surfaces always involves appreciable stresses normal to the 
surface so that some deformation occurs at the contacting asperities. 
This introduces a new factor and it is questionable as to whether 
surface energies per se are important in determining adhesion under 
them condikions. This is discussed further below. 

Range of Action of Surface FQKM 
Apart from some work in Russia and Britain during the last decade, 

there has been little systemakic study of surface furm. These forces 
have great importance in interactions between solids and between 
lubricants and solid surfaces. Our ovn studies with mica show that 
surface forces can be very strong for distances of the order of 5 to 
lOA but very weak for distances greater than say 20 or 30A. More 
detailed study in this area would be of great theoretical and practical 
value. 
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The Wetting of Surfaces 

Associated wikh surface energy measuremenh is the problem of the 
wetting of a clean solid by a liquid. A great deal of beautiful experi- 
mental work by Dr. Zisman has stimulated a more deoailed analysis 
of wetting khan that provided by the classical Gibbs equations. It is 
now clear from the work of Fowkes and Goode &at the wetting of 
a solid by a liquid involves specific factors such as the ionic and Van 
der Waals contributions to the surface energies. For example, Fowkes 
suggests that the interaction of water with clean mercury is almost 
completely (over 95 percent) due to Van der Waals interactions at 
the interface, while the remainder arises from dipole : image-dipole : 
interactions. Even though this conclusion is difficult to believe, it is 
supported by experiments at the Bell Laboratories (ref. 1) showing 
that water does not wet clean gold. This raises another question : How 
clean are clean surfaces? 

Structure of Clean Surfaces 

Vacuum k e ~ h n ~ l ~ g y  has improved to such an extent during the last 
deoade that it is now possible to prepare surfaces that remain free of 
adsorbed gases for hours on end. It is generally assumed khat if surfaces 
in a very high vacuum 'are khoroughly denuded by ion bombardment, or 
sijmilar means, the txmface mu& be clean and must yemain clean for a 
prolonged period. To some extent this view has been fostered land 
indeed strengthened by low energy electron diffraction (LEED) 
slmdies. However recent research by Sewell (unpublished) using <high 
energy electron diffraction, X-ray sptrometry, and m s  spectrometry 
has shown khat surfaces apparently clean according to LEED may, in 
fact, be covered over a large pant of the surface by undetected contam- 
inants. I k  is, of course, not the fault of the vacuum, but rather that of 
the specimen. Even the purest specimens contain slight impurities (say, 
one part in lo') ; thus when a specimen is ion-bombarded to remove 
contaminants, and then annealed $to remove the damage produced by 
bombardment, impurities diffuse .to khe surface. I n  the fukure much 
greater care will have to be exercised in preparing clean pure sur$aces 
and in categorically claiming &hat they are clean on LEED evidence. 
This is an experimental challenge of very great importance." 

There is also a atheoretical problem of even greater importance which 
is, at last, aktracting some attention. The diffrwtion of low-energy 
electrons by crystalline solids is not as simple 'as the early experimental 
work suggested. The interaction of electrons possessing energies com- 
~~ 

*Incidentally, the gold surfaces used in the Bell work were all heated to at 
least 250" C. If the specimen was then treated with conceutrated nitric acid, it 
could be wetrted by water. This was attributed to the formation of a wettable 
gold oxide film. Sewell has remarked (private communication) that concentrated 
nitric acid is an effective treatment for removing di- surface contaminants. 
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paT.arble wikh ithose within the solid is ‘a complicated business. Chrmnt 
work suggests that subidiary peaks in &he d i f f r a d  intensikies may 
oocur; some of the super-lattice struotures observed may arise from this 
or similar causes. We need far more understanding of the scattering of 
low-energy electrons by crystalline solids. The theoretician could find 
ithis a fruitful and challenging field. 

‘‘Real” Surfaces Resulting From the lntmaction of Clean Surfaces 
With Liquids and Gases 

Dr. Gabs  has made a very pentinent point here. We do not often 
have to deal with really clean surfaces except perhaps in outer space. 
Ordinary surfaces are covered with films formed by oxidation o r  cor- 
rosion. Many of the simplest processes, even the initial growth of 
the surface film, are not fully understood. We know even less about 
the mechanical propwA,ies of these films, or the way in which their 
properties are affected by conditions of formaition and growlth, or the 
way in which khese films can be ruptured either by pressure or sliding. 

TOPOGRAPHY OF SOLID SURFACES AND SURFACE INTERACTIONS 

Dr. Williamson’s elegant eurvey of his recent work on surftace 
topography marks a very valuable advance in our knowledge of the 
contour of real surfaces and of the way in which contact occurs when 
surfaces are pressed together. Dr. Ling’s ingenious rendering shows 
how Ithe analysis of rthermal effeots between sliding surfaces can yield 
information about the naiture of interfacial contacts. There are three 
points here Chat I wish ;to raise. 

Local Hardness 
The first concerns the local hardness of solids when deformation is 

restricted to a very small volume. Some years abgo Professor Islilton 
Shaw carried out experimenb on the fine machining of metals and 
suggested that when the di,mensions of the deformed materi.al are very 
small, the strength and hardness are very high. Recently Dr. Gane in 
our laboratory has studied &he indentaution of metals at very low loads 
(less 6han a fraction of a gram) and has indeed observed very large 
indentation hardness vdues. I n  some cases Che hardness values ap- 
proach the “theoretical” hardness for a perfeot crystal. It may be that 
this is a pure size effwt corresponding lthe conditions that might arise 
if the deformed volume is too small to generate mobile dislocations. On 
bhe other hand it is possible that $his is due to surface films of diffused 
impurity. Whatever Ithe mechanism, lthese results suggest ‘that over 
small regions of contact solids may be much more resistant to plastic 
deformation than atheir bulk hardness would suggest. Dr. Gane is 
pushing ahead with tkis work-it is clearly of very g r e d  importance. 
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Area of Contact 

My second point concerns experimenhl methods used in determin- 
ing the area of t m e  contact between touching solids. This is a difficullt 
problem and a challengesto the ingenuity of !the experimental physicist. 
With metals, electrical resistance mmurements have been used but 
Ohey are of limited validity. With transparent solids optical methods 
have b n  applied but again khese have their limita,tions. Dr. W'liam- 
son has shown khat a detailed topographical study of two surfaces 
before and aster they have been placed in contact can give a direct indi- 
cation of %he amounlt of hue  contact khat .hs occurred. This is a very 
valuable new method, but it requires extremely fine measurements and 
locartion techniques : it is also limited to surfaces in stationary contact. 
Dr. Ling has shovn how themal measurements can be used (to study 
the contact between sliding surfaces, but his method is not always 
praotical, or possible, lto apply. Is ilk not possible to derive a method of 
determining (the area of .real contaot khat will be simple, reliable, and 
applicable to both sliding and stationary surfaces? 

Thermal Expansion and Wear 

Dr. Ling has pointed oxit that local heating will produce normal 
displacements due ko ithermal expansion. I n  a mulkiasperity contact 
any individual asperity khat becomes hotter than its neighburs will 
expand more and relieve the load from the nearby asperities. This will 
lead .to a runaway situation where ,the individual hotspot g& hotter 
and hotter and carries a greater and greater proportion of the load. 
Clearly this could be an important factor in the wear mechanism. This 
should be studied fuhher, both theoretically and experimentally . 

FRICTION AND ADHESION 

Tangential Stresses 

As Dr. Merchanlt points out in his comprehensive survey paper, the 
friction between solids arises mainly from the need to shear the junc- 
tions formed by adhesion at the regions of real contact. He shows that 
junction growth occurs as a result of both normal and tangential 
stresses. One kheory for this effeot is that although asperities may 
deform elastically under static contact, a sniall amounk of tangential 
stress can readily lead to plastic deformation. Consequently elastic 
deformation is possible when the tangential stresses are small, as in 
rolling contact or in lubricated sliding. Elastic deformation is very 
unlikely if there is strong interfacial adhesion. Tangential stresses, 
even below those necesmry to produce gross sliding, may also play a 
very important role in three other fields: First, in metals they may 
lead to fatigue and fretting of surface asperities; second, with solids 
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covered with hard surface f3ms they may lead to rupture of the sur- 
f ace films ; and third, with brittle solids they can be extremely effective 
in generating fracture in and below the sliding interface. Dr. 
Merchnt has rightly stressed the important role of tangential stresses 
in sliding-it merits further emphasis. 

Adhesion 
The strength of the interface depends crucially on the adhesion be 

tween the surfaces. For ltwo perfectly clean surfaces of athe same metal 
the adhesion must necessarily be very strong and the interface will 
have a strengkh comparable to that of the metal itself. For dissimilar 
metals the adhesion is more difficult to specify. As Dr. Merchant points 
out, metal pairs which are mutually soluble will be of the right atomic 
size and electronic configuration to give strong adhesion (unless the 
compounds they form are basically brittle), and insoluble pairs should 
give poor adhesion. Such insoluble pairs, however, as gold-and-ger- 
manium and indium-and-diamond give strong adhesion. The work of 
Spalvins and Keller showed khat ,there was poor adhesion between 
clean iron and silver when in static contact, and they suggested that 
such a pair of metals might be a very satisfactory combination for 
sliding in a very high vacuum. Some preliminary frictional studies by 
deGee seemed to support this conclusion, but later he found that the 
frictional and wear behavior were crucially dependent on small 
amounk of surface oxide. In his most recent work (private communi- 
cation) he concludes that metals which are mutually soluble Will 
always adhere well, while metals which are mutually insoluble will 
not adhere so well but they will usually show enough adhesion in slid- 
ing contact to give appreciable friction, metallic transfer, land wear.* 

Two other adhesion factors Dr. Merchant points out, are released 
elastic stresses and crystal struoture. A further factor is the crystallo- 
graphic orientakion of one surface relative to the other. If there is 
marked mismatch, the adhesion may be small. It is probably mislead- 
ing, however, to think of this simply in terms of a mismatch in atomic 
bonding; for example, strong adhesion can occur at grain boundaries 
where mismakh between grains can be very marked. I f  adhesion be- 
tween mismatching contacting crystals is small, it is probzbly the 
result of incompatible deformations of the surfaces as they are pressed 
together. In  such circumstances, as Semenoff has suggested, the ad- 

*At the time of writing this article I was not aware of the 1967 paper by John- 
son and Keller in the Journal of Appliea Physics in which Dr. Keller showed that 
strong adhesion may occur between metals even if they are mutually insoluble. 
The lack of adhesion which Spalvins and Keller observed in their 1963 paper is 
abtributed to the presence of antaminant films. This implies that some combina- 
tions of material@ are more susceptible to contamination than others since the 
older paper showed strong adhesion between mutually soluble metals, but not 
between mutually insoluble metals. 
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hesion a n  be greatly increased by providing exltra energy at the sur- 
face, either thermally, or by the work of plastic deformtion. Thermal 
activation resembles the sintering process; plastic activation, that of 
cold welding. 

We see that adhesion, particularly in a sliding system, is not a 
simple issue of surface energies or mutual solubilities. Vestiges of sur- 
face oxide, released elastic stresses, and unfavorable crystallographic 
conditions can markedly reduce adhesion. On the other hand, sliding 
always involves some plastic deformation and some frictional heating, 
and both of these will increase adhesion. 

Adhesion is of basic importance in friction. With lubricated surfaces 
it determines whether one pair of materials will scuff more readily 
than others. More information, both theoretical and empirical, is 
needed for the better understanding of adhesion. 

The Deformation Term 

If  a hard asperity ploughs its way through the surface of a softer 
metal, the ploughing force can be easily calculated if adhesion between 
the surfaces is assumed negligible. A ttypical analysis for a conical 
asperity has been quoted by Dr. Merchant, and has been gmt ly  
elaborated by Wilman and his colleagues in their studies of abrasive 
wear. Their experiments show that the rate of metal removal by abra- 
sion is inversely proportional to the hardness of the metal, a conclu- 
sion in close agreemenlt with earlier results obtained by Krushchov. Ilt 
is interesting to note that if we assume that ten percent of the volume 
of the ploughed grooves appears as removed metal, there is a very good 
quantative agreement between the calculaked and observed abrasive 
wear rates. Mulhearn and Samuels have suggested that this can be ex- 
plained in terms of the average orientation of the abrasive particles. 
Wilman has also studied, using electron diffraction, the orientation 
of surface layers produced by the abrasive process. This and later 
papers show that an oriented 'texture, similar to that produced in com- 
pression or rolling, is obtained. 

Some very beautiful work has also been carried out by Bailey (ref. 
2), and more recently by Courtel (ref. 3), on the deformation and 
ploughmg of single metal crystals. The slip pr- can, 60 some 
extent, be followed and explained in terms of dislocation movement 
and glide. But the most striking observation is that material piles 
up ahead of the slider in some direotions, and on either side of the 
slider in other directions. 

This type of material displacement and the simple ploughing model 
described by Dr. Merchant are relatively easy to understand. Indeed, 
if interfacial adhesion is negligible, the ploughing term can be cal- 
culated with a fair degree of reliability. But what if adhesion is not 

323-472 0-439-26 
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negligible? The ploughing term will react wi&h the adhmion tmm 
and will probably lead to an increase in the deformation component 
itself. This type of interaction is probably very common in unlubri- 
cated sliding, yet there is no satisfactory ‘theoretical solution. One ap- 
proach might be in terms of the “model junctions” described some 
years ago by Greenwood and Tabor (see figure 1). Rheologists and 
plasticians could find this a most challenging area of study. 

In most sliding situations the deformation term is small c u m p d  
with the adhesion term. It can, however, be important in the abrasion 
of metals, as mentioned above ; in &he grinding and pulping of wood ; 
in the sliding friction of plytetrafluorethylene where the adhesion 
component is generally small, and in lubricated friction orf those mate- 
rials for which the deformation losses may be relatively large. 

The Deformation Term in Tire Friction 

The deformation term can be particularly importan& in the fric- 
tion of rubber. For example, if a hard asperity traverses a well-lubri- 
cated rubber surf-, as much as 80 to 90 percent of the total friction 
may arise from the energy lost in deforming (or ploughing) the rub- 
ber. These losses are proportional to the hysteresis loss property of the 
rubber. Consequently, under conditions of poor adhesion, the larger 
the hysteresis losses in the rubber the greater the friction of hard 
sliders over the rubber. This concept has stimulated the use of high 
hysteresis rubber on automobile tires. I f  road surfaces are wet or 
greasy so that direct contact between the rubber and the road is pre- 
vented, the major part of the friction may well arise from the “plough- 
ing” of the tire tread by the road asperities. 

Here again problems are raised, this time by the interaction of the 
deforma&ion or grooving mechanism with a small amount of adhesion. 

Intermittent Motion 

None of the papers in this series has referred to intermititent motion. 
Yet it is of wide occurrence in many sliding mechanisms, often as L 

series of “sticks” and “slips.” This is always associated with a system 
in which the static friction is higher than the kinetic friction, or 
where the kinetic friction decreases markedly with increasing speed. 
Most engineers have been content to describe intermittent motion in 
terms of the nakural frequency of the system, its damping character- 
istics, its stiffness in relation to the magnitude of the frictional force, 
and the friction-velocity characteristics of (the system. 

Another way of looking at this problem is to recognize that there is 
a time effect such that the longer the surfaces are in contact, the higher 
the static friction. Rabinowicz has presented an interesting treatment 
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( A )  HARD COPPER JUNCTION: 
INITIAL YIELDING. 

( C )  LEAD JUNCTION: INITIAL 
YIELDING 

( E )  LEAD JUNCTION : LATER 

( G )  LEAD JUNCTION : LATER. 

(B) HARD COPPER JUNCTION: 
FRACTURE. 

( D )  LEAD JUNCTION : LATER 

( F )  LEAD JUNCTION: LATER 

( H )  LEAD JUNCTION : FINAL STAGE 

FIQURE 1.-Model junotions. 

in these terms and has shown how this explains the main characteristics 
of stick-slip motion. 

Although this approach is very satisfactory in a descriptive way, 
the fundamental question remains as to why static friction increases 
with time of contact. It may be attributable to creep as a result of 
which .the area of contact increases with loading time, or there may be 
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a time factor involved in the breakdown of contaminant surface films. 
It is also possible that diffusion across the interface leads to a strength- 
ening of junctions. Again Courtel (ref. 3) suggests that the interaction 
of the ploughing and adhesion term and the formation of a “frontal 
bulge” may lead to an instability producing intermittent motion. 
Finally, in a recent publication Tolstoi (ref. 4) has shown that stick- 
slip motion in a horizontal direction is associated with a slight vertical 
movement of one surface relative to the other. I f  this vertical motion 
is suppressed, the intermittent motion is reduced or eliminated. This 
is a very important observation; unfortunately, Tolstoi does not dis- 
cuss how this vertical movement is produced in terms of the formation 
and shearing of the interfacial junctions. It may well be that the 
model-junction study by Greenwood and Tabor is relevant here, I n  
view of the basic importance of avoiding stick-slip motion in most 
engineering mechanisms, it is surprising that more fundamental work 
on this has not been done. 

There are many mechanical systems in which intermittent motion 
is the result of poor design rather than actual friction characteristics. 
This can occur in poorly designed brakes. Spurr has given an example 
of this in his account of a “spragging,” or jamming mechanism. 

Friction in Very High Vacuum 

A large amount of i n t e e i n g  work has been done by Bisson and 
Anderson and by Buckley and Johnson in the NASA laboratories, on 
the friction and wear of metals in a vacuum of 10-10 torr. “he sys- 
tem is baked out at U x ) O  C, and the surfaces are repeatedly slid over 
one another for periods on the order of one hour. It w8s found thak 
certain alloys and metals give relatively low friction and wear even 
under these severe conditions. For example, a titanium alloy con- 
taining 21 percent aluminum, sliding on L stainless steel surface, gives 
a friotion coefficient of only about 0.4. On the other hand, pure titanium 
sliding on the same surface results in gross seizure (f>l.6). The 
authors suggest that this is connected with the structure of the metal 
or alloy and particularly with a favorable ratio of the c to  a dimensions 
in hexagonal structures; a large c to a ratio yields low friction and 
wear. Dr. Merchant has given a simple #and plausible explanation of 
this in his survey paper. There is room here for further experimental 
and theorehical study, particularly in view of the connection between 
these results and the behavior of lamellar solids. 

The effect of surface film removal by sliding in high vacuum is 
clearly of great importance in space applications. One recent result of 
interest, observed in our laboratory, concerns the behavior of diamond 
surfaces. These are diflicult to clean by heating in a vacuum because 
prolonged heating causes graphitization ; in fact with graphitization 
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the coefficient of friction does not exceed about 0.4. I f  the diamond 
surface is repeatedly traversed in a vacuum of 10-l" torr at  slow sliding 
speeds, so that frictional heating is negligible and graphitization does 
not occur, the friction coefficient rises to a value of about 1. I n  addition 
the strong adhesion and the increased tangential stress at the interface 
lead to catastrophic fragmentation of the diamond. 

Friction of Nonmotals-Britflc Solids 

Dr. Merchant's survey has shown why the friction of brittle solids 
resembles that of metals. One important difference, though, arises 
from the limited ductility of the material which in turn restricts junc- 
tion growth. Another important difference is the way single crystals of 
brittle solids can manifest marked frictional anisotropy. This is shown 
most simply by studying the friction of hard sliders on the surfaces of 
single crystals. When the deformation is gentle, the behavior resem- 
bles that of ductile materials and metals; the higher friction being 
associated with the piling up of a hill of work-hardened material 
ahead of the slider. When the deformation is predominantly brittle, 
frictional anisotropy again occurs and is due largely to an increase 
in the ploughing term. However, the high friction observed in certain 
crystallographic directions is due not so much to a piling up of mate- 
rial as to an increase in penetration by the slider into the brittle 
crystal (ref. 5). I n  addition the cracking around the slider is often 
caused by a pile-up of the dislocations associated with plastic dis- 
placement of material. This mechanism may also account for the fric- 
tional anisotropy observed earlier on diamond, but the evidence is by 
no means conclusive. I n  view of the importance of diamond as a L'low 
friction" material and its use as a cutting and grinding tool, more 
work in this area would be of value. 

Although friction with brittle solids appears to be due to both adhe- 
sion and ploughing mechanisms, wear is usually dominated by crack- 
ing and fragmentation rather than adhesion and transfer. I n  this 
process, tangential stresses are of primary importance. This may be 
illustrated by considering the behavior of a noncrystalline material 
such as glass where neither flow nor brittle failure is associated with 
specific planes or directions. Figure 2 (A) shows the appearance of a 
glass surface after a hard spherical indenter has been pressed against 
it with a load of nearly 7 kg. The static load is just sufEcient to produm 
a ring crack around the Hertzian area of contact. I f  the normal load is 
reduced to 2 kg, no such cracking occurs. However, if now a tangential 
force of only 1 kg is applied (insufficient to produce sliding), the 
tangential stress generated in the surface layers produces cracking 
over an  arc lying just behind the contact area (fig. 2 (B) ) . At slightly 
higher tangential forces, where gross sliding occurs (fig. 2( C) ) , typi- 
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cal arc cracks are observed over the whole friction track (ref. 6) I )  These 
can naturally be the cause of very heavy wear. The interaction of 
normal and tangential stresses in the failure of brittle solids is a very 
interesting and challenging theoretical problem ; two independent 
treatments, by Hamilton and Goodman and by Frank and Lawn, 
have recently appeared. 

Friction of Nonmetals-Lamellar Solids 

The low friction of lamellar solids is generally attributed to the 
marked anisotropy of their strength properties : strong in compression 
but weak in shear. With graphite the friction and wear are high 
unless adsorbed water vapor or oxygen is present. The earlier work 
suggested that the cleavage faces of graphite are low energy surfaces, 
the edges, high energy surfaces, On this view, the adsorbed vapors are 
effective because they reduce the surface energy and bonding streng%h 
of the edges of the graphite crystallites. Recent work by Bryant, how- 
ever, suggests that the cleavage face of graphite is a high energy 
surface. I f  this is so, the amount of adsorbed vapor necessary to 
reduce the friotion and wear, would be much larger than has been 
observed. A critical study of the friction of graphite is now overdue. 

With molybdenum disulphide there is more general agreement. 
The low friction is essentially a property of the structure of the 
material, molybdenum disulphide being extremely weak along the 
shear planes. The presence of adsorbed films and other impurities 
tends, if anything, to increase friction. 

W = 7 ,  F = O  
STATIONARY 

(A )  

W = 2 ,  F = O S  
STAT ION ARY 

( 6 )  

W = 2 ,  F = l  
SLIP 
( C )  

FIGUBE 2.-Deformation of glass by a hard spherical indenter (0.63 em 
diameter). In (B) and (C) the slider is being pulled in the downward 
direction relative to the glass. 
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One interesting research development is the effect of crystal struc- 
ture on the frictional properties of lamellar solids of the molybdenum 
disulphide type (chalcogenides). Some evidence suggests that, as 
with the hexagonal metals and alloys studied by Buckley and 
Johnson, a large c to a ratio is advantageous. Other experiments, how- 
ever, suggest .that the effectiveness of lamellar compounds depends 
mainly on the extent to which they are stoichiometric; the more perfect 
their structure the lower their friction. Probably the most important 
single factor is the type of bonding between the lamellae. This has 
not been fully explored and deserves further study. 

A very promising line of research of both academic and practical 
interest is the possible use of chemical attack to form, in situ, surface 
films possessing a lamellar structure. This was first described in detail 
by Rowe in 1957. He showed, for example, that titanium could be 
effectively lubricated by forming titanium iodide on the surface; 
similarly, tungsten can be lubricated by forming tungsten chloride. 
This has recently led to a number of practical applications; for ex- 
ample, Roberts and Owens have found that a lubricant containing an 
activated iodine complex a n  provide very effective lubrication for 
titanium (and chromium). There is room for more work in this arefi. 

Friction of Nonmetals-Rubber and Rigid Polymers 

Dr. Merchant has pointed out that the friction of polymeric solids 
differs from that of metals in that the deformations are elastic or, 
mom correctly, viscoelastic. I n  many situations this can lead to a de- 
pendence of the coefficients of friction depending on load and geometry 
so that Amontons’s laws are not obeyed. There is a further, more im- 
portant, difference. The deformation and strength properties of poly- 
meric materials are markedly dependent on temperature and frequency 
of deformation. One would therefore expect to find a corresponding 
dependence of friction on temperature and speed of sliding. This 
has been well demonstrated for rubber by Grosch (ref. 7). He studied 
the friction over a wide range of temperatures ( - 15 to + 8 5 O  C) and 
speeds ( to 1 cm/sec.). (By restricting his sliding speeds to less 
than 1 cm/sec, he was able to avoid complications due to frictional 
heating.) His results show that the friction, as a function of speed 
and temperature, can be fitted to a “master” friction curve, by using 
the same Williams-Landel-Ferry transform that correlates the visco- 
elastic properties of the rubber. At  room temperature the friction 
reaches its peak at a sliding speed, 9, of about 1 cm/sec. At  this tem- 
perature the peak in the viscoelastic losses occurs at a frequency, 
v, of about lo6 cps. I f  the friction and viscoelastic losses are to be 
attributed to the same mechanism these results imply that, in the 
sliding process, rthere is a significank distance, A, given by h=v /p .  This 
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quantity has the value of about l0OA which is approximately the 
length of a segment of the rubber molecules which other types of 
experiment show to be involved in the relaxation process. 

One of the characteristic features of rubber friotion is tht, over an 
appreciable range of conditions, there appears to be no transfer of 
rubber to the other surface; kha t  is, sliding appears to occur truly at 
the interface. This suggests ,that the rubber molecules are temporarily 
attached to and then detached frm the other surface. This has led 
Schallamaoh (ref. 8) to develop a molecular theory of rubber friation 
involving three variables : bond f omation between the rubber mole- 
cule and the other surface ; dwell time ; and stress-activated detachment 
of the molecule. The treatment is essentially an extension of the Eyring 
molecular theory of viscous flow and gives reasonably good qualitative 
agreement with experiment. However, there is room for a more critical 
analytical model. 

With rigid polymers such as perspex, polyethylene, PVC, and nylon, 
it has not been possible to obtain a similar clear-cut correlation between 
friction and viscoelastic properties. Ludema and Tabor (ref. 9) have 
suggested that this is because conventional study of ViscoelastiCity is 
carried out at yery small strain levels and at ambient pressure. By 
contrast, the material around the friction junctions is subjected to a 
very high local pressure and the shear strains, before sliding occurs are 
enormous. Thus although sliding friction often varies markedly with 
speed and temperature, there is no reason why this should reflect visco- 
elastic properties measured under much gentler conditions. There is 
room here for a study of viscoelastic properties at high pressures and 
for large strains, but professional rheologists do not seem very keen 
to tackle this area of work. 

With polymers adhesion at the interface is generally strong; shear- 
ing occurs within the polymer itself, and there is marked material 
transfer. Under carefully controlled conditions strong interfacial 
adhesion can occur even with PTFE, though the friction remains 
small. The low friction must be attributed to the anisotropic yield 
properties of the crystallites within the PTFE. The details are not 
certain, but it is interesting to note that PTFE of low crystallinity 
gives a friction that is generally 10 to 15 percent higher than that 
observed with highly crystalline material. It is, of course, true that in 
many practical situations the adhesion between PTFE and other sur- 
faces is small, and this is accompanied by a further small but significant 
drop in friction. Nevertheless, the friction experiments suggest that 
more attention should be paid to the influence of polymer structure on 
frictional behavior. 

Effect of Speed, Tempemture, and Environment 

Sliding friction depends on environment, on the nature of surface 
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Bms present or formed during sliding, on temperature, and on speed. 
A& moderate speeds, the friction tends to decrease as speed increases, 
probably because the junctions are weaker if they are formed (and 
destroyed) in a very short time. However, there is no satisfaotory 
mechanism for this and, as mentioned above, it merits further study. 

A& higher sliding speeds, the main effed is frictional heating. With 
metals this produces a thin film of soft or moloten metal at the intergace 
and results in lower friction. I f  large-scale melting occurs the fric- 
tion again rises because of the large increase in ;the area of contmt. 
The rate of metal removal is determined by the rate at which the molten 
5on t  diffuses into the metal ahead of it. With nonmetals -there is a 
similar decrease in friction with increasing speed. With brittle mate- 
rials thermal shock may lead to fragmentation and excessive wear. 
W&h polymers, on the other hand, the friction and wear remain low 
even at the highest speeds. This is because a considerable part of .the 
fricitiond energy may be expended in raising the temperature of the 
molten interface rather than expanding the molten zone. I n  addition, 
.there is some evidence thak decomposition of the polymer may provide 
same measure of gas lubrication, but more work on ,his is necessary. 
The most striking result is that at sliding speeds of 2800 ft/sec (6430 
m/sec) the wear of nylon may be less than that of copper or aluminium 
and scarcely greater than khat of molybdenum. 

The high Aash temperatures and rapid cooling that takes place m 
soon as the hot spot passes out of the contact region, can lead to impor- 
tant phase changes. For example, Welsh has shown that with ferrous 
materials, severe conditions can produce a martensitic surface layer 
which, because of its extreme hardness, can lead to a marked reduction 
in wear. 

The effect on friction of extremely high or low ambient tempemtuw 
has received considerable impetus from nuclear power developments 
and space research. Most of the fundamental studies have been carried 
out in a vacuum or inert gas to prevent oxidation at the high tempera- 
tures, or condensation at the low. With pure metals the main effect of 
high temperature is to increase the ductility of the material at the 
interface. This greatly facilitates junction growkh and readily leads to 
gross seizure. For this reason the use of pure metals and even steels is 
i m p m t i d  above about 100olo C. 

I n  this higher temperature range, the materials mainly studied have 
been the carbides, borides, and nitrides of the transition metals. Their 
friction at room temperature, even when clean, is relatively low, prob- 
ably because of their low ductility. Above l2OO0 C, however, a marked 
increase in volume diffusion takes place, Sintering at the interface is 
facWated, friction rises, and mrfme damage increases greatly. 
Environmental factors may aid sliding surfaces by the in situ forma- 
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tion of a suitable lattice-layer (lamellar) compound as mentioned 
above. Another fruitful approach is that of Buckley and Johnson who 
have fabricabd composite materials that can operate successfully at 
very high temperatures. Some of these materials can also funotion at 
only a few degrees a h l u t e .  At a more fundamental level it would be 
interding to explore the effect of low-temperature ernbrittlement on 
friction; a decrease in ductility should reduce friction, although, if the 
substance became too brittle, wear might increase catastrophicdy. 

WEAR 
A recent survey of industrial research in Britain shows &hat in the 

general fields of friction, lubrication, and wear; by far the greatest 
effort is expended on wear testing. This reflects the fact that it is d S -  
cult, if not impossible, to anticipate the wear behavior of a particular 
pair of solids from more fundamental studies. The reasons for this axe 
evident from the interesting survey that Dr. Archard has presented at 
this symposium. There are several wear mechanisms which are fairly 
well understood in themselves, but in any particular sliding mechanism, 
the way in which they interact is almost unpredichble. 

I n  this connection I should like to quote from a draft report by the 
Organization for Economic Cooperation and Development (OECD) 
Group on Wear of Enginwring Materials. It describes a study of wear 
results dbtained in different 1aibOratOries using the same materials. The 
relative wear rates of copper and bronze against steel, measured at a 
load of 10 kg, gave values which varied from 0.5 to 95 ; that is to my, 
using identical materials different workers abtained results which 
differed by a faator of nearly 200. 
Th e  authors (A. Begelinger and A. W. J. de Gee) conclude that if 

only one wear mechanism occurs, reasonable reproducibility may be 
obtained. However, “seemingly minor f ackors, amongst which the 
thermal conditions at the friction interface are the most important, 
may have a considerable influence on the type of wear mechanism that 
predominates, or rather on the relative importance of the different 
mechanisms that may be operative successively or simultaneously.” 

A few of the wear mechanisms will be considered below. 

Adhesion Mechanism 

First there is the adhesion mechanism which occurs when asperities 
break through the protective lubricant or oxide film and make contact. 
Junctions are formed, and when these are broken, particles are trans- 
ferred from one surface to .the other. The detailed behavior depends on 
the running conditions, particularly the load, speed, and temperature, 
since these can lead to changes in the strength properties of the surf ace 
layers as well as to phase changes in the underlying material. Again 

. .  



L U B R I C A T I O N  R E B E A R C H  VIEWPOINT 401 

the adhesion may depend critically on such parameters as mutual soh- 
bility, relative orientation, and surface energy properties. Some of these 
factors have already been discussed in the preceding sections. At a later 
stage the transferred fragments b m e  d0tached and then become 
true wear particles. The mechanism by which the transferred frag- 
ments are freed is still the subject of discussion. Rabinowicz has made 
a most useful contribution in suggesting that the fragments are re- 
leased when the stored energy (resulting from repeated deformation) 
exceeds the necessary surf am energy. The first difficulty here is to make 
the concept quantitative. We do not really know the interfacial ener- 
gies of solids. Secondly, most wear fragments are such mashed-up 
particles of metal, oxide, and other contaminants that we do not know 
what interfacial eaergy .to choose. Thirdly, there is some uncertainty as 
to the relation between strength properties and surface energy for 
ductile solids (even when they are highly worked), since a small 
amount of plastic deformation can easily swamp the surface energy 
term. There is a need here for a basic study exploring Rabinowicz's 
mechanism in greater detail. Another approach is to avoid detailed 
mechanisms and to describe the detachment of wear particles as a 
fatigue process. 

Oxidation and Surface Films 

A second important mechanism is surface oxidation. Oxides gen- 
erally reduce adhesion but the way in which they are penetrated and 
broken down is not properly understood. Osias and Tripp have studied 
the deformation of a plasticine sphere covered with a thin film of 
lacquer, and have suggested that this resembles the breakdown of a 
hard oxide on a softer metal ; here the cracking of the film plays a very 
important part. There is little doubt that in the real sliding process 
tangential tractions on a brittle surface layer will greatly facilitate 
cracking and fmcture (fig. 2). This raises a point of theoretical m d  
practical importance: How will a ductile oxide film behave? I n  gen- 
eral a crystalline oxide will be more ductile than an amorphous one. 
Does this mean that a high-temperature oxide formed on aluminium 
will give better protection than the oxide normally formed at room 
temperature ? 

The mechanical properties of hard prortedive surface films are 
probably of critical importance. Hard plasma-sprayed coatings which 
are able .to withstand the stresses in the sliding system can greatly 
reduce w a r .  If,  however, they are too brittle and are fragmented by 
the sliding process, the detached fragments can enormously increase 
wear by abrasion. 

Abrasive Wear 

Abrasive wear has been discussed briefly in a previous section, Al- 
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though it is probsbly the main c a m  of material removal in many 
sliding mechanisms, it is not generally a serious pro'blem unless the de- 
Signer has been very unwise in his choice of materials. A far more 
serious situation is sudden seizure. This type of scufEng or galling is 
often observed in well-lubricated systems. One suggestion is that it 
may be caused by hard particles, larger than the oil-film thickness, 
which somehow get trapped between the sliding surfaces. These parti- 
cles may be carried by the oil supply from one part of the cmwhine to 
another and may escape the most stringent filtration procedures. On 
the other hand, they may be produced by the sliding process itself. 
For example, repeated asperity contacts (even if they are protected by 
an unbroken film of lubricant) may gradually cause fatigue resulting 
in a fragment. For this reason the correct choice of materials is of great, 
importance even in well-lubricated mechanisms if scuffing and seizure 
are to be avoided. 

There have been a number of attempts to derive from short-time 
experiments wear equations that can be extrapoa;ted to longer periods. 
Some of these equations (refs. 10 and 11) are based on reasonable 
physical models, and they work surprisingly well. This is largely be- 
cause they are restricted to specific types of wear mechanism. If for 
any reason the'balance of wear mechanisms should change, the equa- 
tions would probably be misleading. I n  some ways this treatment re- 
sembles the prediction of long-term creep from short-term experi- 
ments. 

Dr. Archard referred to wear as a Cinderella.* I would refer to it as 
a wayward, capricious child of mixed and rather uncertain parentage. 
In  the basic study of wear, metallurgists and material scientists have 
not (with some notable exceptions such as the group at NASA) 
played the part they could in the selection and development of ma- 
terials for sliding pairs. There is particular scope for thoughtful con- 
sideration of composition, structural factors and of types of surf ace 
films that can be formed. 

BOUNDARY LUBRICATION 

The survey by Mr. Godfrey follows so closely my own thinking on 
the subject of boundary lubrication that there is little point in repeat- 
ing his views in detail here. There are, however, a few concepts that I 
would emphasize in a slightly diff erent f om. 

Boundary and Elastohydrodynamic Lubrication 

First is the issue of boundary lubrication and elastohydro- 
dynamic lubrication. We now know that when mineral oils are sub- 

*This expression was used in +the original draft of Dr. Archard's manuscript, not 
in the final version appearing in this volume. 
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jected to very high pwures ,  they undergo a prcodigious increase 
in viscosity. As a result the oil film may remain trapped between 
the solid surfaces and prevent metal-metal contaat. For example, with 
very carefully aligned steel surfaces operating at contact pressures on 
the order of 50 to 100 kg/mm2 (so that the pressures are not far from 
those capable of producing plastic flow of asperities), classical elasto- 
hydrodynamic lubrication can be obtained with a simple mineral oil, 
even though the coefficient of friction may be on the order of 0.06 to 
0.08 (K. L. Johnson, private communication). We have recently found 
similar effects even at relatively slow sliding speeds. This is not bound- 
ary lubrication and some workers have gone as far as to suggest that 
boundary lubrication does not even exist. 

The reality of boundary lubrication, however, is revealed if experi- 
ments are carried out with mineral oils containing small quantities 
of surface active materials. Fur example, Naylor (private communi- 
cation) studied the behavior of a typical disc machine in the presence 
of a pure mineral oil; he has been able to operate the system under ideal 
ehd conditions with a limiting film thickness of less than 200A. 
Adding a small quantity of oleic acid to the oil did not affect the film 
thickness; furthermore, ;there was no change in .the viscous resistance 
of the film. On the otlier hand, in a practical cam and tappet rig 
operating at similar pressures and speeds, it was found that with the 
oil containing thesmall quantity of oleic acid %he laad at which scuffing 
occurs is much higher than with ;the pure mineral oil. We may conclude 
that a very thin film, perhaps only m e  molecule thick, of oleic acid 
is adsorbed on the metal surfaces : It plays no part in the bulk viscous 
properties of the system but provides protection to the surfaces when 
the ehd film breaks down. It is evident that we have returned to a 
type of boundary lubrication very similar to that described in the 
earlier classical work. We may define it as thak kype of lubrication 
which cannot be attributed to the bulk viscous properties of the lubri- 
cant (whether the system is operating under hydrodynamic or elasto- 
hydrodynamic conditions), but arises from a specific solid-lubricant 

Cooperative Effects in Boundary Lubrication 

Mr. Godfrey has indicaked that dissolved air in a mineral oil can 
greakly reduce wear between heavily loaded surfaces. It is probable, 
as his own experiments and those of Vinogradov suggest, that oxygen 
reaab with the wearing surfaces to form a protective oxide Elm. There 
is also evidence that if lung-chain fatty acids are dissolved in a mineral 
oil, their effectiveness as boundary additives is greatly reduced if the 
oil is completely de-aerated. I& may be that the fatty acid does not 
react effectively with the naked metal but does so much more readily 
with the metal oxide. On the other hand, it is possible that a single 

, interaction. 
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monolayer of an adsorbed fatty acid monolayer is not suflciently pro- 
tective ; it may need the additional protection of a thin oxide film. This 
is worth exploring further especially since it suggests that noble 
metals will not be easily lubricated by adsorbed polar molecule5 alone. 
This may explain why gold can only be lubricated effectively if 
halogenated materials are also present. 

Exo-Electrons 

Little mention has been made in this symposium of an area of work 
which appeared very promising some ten years ago ; namely, the study 
of the eleotrical oharges liberated from freshly formed surfaces when 
exposed to appropriate atmospheres (e.g., exo-electrons, the Kramer 
effect). This work has not been continued in  its original form, and 
merits a ‘new look.’ I n  a related area, very valuable work has been 
carried out on the high reactivity of fresh metal surfaces to organic 
compounds. As Mr. Godfrey points out, this may be of great impor- 
tance to lubricant performance, especiany under severe conditions of 
load and speed. No account is given here, though, of the influence of 
surface-active materials on the mechanical strength of solids. This may 
prove to be of importance in the machining and cutting of metals as 
well as in Rehbinder’s classical field of rock-drilling. 

“Weeping” Lubrication 

Mr. Godfrey hinted at two lines of recent lubrication research; they 
merit further attention. The first is the observation of McCutchen 
(ref. 12) that porous materials may extrude lubricant when subjected 
to pressure, thus providing a ‘weeping’ type of lubrication. He has 
suggested that this may be one of the ways in which the cartilage and 
synovial fluid lubricate bone joints. The second is somewhat similar 
but operates under much higher pressures. I f  a metal surface is lightly 
shot-peened before lubrication, it can be subjected to very heavy defor- 
mation in subsequent rolling or drawing without the occurrence of 
scuffig; the lubricant is squeezed out of the cavities during the metal- 
working operation and prevents metal-to-metal contact (ref. 13). 
this way even titanium may be successfully worked. It would not be 
inappropriate to refer to this as plastohydrodynamic lubrication. 

. 

Areas of Needed Research 

I cannot do better than repeat the final remarks of Mr. Godfrey. In 

(1) Knowledge of tRe chemical composition of films on sliding 

(2) Data on the shear strength of film materials under conditions 

this field we need : 

surfaces 

of high pressure, high shear rate and temperature 
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(3) Data on the melting point of film material under cunditiuns of 

(4) Examination of films before and after sliding to indicate the 
high pressure and high shear mta 

location of shear planes and the importance of adhesion and cohesion 

GENERAL OBSERVATIONS 

Any simpleton can measure fridion-a great many of us do. Accu- 
rate knowledge of frictional coe5cients are fundamental to engineer- 
ing. For example, in the action of brakes where a high steady friction 
is required ; in the operation of an automobile door-lock where a lady’s 
fdger must be strong enough to actuate a very ingenious and powerful 
mechanism; in a gyroscope where extremely low reproducible frictions 
are needed ; and, at the other end of the scale, in enormous power gener- 
ators where a small diminution in fridion can lead to appreciable 
economic gains. 

The measurement of wear, which is so widespread in industrial 
laboratories, is of immense practical importance in estimating the 
reliability and viability of a particular sliding mechanism. 

The Challenge to the Scientist 

Nevertheless it is, I think, true that for the scientist the measure- 
ment of friction and weax is & relatively simple, dmost trivial, opera- 
tion. The problem, though, is in trying to understand how friction and 
wear arise, and, once known, how they can be controlled. For this pur- 
pose the chemist, physicist, metallurgist, and materials scientist must 
bring to bear all their most powerful techniques in order to under- 
stand how surfaces interact when in close static and dynamic 
proximity. Optical microscopy, optical interference, electrical meas- 
urements, and other techniques are needed to determine the area of 
contact. Also needed are electron microscopy and probes to study sur- 
face deformation and material transfer during sliding. Electron 
diffraction can yield the structure and composition of surfaces tmd 
surface films. Radioactive tracers can help study wear and transfer, 
and mass spectroscopy can indicate surface reactions. And in addition 
to all this, they must match the technique they use to the scale of the 
problem they are investigating. 

Scientists must also use all the scientific concepts that can be applied 
to the explanation of their observations. For example, the physicist 
must know how solids deform elastically, how plastic flow occurs, 
how contact stresses can p r o d m  slip in ductile solids and cracking in 
brittle solids. He needs to know how surfaces react with environments 
and how surface films are formed. But he must also be realistic. For 
example, if he studies the sliding of single crystals he may ,be, able to 
oxplain the gross effects in terms of plasticity theory; and, if he is 

. 
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lucky, he may be able to explain some of the &tailed processes in terms 
of dislocation theory. But if he describes the frictional process in terms 
of wave mechanics, it is probable that though he may understand wave 
mechanics he will not achieve an understanding of friction. 

The Need for a Cooperative Effort 

I n  all this work the scientist needs the tools and the techniquw of 
his profession. But above all he needs scientific insight and a sense of 
reality. Without these attributes he will amass expensive equipment, 
but meaningless data. I n  the long run, therefore, the contribution of 
the scientist to our understanding of the sliding process, both with 
and without surface films, will depend to a very large extent on the 
maturity of outlook and quality of mind he brings to bear. 

These comments can be summarized by saying that the most effective 
contribution to tribology will be €Tom the collective effort of the chem- 
ist, physicist, materials scientist, metallurgist, and engineer. I n  this 
work they will all need refined equipment. But, taking the longer view, 
men and ideas may well prove to be more important than machines 
and computers. 

DISCUSSIONS 

R. L. Adamczak(Air Force Materials Laboratory, Wright-Patterson Air Force Base, Ohio) 

The authors and discussers thus far ha,ve done an acellmt job of 
outlining further research needs. All  I shall do, therefore, is to use 
some of the material discussed to develop several basic points. 

The first point is that the field of friction and wear, lubrication, or 
tribology (whichever one wishes to call it) is a sorely disjointed 
science. There has been very llittle that actually relates to or ties each 
of these reviews together. Thus the current and most apparent need 
is for a unified, and unifying theory. 

The second point is Itht of b a t i n g  this entire subject of lubrication 
as an interdisciplinary science. I n  reality it is a scientific field onto 
itself and should be considered as such both academically and profes- 
sionally. 

These concepts assume that lubrication is a disjointed science which 
must be put together. I shall expand on this using the b x t s  of the 
other presentations at this meeting. &viewing the papers I found that 
terms, phrases, and concepts used in any one presentation, are ambig- 
uous and/or differently defined in others. Some ideas have almost no 
consistency of dehition. 

Professor Gatos stated that, “Reliable experimental values of sur- 
face tension should prove of incalculable value to all theoretical efforts 
on solid surfaces.:’ Let us pmume that surface tension can be precisely 
determined, then what would be the implications on the theory of 
surfaces? My question, of course, is not directed at the authors, but at 
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the audience and those working in our field. Even Dr. Tabor brings to 
bear his concepts of surface energy and surface tension. 

Dr. Gatos discussed, and Dr. Tabor amplified, the subject of “clean” 
and “real” surfaces. I feel that the quotes are wrongly placed and 
should be on the word “surface,” since any surface which is not “clean” 
is “real.!’ This whole area of surface structures and interactions seams 
to be plagued with the inability to define a surface. Granted a number 
of surface types have been suggested as a result of numerous investiga- 
tions, but even these cannot be related. 

Dr. Williamson’s treatment, as are all those presented at this meet- 
ing, is measured in degrees of elegance. He mentions that microinch 
resolution is quite adequate for the study of surface topography, and 
that more refined techniques will be of greater value only to physicists 
rather than to the surface (or lubrication) scientists. This of course is 
interesting since in tha preceding paper, microscopy and diffraction 
tecKiques are used for resolutions of 2 to 20& whereas other papers 
speak of resolutions that are visible to the eye. Here, as with all 
parameters, we are attempting to measure finer or more accurakely; 
but in most cases it is to find, rather than to prove or disprove, a 
theory. The concept of size or dimension is often inconsistent and 
somethes not even applicable to the treatment of &he problem. 

Professor Ling has contributed a sound mathematid, md experi- 
mentally verified, lapprmh for the determination of surface tempem- 
tures. I f  we assume that the two contacting surfaces are atomically 
flat, is this interfacial temperature that of the surface molecular layer, 
or of the last 100& or of the last microinch? Since surfaces do have 
asperitiee, a wide range of contact geometry can be expectad. Thus 
we can assume that bhere would be litkle temperature rise where there 
is only minimal wntmt, and maximum temperature rise at points 
of greatest IaSperity contact. I f  we assume no deformation, can this 
maximum temperature de accurately determined? Since it is fairly 
well ,accepted that frictional heding is the d t  of junction breaking 
and deformation, can the deformation term be exploited ‘8s to its maxi- 
mum txmperature contribution? Such rmsoning might yield bounds 
within whioh temperature efiects would be most masonably expected. 

I n  Dr. Merchant’s paper, one clearly sees the problem of semantics, 
interrelationships, and disciplinary concepts. I n  addition, there are 
ill-defined terms such as “chemically clean surf aces,” “intimate coh- 
tact,” and especially “true area of contact.” I n  this review there is also 
a vacillation between micro- and macroscale. I n  a way this reflects 
the academic background of the researcher. 
To adumbrate Dr. Archard in his introduction, we have gleaned 

from this meeting an overview of the present state of the art. I am 
sure that if this conference were to fully relate our problems, at least 

323472 - 9 - 2 1  
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several weeks more would be required. But let this not hang heavy on 
our conscience for our problems provide us and our successors with a 
living. Wear seems to  be the culminmtion of everything we study in the 
field of lubrication; and yet, it is predicated on all the phenomena, 
theories, and work covered in this symposium. Simply, if we cannot 
predict the nature of what precedes wear-its unmrtain percentage- 
then obviously wear must remain elusive. 

Mr. Godfrey’s presentation of boundary lubricration indioaks the 
lack of contributions from the field of chemistry. Only in the last 15 
years have specialized disciplines contributed usefully to the field of 
lubrication. This wcounk for the recenk iadvances in hyddynmnics 
and ehstohydrodyndc.  But boundary lubriaation still suffers for 
lack of interdisciplinary exposure. 

I n  spite of this, I feel that lubrication and all of its ramifications 
should not be considered an interdisciplinary science, but rather 
as a distinct scientific field both academically and professionally. 

I thank our European friends and especially people such as Mr. 
Jost and Professor Blok for fostering and propagating the concept of 
tribology. As definitive tribological theories are developed and useful 
textbooks %are written, independent tribology departments will develop, 
with subdepartments eventually emerging, as in%he other sciences. I 
believe that this measure of respecbability is as sorely needed las the 
need for a unified theory of lubrication. 

H. Gisser (PitmanDunn Research Laboratories, Frankford Arsenal, Philadelphia, Penn- 

It is at once evident frm Dr. Tabor’s paper that lubrication re- 
search, whatevw its other aktributes, is and of necessity must be inter- 
disciplinary in nature. At the risk of repeating what is axiomatiq 
long range success in efficiently solving lubrication problems requires 
knowledge of the fundamentals of the processes and materials in- 
volved. That this has received recognition in the recent past is evident 
by the extendive scope of current research lactivitiies which are part 
of land contribute to lubrication science. Dr. Tabor has done a master- 
ful job of appraising the current status, and pointing out the genemil 
dirmtion for further lubrication remarch. This Es achieved by his 
usual economy of language and intuition for those items and areas 
which w d d  most probably bring fruitful smd valuable h d ~ .  
His summary in “the challenge to the scientist” is a useful general 
guide and approach to anyone probing the nature of the fundamentals 
of lubrication. 

I should like to comment on several points concerning boundary 
lubrication-that is, lubrication where the chemical nature of the 
lubricant film is a major d&rminmt of lubrication characteristics. 

sylvania) 



L U B R I C A T I O N  R E S E A R C H  V I E W P O I N T  409 

There has been an  extensive empiriual study of the interaction of or- 
garh materids with metal surfaces, tugether with, in many cases, 
indentifination or at lwt 5ndioation of the nature of the products. 
Some of this work has emphasized the role of surface oxide, partic- 
ularly where f ably reactive organic lubricants are of interest. There is 
good reason b expect that the mechanism of the reactions with oxide, 
and the kinetics of such reactions, are of importance. The previous 
researchers did not in general cover nonpolar compounds except in 
relatively extreme conditions under which fairly extensive oxidation 
leads to the formation of reactive or polar compounds. 

The development of elwtron spin resonance speotrometry during 
the past decade has stimulated extensive studies on oxide surfaces and, 
by providing a means of identifying the nature of reactive sites on the 
surface, has made accessible a more detailed study of interactions of 
oxides wikh organic compounds. Very recently we have shown, using 
ESR (ref. 14), that pure aliphatic hydrocarbons react chemically with 
zinc oxide surfaces, thus changing the nature of athe reaotive species. 
Since the existence of oxides, and very probably their structure, is of 
imporbance in  rubbing phenomena wi.th metals, fudher exploration of 
the nature of these oxides and their reaotivinty, is germane. A body of 
knowledge already exists on the study of these materials as “semi- 
conductors”, i.e., surface species with an excess or deficiency of eledric 
charges. The detailed study of such oxides lends itself $to ESR tech- 
niques; further studies including mechanism and kinetics of reaction 
with environmental media, such as reactive gases together with organic 
compounds, are needed. 

Further exploration of the nature of lubricant films in (the boundary 
region is needed. None will doubt the role of solid films in such lubrica- 
tion; for example, the failure of soap films above their melting point 
has been reported more than once, and tthe activity of organic phos- 
phates has been shown to be due ;to inorganic phosphates on the surface. 
The empirical conclusion that a solid film is required for boundary 
lubrication has recently been shown ‘to extend to nonpolar materials, 
e.g., hydrocarbons, even under relatively mild conditions in the absence 
of remtive atmospheric gases. The nature of the lubricating film with 
nonpolar materials in the presence of atmospheric gases is of interest. 
While oxidation offere a m d y  explanation, and indeed has been dem- 
onstrated It0 take place at elevated hmperatures (which may occur 
locally because of rubbing), the reactions leading to #the flm and the 
nature of the film formed, even under mild conditions, are still it0 be 
demonstrated. 

Since metal surfaces are oxide layers, and since lubrication failure 
means metal wear or destruotion, athen *the behavior of the oxide sur- 
face, and *the chemical and physical mechanisms of its formation and 
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destruction during the rubbing process, need exploration. Here ESR 
spectrometry and both high and low energy electron diffraction should 
be of value. 

Interesting new techniques have recently become available for study 
of thin films. For example, there are ellipsometry (ref. 15) which per- 
mits study of the thickness and optical constants, and reflectance spec- 
krometry (ref. 16) which permits study of chemical struoture. These 
techniques, when combined with modern high-vacuum technology, may 
make available in greater detail the phycics and chemistry of mono- 
layer-substrate interactions during rubbing. Ellipsometry and reflect- 
ance s p w t m e t r y  provide means of studying, in situ, films adsorbed 
from solvent. Approaches using thin films are particularly attractive 
because the experimental systems are in principle simpler than when 
relatively large bulks of material are under study ; the pertinent param- 
&rs are under more precise control. As a consequence the pertinent 
phenomena may be more readily “sorted out” and the data more readily 
related to fundamentals. 

I n  his summary Dr. Tabor mentioned approaches and techniques 
which should be explored. But I believe khat a key point of his presen- 
tation, and one in which I believe should be stressed, is Ithat in the long 
rn the men marhd their research ideas may prove to be more impodant 
than their equipment. 

R. L. Johnson (NASA Lewis Research Center, Cleveland, Ohio) 

!l!hroughout the papers of this symposium, Ithe critical appraisal of 
Dr. Tabor, and the earlier discussions, there are repeated references to 
phenomenological considerations; for example, elastic modulus, vari- 
ous mechanical strengths, thermal properties, and sur5ace energies. 
Very often these are interrelated phenomena thak make it possible to 
analyze data (of limited scope) using any ope of several models and 
achieve reasonable numerical correhtions. For example, surf ace en- 
ergy correlations use numbers derived *from hardness measurements 
(ref. la), so we may wonder if the result is a surface energy or a hard- 
ness effect. The facts are $hat we do not have ‘an adequate definition of 
hardness so that analysis on the basis of either hardness or surface 
energy is representative of the empiricism that must be set aside if real 
scientific progress is to be achieved. The suggestion of Dr. Tabor for 
a new approach to determining surface energy is also open to question 
because “non-creep equilibrium” is virtually unobtainable. I agree with 
Dr. Archard to the effect that, in general, the surface energy concept 
is interesting but of questionable usefulness. 
The continuum mechanics approach of Dr. Ling and others provides 

models for sophisticated mathematical analysis. At best, however, khese 
represent a first approximation to true phenomena because the mate- 
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rials of lubrication are mostly anisotropic. It is generally appreciated 
that anisotropic phenomenological behavior can be rationally explained 
using atomistic mechanics. 

The *importance of crystal structure on the friction, wear, and ad- 
hesion of metals has been documented in studies conducted in vacuum 
(refs. 18, 19, and 20). The influence of crystal structure can be illus- 
trated with metals that are polymorphic as a function of temperature, 
for example, cobalt (€&. 3). Friction and wear increase dramatically 
with temperature as hexagonal cobalt assumes the f.c.c. structure; the 
effect and its reversibility have been demonstrated for a number of 
metals. Considering hexagonal metals as a group, a correlation involv- 
ing coefficient of friction and the ratio c to a of the interbasal planar 
spacing to the lattice parameter has been documented (fig. 4). Further, 
it was shown (ref. 18) that alloying of hexagonal metals (e.g., 25 per- 
cent molybdenum in cobalt) stabilizes the crystal structure and elimi- 
nates the transition illustrated in figure 3. Also, alloying can be used to 
change the crystal lattice parameters 60 achieve reduced friction. 
Figure 5 shows the effect of such alloying additions of aluminum or 
tin to titanium as mentioned by Dr. Tabor; the result is a good exam- 
ple of how crystal structures, hence atomistic mechanics considerations, 
achieve useful slider alloys. 

The question is often posed as to the applicability of simple crystal 
concepts to the polycrystalline materials used in sliding contact. Dur- 
ing sliding, orienkation or texturing occurs as a result of recrystalliza, 
tion and/or plastic deformation of surf aces. Fortunately, such orien- 
tation allows shear to develop on the plane of minimum shear strength. 
Figure 6 shows the characteristic effects of load on friction coefficient, 
for single crystals oriented for minimum shear force, and for poly- 
crystalline materials. Friction of the polycrystalline material decreases 
wikh orientation at greater loads, and the friction of single crystals 
increase5 when grain boundaries appear with recrystallization. The 
magnitude of grain boundary impedence Q shear is illustrated by the 
increase in friction for the single crystal. The two curves converge at 
a characteristic load. Table 1 relates recrystallization temperature to 
the load for which a series of metals converge to lthe same approximake 
coefficient of friction. The energy inputs for the conditions represented 
in this table are very small compared to engineering applications. Thus 
orientation or texlturing is likely in most mechanisms. 

Largely on the basis of NASA data, Dr. Merchant suggested that 
on certain crystal planes of copper, elastic recovery to “peel” the 
planes apart might play a large role in causing low adhesion. Dr. 
Tabor gives credence to that view. Considering the experience, how- 
ever, at  NASA-Lewis using a substantial number of materials, and 
especially the results for the platinum metals (ref. 22), a strong cau- 
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tion mst be made against applying that vim broadly to friction and 
adhesion. Also, in the study of hitanium, friction was found to d e  
crease with increasing temperatures as the c to a laMice ratio becomes 
larger ; in the same range of conditions, elasticity of the material de- 
creases. Further, for beryllium, the opposite effect of temperature on 
friction was observed but this also could be explained on the basis of 
c to a ratio (ref. 23). 

Although discussed in the presentations of this symposium with par- 
ticular reference t . ~  solid solubility or cold welding, i& is well it0 re- 
emphasize that material transfer is likely to occur whenever there is 
solid contact between load supporting surfaces in relative motion. 
Adhesion sufficient to cause material transfer occurs not only b u s e  
of (1) digusion bonding as mentioned above, but also because of (2) 
mechanical bonding, and (3) chemical bonding. The strength of these 
bonds determines if shear occurs at  the original interface or in one of 
the substrate materials (ref. 18). The coefficient of friction (shear 
resistance) of slider metals has been directly related to critical resolved 
shear stresses and inversely related to stacking fault energies (refs. 21 
and 22). 

The summation of these observations on unlubricated sliding sug- 
gests that the. phenomenological basis for continued study of slider 
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materials should be in fracture mechanics and must involve atomistic 
considerations. 

Better methods for the study and produotion of slider materials are 
urgently needed. Law energy electron diffraction as well as field- 
emission and field-ion microscopy are promising techniques for ithe 
definition of surfaces on an atomic basis. Inconsistencies in the use of 
such techniques are most likely the fault of our inadequate interpreta 
tion of the results rather than &he ;techniques alone. A better theoretical 
basis for these devices is most certainly required. 

Clonsideration for inkrmittenlt motion was mentioned by Dr. Tabor 
as having been overlooked in the primary papers of this symposium. 
Them is no question Chat stick-slip phenomena are very i m p h n t  to 
engineering. An illustration from our own studies is the case of dy- 
namic instability of bellows .type face-contack seals reported in refer- 
ence 24. Small acwlerome.tess mounted on the nose-piece retainer cuf 
the seal measured oscillations at frequencies above 40000 cycles per 
second. Instability contributed to diametral rocking of the seal, acceler- 
ated wear by impacts, and increased leakage past the seal. Studies to 
undemtand and mntnal stick-slip must concenkmte on rheology and 
especially the shear behavior of makerials. Systems dynamics charac- 
terize stick-slip !but have little to do with its origin. 
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The question of frictional behavior of materials, and especially 
polymers, at very low temperatures has been raid.  Studies by D. 
Wisander at NASA-Lewis with PTFE in sliding contact with aus- 
tenic stainless steel gave results as shown in table 2. From such data, it 
may be deduced that reduced ductility or other characteristics associ- 
ated with lower ltemperatures of liquid nitrogen can give reduced 
friotion; buk the ;trend is not msistent as the daha for liquid hydrogen 
illustrate. Clearly, we need im under&and more fully the behavior of 
materials at cryogenic temperatures and ductility alone is not an 
adequake criterion for considering friotion changes ais a function of 
+emperature. 

Mr. Godfrey 'and Dr. Tabor negleclted to discuss one of the oonsidera- 
tions in boundary or khin  film lubrication known to be one of Mr. God- 
frey's major concerns, the photographic observation of cavitation-like 
behavior in sliding contacts. This writer's interest in the two-phase 
fluid phenomena of cavirtation is, however, for different reasons. Oavi- 
tation has been visually dmmented in thick-film lubrication of jow- 
nal bearings (ref. 25), in thin-film lubricartion of rolling mnt& 
(ref. 26), and in the boundary lubrication of sliding contacts by Mr. 
Godfrey. 

Figure 7 tiakm from.reference 26 shows how the wake of a rolling 
contact exhibits cavitation streamers with two phases. Concern for this 
phenomenon is its effect on cooling, because if the liquid does not wet 
the load-bearing surfaces under the conditions shown in figure 7, cool- 
ing may be seriously impaired. We have learned that many of the 
fluids, such as polyphenyl ethers, considered for advanced lubrication 
applications will not wet the films formed by their contact with metal 
surfaces (e.g., friction polymers). The apparent inadequate lubrica- 

TABLE 1 .-Recrystalliwction Temperatures and Loads at Which Equiv- 
alent Friction Coefftcients Were Obtained for Single Crystal and 
Polycrystalline Metals. A1208 Disk, 0.001 emtsec Sliding Velocity, 
lo-" Torr, No External Specimen Heating 

Load at which friction is Recrystdine 
Metal equivalent for single and temperature, O C 

polycrysballine metals, g 

Copper 
Nickel 
Iron 
Titanium 
Beryllium 
Tungsten 

200 
300 
400 

1500 
3500 
3500 

100 
350 
450 
700 
900 
1200 
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tion by many new fluids (e.g., polyphenyl ethers) may result from heat 
transfer deficiencies rather than poor lubrication properties per s8. 
It is interesting that polyphenyl ethers perform better in air than 
in inert environments. Contact angle measurements show that the fluid 
has a lower contact angle on surface films formed on steel in air than 
those formed in niltrogen. This is a good a m  for study. 

Visual studies of thin-film lubrication are very useful. The work of 
Cameron and his associates (ref. 27) and that of Hingley (ref. 26) 
are good examples. Analytical studies of fluid-film seals at  NASA- 
Lewis indicate that analyses of thin films should include the inertia 
terms from the Navier-Stokes equations (ref. 28). The limiting condi- 
tions for significance of inertia effects are not clear. With cooperation 
of Dr. Cameron, however, some data were obtained with high-density 
fluids (fluorocarbons) in two viscosity levels ; it is considered sign%- 
cant that the low-viscosity (226 cp.) fluid gave about 50 percent 
greater film thickness than the corresponding high-viscosity fluid 
(1175 cp.) . These data also suggest the more general consideration of 
inertia effects in extreme thin-film lubrication. 

These comments are to supplement those of Dr. Tabor anid the other 
authors. It is hoped that. they will stimulate study of fundamentals 
applicable to lubrication technology. 

M. C. Shaw (Carnegie-Mellon University, Pittsburgh, Pennsylvania) 

While the elementary theory of friction proposed independently 
by Merchant and Bowden over a quarter century ago (refs. 29, 30, 
and 31) is qualitatively useful, it is far less satisfying quantitatively. 

TABLE 2.-F&tion Coe#cient for PolytetraJuoroeth$ylene on Austenitic 
Stainless Steel. KB in. Radius Hemisphere in Sliding Contaet With the 
Flat Surface of a Rotating Disk at the Given Environments. 1 kg Load, 
2,900 ftlmin . Sliding Velocity 

Temperature Friction 

OF OK 
Materials Environment coefficient 

PTFE on 304 + 160 344 Gaseous nitrogen 0. 18 
stainless steel - 320 77 Liquid nitrogen 0. 07 

-423 20 Liquid nitrogen 0. 13 
2501, glass fiber + 160 344 Gaseous nitrogen 0. 25 

filled PTFE on - 320 77 Liquid nitrogen 0. 12 
304 stainless -423 20 Liquid hydrogen 0. 22 
steel 
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FIGUEE ?‘.---Optical interferogram showing cavitation streamers in the wake 
of rolling contact (ref. 26). 

In  equation 4 of 
given by 

r. Merchantps paper, coefGcient of friction is 

(1) 
f=Z$ S 

where S is the shear strength of the material and P is the hardness. 
This is consistent with the excellent resdts obtained %th a bearing 
surface consisting of a weak layer on a hard substrate. However, 
when applied to a slider consisting of two homogeneous ductile 
metals, it gives quantitative results that are extremely poor. It is 
well established that the hardness, P, of a homogeneous metal is 
approximately three times the uniaxial flow stress, uo, for the same 
metal, and by the maximum shear theory, shear stress .S will be 
one-half the uniaxial flow stress. It therefore follows from the equation 
above that the maximum value of f for clean surfaces would be 

@ or 0.167. 
3uo 
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However, ductile metal surfaoes that are clean are experimentally 
found to exhibit coeficients of friction far in excess of one. 

The first observation to be made concerning equation 1 is that 
P is actually the unrestrained flow stress and not the hardness. 
Figure 8 shows two asperities just before contact as they are brought 
together in a normal direction. The degree of restraint that is present 
is far less than that in an indentation hardness test. The flattening of 
asperities more closely resembles the flattening of a cylinder-the 
uniaxial flow stress condition-than it resembles a hardness test 
which is equivalent to three times the uniaxial flow stress. The 
maximum value f could have for a homogeneous material, according 
to this interpretation, is then 

by the Tresca or maximum shear criterion of plasticity, where K is the 
flow stress in shear. But experimentally observed values off still re- 
main unexplained. 

An attempt has been made to explain the failure of equation 1 in 
terms of the ‘fjunction growth” that accompanies a tangential or 
frictional force F. In  the derivation of equation 1 the real area of 
contact, A,, was considered to be proportional to the normal force, 
W, on the slider, and no account was taken of the presence of the 
frictional force, F. Ths two forces F and W will, of course, combine to 
satisfy the criterion for plastic flow, and a given W will give rise to a 
larger area in the presence of a frictional component. We may define 
two hardnesses 

(2) PI=- (in the absence of F), W 
AB1 

P2=xa VV (when F is present), (3) 

where W is the n o m 1  applied load. The hardness Pz will obviously 
be less than PI since F helps induce plastic flow; hence 
which is what is meant by the “junction grovkh” that m u m  when a 
shear force F is inhduced. “Junction growth” is discussed in refer- 
ences 32 and 33. 

While this idea is qualitatively appealing it fails to explain the 
discrepancy (between the observsd and predicted values of coefficient 
of 5iction for clean surfaces, as the following analysis will show. 
This analysis employs elementary principles of strength of materials- 
an engineering approach in which stresses are assumed unifomly dis- 
tributed. This treatment considers a pair of similar asperities consist- 
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FIWBE &--Two asperities before conta& 

ing of a homogeneous isotropic material that deforms without strain 
hardening. 

Figure 9(A) &ows the two asperities after equilibrium has bsen 
established. The applied load is Tl and the area of c o n k t  is A1. In 
figure 9 (B) is the corresponding Mohr’s circle diagram-a stress-space 
diagram giving &he relative magnitudes of shear and normal stresses 
for cubes oriented in .different directions. Plane X in the real space 
diagram (fig. 9(A)) is clearly a plane of principal stress and wi l l  
occupy the position indicated in the stress-space diagram (fig. 9 (B) ) . 
The radius of Mohr’s circle is K, the shear flow stress for the material. 

Figure 10 shows diagrams equivalent to those of figure 9 but with 
shearing force, F, present. The principal plane of stress will be 
perpendicular to the resultant force vector (plane P in figure lO(A)), 
and this will plot as point Y on the Mohr’s circle diagram. Plane X 
is subjected to both shear and normal stresses. If A2 is the final area 
developed, these stresses will be 

and 

F 
r==A,’ 

while angle QOX(fig. 10(B)) will be the friction angle, B, whose 
tangent is the coefficient of frictionf. 

Point 2 in figure 10(B) is the plane of maximum shear stress, and 
is located a t  an angle 2a from plane X in stress space but at  an angle a 
counterclockwise from X in real space (fig. 10( A)). 

Figure 10 will hold for all cases for which f is less than unity 
(6<45”), and 

w2=~+42=( OQ)& ( 6)  
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where OQ is the normal stress on plane X(fig. 10(B)). 
But 

Letting 
0&=2K  COS^ @. ( 7) 

W, (fig. 9)=W2 (fig. lo), then 

or 

where f=co&cient of friction= tan 8. 

(B) 

FIQUBE 9.-Two asperities under normal load. 
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. 
F 

( e )  

FIGWEE 10.-Asperities in eontaut with 1 leas than anfty. 

Equation 9 provides the relation between values PI and Pa in 
equations 2 and 3 such that 

If the two junctions weld completely so that they form a single 
homogeneous isotropic body, we should expact shear rupture It0 occur 
on the plane of maximum shear stms and on the plane of shortest 
extent. This would mean that points X (shortest plane) and 2 (maxi- 
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mum shear stress) in figure 10(B) would coincide. The coefficient of 
friction would ithen be one and this would be the greatest value possible 
under these conditions. I f  the two asperities were only partly welded 
(e.g., due to mntamination) , then rupture would still be expected to 
occur on the shortest plane but at a lower value of shear stress. Point X 
would then be to the left of point 2 as in figure 10 (B) and the shortest 
plane X would not be the plane of maximum shear stress 2. The m f -  
fkient of friction would then be less than one. 

The relation between the coefficient of friction with junction growth, 
f ,  and without junction growth, f o ,  may be derived starting with 
equation 1. 

S f’5’ 

where S is the shear stress a t  rupture for plane X .  
From equation 10 

thug 
f f --. 

“ - l + f 2  

Figure 11 shows the relation between f and fo. 

While the concept of junction growth explains coefficients of fric- 
tion as high as one, it does not explain the values in excess of one 
when very clean ductile metals slide together. Further alteration 
in the basic model is obviously needed. 

I n  looking for other explanations two possibilities come to mind: 
(1) The normal load, W, on an asperity, could fluctuate and the 

maximum value of W might owur before the maximum value of P. 
(2) The shear strength of the material near the interface of two 

asperities (VI in figure 12) could be greahr than the flow stress K 
for the bulk material of the asperity (V,  in figure 12). 

Either of these posibilities would lwd to values of f greater than 
one. 

The first possibility calls for a vibrajtional motion perpendicular 
to the sliding direction. If &he frequency of vibration were high 
enough, the normal laad could be reduced to a lower value bfore  
shear took place. The maximum normal load would thus determine 
the area to be sheared, while She lower mean value of normal load 
would be present during shear. The frequency of vibration required 
is b o  high for the entire plate to vibrah, while the shape of asperities 
(very broad and shallow) make it appear unlikely that individual 
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asperities could vibrate wi&h d c i e n t  ampEtde to saitisfy this 
mechanism. 

There appear to be four possible ways in which the second mecha- 
nism might opemb : 

(1) Contaminating materials such as oxides mighk lead to dis- 
persion strengthening of the immediate surfaces. 

(2) Strain hardening of the surfaces might exceed that of the bulk 
Eletal. 

(3) The rupture stress for surface material (V1 in figure 12) 
migh$ be greater than .the flow stress for the makerial in the central 
region of an asperity ( Vz in figure 12) due ti0 a size effect. 

(4) Asperities might be subjected .to a large component of hydro- 
static compr&ve stress in addition to a uniaxial component of stress. 
It has been clearly shown by Bridgman and others that hydrostatic 
compression greatly increases rupture stress but has only a small 
influence on flow stress. This could also lead to the difference in 
properties for the surface and bulk regions. 

The contaminating mechanism may be eliminated on grounds that 
the highest values of friction are observed under conditions of high 
vacuum and surface cleanliness. 

The differential strain hardening meohanism appears to be too weak 
an effect to m u &  for the iarge values of friction observed with clean 
surfaces. Even tho difference in shear strengths of fully worked and 
ammiled materials is not sdticient to account for the difference in 
strength required: an order of magnitude or more in some cases, This 
mechanism appears the more unlikely when it is realized that the 
difference in strengths of two plastically strained regions (VI and Vz 
in & w e  12) is involved, Since strain hardening tends to saturate with 
strain, any difference in such strengths would be small. 
This leave5 only the Size and BTidgman effects to explain the 

anomaly. 
A size effect, in which shear strength increases with decrease in 

specimen size due to the decreased probability of finding an imperfec- 
tion or stress concentration, has been clearly demonstrated to exist in 
the OBSB of glass fibers? a wide variety of whiskers, fine grinding chips, 
and microha,rdnw indentations. It therefore does not s,ppear unreason- 
able to expect a similar effwt to exist nt the tip of an asperity. The fact 
that the volume of an entire asperity will be of the order of in?, 
while the volume of a chip or whisker showing a strong size effect will 
be about 5x104 in? and 10-8 in? m p t i v e l y  makee the possibility 
even more likely. 

Y can be shown that an asperity will be subjected to a large hydro- 
static compressive stress. However, this requires consideration of the 
st- on an asperity from the pint of view of elasticity instead of 

3234'12 0 - 6 6 2 8  
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FIQm 12.-Contacting aS'p&ties showing region of rupture stress at Surface 
V1 and region of flow stress enclosed within VP. 

the strangth of materials approach employed here, and theref ore will 
be deferred for a later publicsltion. 

Nevertheless it might be concluded that values of coefficient of fric- 
tion in excw of unity can be explained in t e r n  of a combination of 
size and Bridgman effects. Both of these eff eots lead to a rupture stress, 
K,., for the surface of an aspe&y that is greater thaa the uniaxial 
flow stress, K, for the main body'of the asperity. 

The diagram corresponding to figure 10 for values of f greater than 
unity is given in figure 13. 

Figures 10 and 13 are useful in indicating the direction of maximum 
shear stress corresponding to any due of f. rhis wi l l  be at an angle, 
a, to the direction of motion, while a will be considered positive for 
values of f less than one and negative for values of f greater than one. 
From the Mohr's circle diagrams it is evident that 

a=45O---'f  (14) 

Since we are dealing with duotile materials we should expect rupture 
to occur in shear and to follow the plane of maximum shear stress. It is 
thus to be expected that asperities having a value of f less than unity 



426 F R I C T I O N  A N D  W E A R  

will fracture with an inclination such as that shown by the solid line in 
Sgure lO(A) (positive a), while asperities having an f greater than 
unity will fraature as shown in figure 13 (A) (negative a). 

€337 carefully tracing a surface thah has bean slid in contact with 
anather similar dry clean surface, it should be possible to estimate the 
coeflicient of friction for individual asperities th& collectively detep 
mine the  due which has previously been the only one possible to 
measure. The appearance of a surface carefully traced after sliding 
should be expected to appear as shown in figure 14, where a local 

F 

t' 

( B  1 

 FIG^ #.-Asperities in contact w%tb f mater than unity. 
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kaw~ 14.-ProfUe of interface showing aspefities which have shared at 
A (Pl), B (p<l), and (I (f=l). 

d c i e n t  of friction is indicated to be greater than unity at A, less 
than unity at R, and equal to unity at C. 

It is of interest to note that the large model asperity shown in figure 
1(B) of Dr. Tabor’s pper has an angle of a of a b u t  plus 5 de-. 
This would suggest a condition of loading in this case corresponding 
to a CoeBicient of friction of tan (45O - 5 O )  -0.84. 

R. Courtel (Centre National de la Recherche Sclentifique, Laboratoires de Bellevue, 

The papers presented a% this SympoSiUm are of remarkably high 
vision and exceptional inter&. 

I have been invited to discuss the basic principles enunciated and to 
present some further commentaries. I shall also submit some rdec- 
tions made in that same spirit. 

It is recognized that the study of friotion takes its main elements 
from the various fields of mechanics, physics, solid state, physical 
chemistry, and metallurgy. Therefore, the overview of friction will 
vary according to both training of the given researcher as well as the 
scale of size employed. Phenomena such as molecular adhesion, fric- 
tional compatibility, physical adsorption, and chemisorption must ulti- 
mately find their explanation on the scale of short-distance interactions 
between atoms, molecules, ions, and electrons of the rubbing bodies 
present at the interface. 

On the micron level one finds plastic deformation and materid trans- 
fer mechanisms in crystalline solids {actual “macrowear” processes), 
denoting both the &ty of solids in contaot as well as their l a 1  
heterogeneity. 

On the millimeter level, and above, one tries to describe phenomena 
as if they happened between two semi-infinite, continuous, homoge- 
neous, isotropic solids, where the laws of elasticity, plasticity, and vis- 
coelasticity can be applied. I f  one deals with machine parts, one us86 
formulas based on strength of materials, and one studies wear occur- 

Bellevue, France) 
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ring during lengthy experiments for varying conditions of speed, load, 
temperature, environment, etc. 

I n  the absence of a coherent doctrine which would give an under- 
standing to the very small scale friction processes, it, is the considerable 
practical importance of wear phenomena that establishes the relative 
de facto unity between friction ;theory and experimentation: each 
developing according to the field and training of the given researcher. 

Under these conditions, it would appear that a classification of fric- 
tion phenomena, because of its multidisciplinary basis, should be inter- 
disciplinary in structure. Such a classification would clearly define 
goals as well as state of the art, but would not be restrictive as to areas 
of basic research. 

Since friction and wear phenomena vary according to the size level 
(and time level) of observation, such a consideration should be made in 
any final classification. 

I suggest Ithat an attempt in this direction be made as the topic for a 
forthcoming symposium. This implies, of course, starting a difficult 
and, at first, a nonrewarding intellectual exercise, but it would have 
the advantage of s h d i n g  ideas and setting forth certain poorly 
examined aspects of the friction phenomena. 

LECTURER‘S CLOSURE 
I should like to thmk Dr. Adamczak and Dr. Gisser for their inter- 

esting discussion on my own and other papers in this symposium. I 
have already emphasized the need for a broad-based attack if we wish 
to solve those problems of friction, lubrication, and wear confronting 
industry and technology. It seems to me that there are two features 
that should be borne in mind : First, that good people with good ideas 
shodd receive support, and second, that a mixture of disciplines within 
a given research group can prove very fruitful as well as stimulating 
to the members themselves. 

Does this involve, as Dr. Adamczak suggests, the establishment of 
independent tribology departments ? The answer must depend on the 
country concerned, on the economic and industrial environment, on the 
financial sibuation, on the intel4eotual and .technological climate, and on 
the availability of suitable men to run such departments. As a visitol; 
to this country I cannot say more than this. I can only repeat that in 
the long run men and ideas will prove crucial. 

I would like to make two comments on Mr. Johnson’s discussion. 
First, the friction of metals depends primarily on two factors : surface 
films and the deformation characteristics of ths metals. With clean 
surfaces the second factor is the major one. I n  the beautiful systematic 
series of invest‘igations carried out at NASA, the emphasis has been 
placed on crystal structure, c to a ratio, and “aturnistic considerations.” 
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Naturally all deformation characteristics are related to these pamm- 
eters. However, we feel it more realistic to emphasize the deformation 
properties rather than the structural factors. When clean surfaces are 
slid over one another, the friction and surface damage will be very 
large if the metals can easily deform. This occuls with face centered 
cwbio materials, qarticularly if they do not work harden too rapidly. I f  
plastic deformation is restricted either because of intrinsic structural 
factors or because the material has a steep wurk hardening character- 
istic, the friction and surface damage will be less. "his has been shown 
in recent work in our laboratory by T. 6. ail& on the friction of 
metals down to 30' I(; here the main effect of low temperature is to 
increase the work hardening index resulting in a decrease in friction 
and damage. 

My second comment concerns the behavior of PTFE sliders at  low 
temperatures. This material has puzzling frictional properties. At  one 
time we considered that the low friction was due to its poor adhesion. 
We have since found that in some cases strong adhesion can occur; 
nevertheless the friction still remains low. Apparently a very thin film 
(about 200A thick) is drawn out of the PTFE during the sliding proc- 
ess and the low friction must be associated with the special drawing 
properties of PTFE. I. am happy that Dr. Stsijn of duPont has con- 
firmed and extended these observations. The speed and temperature 
dependence of PTFE friction reflects the way in which hardness 
(which determines the area of contact) and drawing properties of 
PTFE depend on the rate of deformation and temperature. Some 
typical results extracted from the paper by Ludema and Tabor which 
illustrate this are shown in figure 15. The sliding speeds were all very 
low so as to minimize the effects of frictional heating. The figure also 
includes Mr. Johnson's data obtained at a much higher sliding speed 
where behavior is probably very much complicated by frictional heat- 
ing of the polymer. 

Professor Shaw's contribukion, as one might expect, is an interesting 
and stimulating one. 

First I would like to say that in experiments carried out between 
an indium slider and a flat glass surface, very marked junction growth 
can occur. Further, it is possible to determine the area of real conctact 
at  any stage of the frictional process either by direct optical observa- 
tion or by measurement of adhesion. It turns out that frictional force 
increases steadily with junction growth. If the surfaces am reasonably 
clean it is easy to obtain a coefficient of friction exceeding unity. The 
important points here are that the junctions are large, litkle work 
hardening occurs, and c o n h t  pressures are relatively small. Thus 
none of the mechanisms suggested by Professor Shaw needs to be in- 
voked to explain a large coefficient of friction. If the surfaces are 
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FIQWE 15.-Friction of steel and PTFE as a function of tempemture. The 
low-speed results, v=l and v=lOJ am/sec, are taken from the paper by 
Ludema and Tabor. The high-speed result, 2)=103 cm/sec, is from data 
given by Johnson ; here frictional heating is probably important. 

clean, if the materials are ductile, and if the geometry is appropriate, 
junction growkh can occur on a large scale as a result of the combined 
normal and tangential stresses. These results show that junction growth 
can be sufscient to account for very large coefficients of friction. This 
does not mean, of course, that the faators described by Professor Shaw 
may not be important in other situations. 
To my mind the main value of his contribution is the stimulation it 

may provide to professional plasticians for more detailed study of the 
yield conditions around a friction junction. His analysis, admittedly 
an approxim& one, suggests that the direction of shear will vary with 
the coefficient of friction. The direction of shear may be of very great 
significance in at least one practical field. The recent work of Tolstoi 
suggests that intermittent motion in sliding is generally accompanied 
by minute up-and-down movement of the surfaces. If this up-and- 
down movement is damped out the intermittenk frictional movement 
may be suppressed. The causes of up-and-down movement are clearly 
of very great importance. It may be connected with the direction of 
shear described by Professor Shaw or with the “bourrelet frontal” de- 
scribed some ltime ago by Dr. Courtel. Professor Shaw has exposed here 
an issue of importance and a challenge to the materials scientist. 

In his comment Dr. Courtel submits some reflections on research in 
tribology. I fully agree with his general point-that in our inter- 
disciplinary approach to friction, lubrication, and wear, both our 
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theoretical concepts and our experimental techniques must be matched 
in m l e  to the particular problem we are investigating. 

REFERENCES 

1. WHITE, M. L. : The Wetting of Gold Surfaces by Water. 3. Phya. Chem., vol. 
68,1964, p. 3083. 

2. BAILEY, J. M.: Surface Defommtion and Friction on Single CrysWe of 
Copper. Ph. D. thesis, University of Virginia, 1959. 

3. COUBTEL, R. : Modes &'intervention de la tro&i&me dimeneicnn dans lea pm- 
essus de frottement intenaetallique. R81e du bourrelet frontal. Bull. d'Infor- 
mtion Scientifiquea et Techniques du Commissariat a lmerg ie  Atomique, 
vol. 90,1985, p 1. 

4. TOLSTOI, D. M. : Signifioance of the Nom& Degree of E?3leedom and Natural 
N o m 1  Vibrations in Contact Friction. Wear, vol. 10,1967, p. 199. 

6. BOWDEN, F. P. ; AND BBOOKES, C. A. : Frictional himtxopy in NonmetiaW 
Crystals. Proc. Roy. Soc., vol. 8295,1986, p. 244. 

6. BILLINQHWST, P. R. ; BEOOKES, 0. A. ; AND TABOB, D. : The Sliding Pxwem tw 
a Fracture-Inducing Mechanbm, Conference on PhyAcal Basis of Yield and 
E'racture, (Oxford), 1966, p. 2513. 

7. GBOSCH, K. A. : The Relation Between the Friction .and V i M c  P,ropertiea 
of Rubber. Proc. Roy. Soc. (London), vol. A274 1983, p. !2l. 

8. ISCHALLAMACH, A, : A Theory of Dynamic Rubber Friction. Wear, vol. 6,1963, 
p 275. 

Polymeric Solids. Wear, vol. 9,1966, p. 329. 

Engineering Model for Wear. Wear, vol. 5,1962, p. 378. 
11. CLINTON, W. C. ; Ku, T. C. ; AND SCHUMACHEB, R. A. : Extension of the En- 

gineering Model for Wear to Plastics, Sintered Metals, and Platings. Wear, 

12. MCCUTCHEN, C. W.: Animal Joints and Weeping Lubrication. The New 
Scientist, vol. 15,1962, p. 4 2 .  

13. LANCASTEB, P. R. ; AND ROWE, G. W. : A Comparison of Boundary Lubrioanta 
under Light and Heavy Loads Wear, vol. 2,1959, p. 428. 

14. CODELL, M. ; W E I S B ~ ,  J.; GISSE, H.; AND IYENQAB, R. D. : Electron Spin 
Resonance Studies of Adsorbed tert-Butyl Hydroperoxide on Zinc Oxide. 
National ACS Meeting, Ban Francisco, March 31 to April 5,1968. 

15. MCCBACKIN, F. L. ; PAPSAOLIA, El. ; STBOMBEBQ, R. R.; AND STEINBEBQ, H. L.: 
Measurement of Thfckness of Very Thin Films and the Optical Properties 
of Surfaces by Elllipsometry. J. Research, NBS, vol. 67A, 1963, p. 363. 

16. WENDLANDT, W. W. ; AND HECHT, H. G. : Reflectance Spectroscopy. Inter- 
science Publishers (New Pork), 1966. 

17. RABINOWICZ, E).: Friction and Wear of Materials. John Wiley I Sons, 1985. 
18. JOHNSON, R. L. ; AND BUGKLEY, I). H. : Lubrication and Wear Fundamentals 

for High Vacuum Applications. NASA TM X-52271,1967. 
19.  BUCK^, D. H. : The Influence of Crystal Structure, Orientation and Solu- 

bility on the Adhesion and Sliding Friction of Various Metal Single Crystals 
in Vacuum Adhesion or Cold Welding of Materials in Space E h v i r o m n b ,  
AS!L'M, 1967, p. 248. 

20. BUCKLEY, D. H. : The Influence of the Atomic Nature of Crystalline Materials 
on Friction. ASLE Trans., vol. 11,1988, p. 89. 

9. LUDENA, K. C. ; AND T,BOB, D. : The Friction and Viscoelastic PN~P0r6ieS Of 

10. BAYEB, R. G. ; CLINTON, W. 6. ; NELSON, C. W. ; AND SCHUUCHEB, R. A.: 

vol. 7,1964, p. 351. 



432 F R I C T I O N  A N D  W E A R  

21. BUCICLEP, D. H.: Possible Relation of Friction of Copper-Aluminum Alloys 
with Decreasing Stacking-Fault Energy. NASA TN D-3864, March 1967. 

22. BUCKLEY, D. H.: Sliding Friction of Some Members of the Platinum Metals 
Group. NASA TN D-4152,1967. 

23. BUCXLEY, D. H.; AND JOEITSON, R. L.: Friction and Wear of Hexagonal 
Metals and Alloys as Related to Crystal Structure and Lattice Parameters 
in Vacuum. ASLE Trans., vol. 9,1966, p. 121. 

24. HUDELSON, J. C.: Dynamic Instability of Undamped Beuows Face Seals in 
Cryogenic Liquid. NASA TN D-3198, Jan. 1966. 

25. COLE, J. A.; AND HUQBXB, C. J.: Oil Flow and Film Extent in Complete 
Journal Bearings. P<m. Inst. Mech. Bhgns., vol. 170, 1956, p. 488. 

26. HINQLEY, C. GI.., ET AL. : A Study of the Geometry of Elastohydrodynamic Films 
in Point Contact. SKF Prog. Rept. No. 1, U.S. Navy Contract N00019-67- 
c0206. 

27. FOORD, C. A. ; CAMEBON, A. ; AND HAMMANN, W. C. : Evaluation of Lubricants 
Using Optical Elastohydrodynamks. ASLE Trans., vol. 11,1968, p. 31. 

28. ZUK, J.; LUDWIQ, L. P.; AND JOHNSON, R. L.: Flow and Presrsure Field 
Analysis of Parallel Groove Geometry for an  Incompressible Fluid with 
Convective Inertia Effects. NASA TN D-3635, Sept. 1966. 

29. MERCHANT, M. E. : !Phe Mechanism of Static IWMiion. J. Appl. Phys., vol. 11, 
1940, p. 230. 

30. BOWDEN, F. P. ; AND TABOR, D. : The Area of Contact between Stationary and 
Between Moving Surfaces. Proc. Roy. SOC. (London), vol. A169,1939, p. 391. 

31. BOWDEN, F. P.; AND TABOR, D.: Mechanism of Metallic Friction. Nature, 
vol. 149, 1942, p. 197. 

32. COURTNEY-PBATT, J. 5. ; AND EISNER, E. : The Effect of Tangential Force on 
the Contact of Metallic Bodies. Proc. Roy. SOC. (London), vol. A238, 1957, 
p. 529. 

33. MCFARLANE, J. 5. ; AND TABOR, D. : Relation Between Friction and Adhesion. 
Proc. Roy. (5dc ('London), vol. 8202,1950, p. 244. 



Critical Appraisal and Research 
Opportunities-the Materials 
Research Viewpoint 

K. R. LAWLESS 
University of Virginia 

Charlottesville, Virginia 

RICTION AND WEAR have been familiar to man since prehistoric Ft imes. However, scientific or engineering studies of friction date 
only from the time of Leonard0 da Vinci (1452-1519), and modern 
studies of wear have been done primarily in the last thirty years (ref. 
I ) . The purpose of this paper is to attempt to make an overall evalua- 
tion of the current state of howledge in these fields, particularly as 
revealed in the first six lectures of this symposium and as viewed from 
the standpoint of a materials scientist. On the basis of this evaluation, 
certain areas in which research is badly needed will be suggested. 

The phenomena of friction and wear, considered by many as belong- 
ing to the realm of mechanical engineering, are in fact truly iiiterdis- 
ciplinary. Friction is often placd under the heading of physics, wear 
is placed under metallurgy, and adhesion and lubrication are often 
placed under chemistry. As a matter of fact, physics, chemistry, and 
inetallurgy must all be cansidered in any complete treatment of any 
one of the above subjects. This is, of course, very clear from the previ- 
ous papers. 

Friction, adhesion, wear, and lubrication are generally thought of 
as surface phenomena. This is mrtainly an oversimplification, unless 
one considers that the “surfacs” has a very remarkable depth. It is 
preferable to think of the initial process& as surface interaction 
phenomena, since in all cases either a solid-gas, solid-liquid, or solid- 
solid surface contact is involved. Hmvever, the bulk properties and 
processes @f the involved materials must play an important role at  
any time after the very initial surface contact. The mechanisms of 
these prowsses must therefore be extremdy complex and involve the 
interaction of surfme and bulk phenomena. This point has already 
been strongly emphasized during this symposium. 

433 
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The complexities of the interactions involved suggest v e q  stroqly 
that engineering type measurements of coefficients of friction, ad- 
hesion, or wear will reveal very little of a fundamental nature that 
will help our understanding of the basics of friction and wear. Such 
coefficients, as usually measured, are by no means fundamental ma- 
terials properties, although many engineers treat them as such ; they 
are at best a crude description of a complex interacting system of two 
inaterial surfaces that are almost always covered with contaminants. 
It is quite clear that an understanding of friction and wear must in- 
volve the determination of a number of fundamental bulk and surface 
properties, as well as their mutual interactions. Volume properties 
must include elastic and plastic deformation parameters, while sur- 
face properties must include structure, surface energy, adsorption, 
chemical reactivity and epitaxy. 

The major emphasis in these lectures has been on metal friction 
and wear systems, with only a very minor account of inorganic or 
polymeric systems. This paper will continue in ithis vein with only a 
minor discussion of nonmetallic systems. 

STRUCTURE OF SURFACES AND THEIR INTERACTIONS 

It was dear from the lectures of botih Gatos and Merchant that the 
detailed nature of the solid surface is of great importance in the 
processes of friction and adhesion. I n  this section, I shall concentrate 
on the current status of our knowledge of solid surfaces. 

First of all, what is a surface? The usual definition states that a 
surface is an interface or boundary between two phases, or two grains 
of the same phase with different orientahions. Because of the rapid 
structural changes which occur near or at phase boundaries, such as 
the sharp termination of the periodic structure at the surface of R 

crystal, surface properties are nearly always different from bulk prop- 
erties. When we talk of solid surfaces we must always keep in mind 
the distinction between the ideal or clean surface, and the real or con- 
taminated surface. The real solid surfam is actually a series of inter- 
faces between different phases; metal oxide layers, adsorbed water on 
oxide, and adsorbed water-gas interfaces may all be present within less 
than 506 of a true metal surface. Further complicating things, all of 
these boundaries may be diffuse due to interpenetration of atoms from 
one phase into another. It should be quite clear that real solid surfaces 
are by no means simple. 

Our current knowledge of solid surfaces is based almost entirely 
on experimental information, much of which is highly unreliable 
because of the lack of characterization of surface cleanliness. Surface 
energies and the atomic positions and spacings in a surface have 
been, and still are, extremely difficult to determine either experi- 
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mentally or analytically. It is only in recent years that the improve- 
ment in vacuum technology has made possible the attainment, of 
clean surfaces remaining that way long enough for experiments to 
be performed. A major question which arises is: How does one 
determine if a surface is truly clean? I 

The atomic structure, i.e., the arrangement of ;the atoms in solid 
surfaces has been observed directly by means of the field-ion micro- 
scope (ref. 2). The overall structure of actual surfaces are remark- 
ably consistenk with models based on extrapolation of the bulk 
crystalline structure, as determined by x-ray diffraction. A model of 
the surface of a face-centered cubic crystal is shown in figure 1, and 
should be compared with the field-ion picture of a plahinum crystal 
shown by Gatos. Despite these observations by field-ion microscopy, 
which wgre made on metals and alloys, it should not be concluded 
that khe surface arrangement of atoms is the same as the bulk for all 
materials. Low energy electron diffraction (LEED) and high energy 
eleotron diffraction (HEED) studies have been made of supposedly 
“clean” surf aces of many mebals, semiconductors, and nonmetals 
(ref. 3).  These studies have indicated that for most “clean” metals, the 
surface arrangement of atoms is the same as the bulk, although there 
is considerable controversy over the surface strucrture of gold and 
platinum (ref. 4). For semiconductor materials, however, the LEED 
data indicate a more or less complex rearrangement of the surface 
atoms, apparenkly taking place in order to satisfy the unsaturaked 
surface bonds (ref. 5). The data on nonmetallic materials is not yet 
very extensive, but indications are that the surfaces do not represent 
the volume. 

The controversy on khe surface structure of gold and platinum is 
related to the more important problem of experimental determina- 
tion of when a surface is absolutely clean. The LEED pattern in itself 
is clearly not sufficient for ak least two reasons: First, randomly 
sikuated clumps of contaminants, such oxide, may not show up in 
the pattern (ref. 6) (fig, 2) ; and second, amorphous structures, such 
as a random arrangement of adsorbed molecules, will in most cases 
contribute mainly to the general background scattering and to modi- 
fications in the intensity of spots from the ordered substrate; thaw 
effects are not readily obvious in the diffraction pathern. Iit is, therefore, 
necessary to use more refined techniques to determine true surface 
cleanliness. Measurements of spot and background intensities in the 
diffraction pattern can be helpful, but perhaps &he best technique is 
to use work function meaisupements in conjunction with the diffraction . 
studies, since work function is extremely sensitive im trace impurities 
on the surface regardless of whether they show an ordered or dis- 
ordered structure. 

discuss this laker. 
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The ion-microprobe-mass spectrometer described by Gatos pro- 
vides a powerful tool for characterizing the c l d m  of a surface, 
but iks sensitivity is not yet as good as would be desired. It is also 
not the type of instrument which can readily be used m conjunction 
with structure determining techniques such as LEED. Recent investi- 
gations by Sewell (personal communication) indicate that partial 
monolayers of elements as low in atomic number as carbon can be 
deteoted and identified by using a high energy (30 to 50 kev) electron 
beam striking the surface at. a very low glancing angle and analyzing 
the x-rays generated. 

Our current understanding of the mergetiemf solid surfaces is poor. 
The thermodynamic treatment of Gibbs (ref. 7) has been applied very 
successfully to liquid interfaces, and hm in recent years been ukilized 
for studies of solid surfaces. Other authors such as Herring (ref. 8), 
Mullins (ref. 9), and Gabrera (ref. 10) have extended the phenomenu- 
logical treatment of surfaces and applied it to many surface problems. 
Detailed discussions of such equilibrium prublems as the determina- 
tion of the equilibrium shape of small crystals and interseCting surfaces 
have been given. 

Atomistic or quantum mechanical treatments of solid surfaces am, 
however, with the poasible exception of semiconductor mrfams, quite 

FIGURE 1.-Hard-sphere model of a faceentered cubic crystat 
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(B) 
FIGURE 2.-(A) Low-energy electron diffraction pattern showing ody a 

centered ( 6 x 2 )  oxygen adsorption structure on a (110) face of copper. 
(B) Dark field optical micrograph of (110) copper surface showing oxide 
growths which were not revealed in the LEED pattern. X 200. 
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scarce, mainly because of the greak mathematical difficulties involved 
in the solution of the equations. Hopefully this situation will improve 
with the help of modern cumputing techniques. Meanwhile experi- 
mental determinations of such quankikies as surface stress and surface 
tension are difficult to make and only a very few determinations have 
been made on really clean surfaces. Considerable emphasis has been 
put on determinations of the variation of surface tension, Y, with 
crystal orientakion. There is a tremendous opportunity for research in 
this area, but despite the availability of techniques for obtaining clean 
surfaces, the experimental difficulties are great. 

Our understanding of the interactions of solid surfaces with gases, 
liquids, or other solids is t o  a great extent dependent on our knowledge 
of surface energetics and structure, which we have seen is improving, 
but is not yet good. Yet in prdice,  much of the available informa- 
tion on surface energetics has been derived from studies of surface-gas 
interactions. These experiments have been carried out mostly on poorly 
charaderized surfaces and have led to a proliferation of unreliable 
data. Experimental methods such as field-emission or field-ion micro- 
scopy and electron diffraction used in conjunction with ultrahigh 
vacuum techniques have improved khis situation. 

The first stage of a solid-gas interaction is adBorption. Adsorption 
is usually classified as eieher physical adsorption, for which the bind- 
ing energy is relatively weak (10 k cal/mole or less), or chemisorption, 
where the bond is much stronger, e.g., of the same order of magnitude 
as a chemical bond. The variakion in both physical adsorption and 
chemisorption with crystal orientation has been proved beyond doubt 
for many different makerials by the above techniques, but the details 
of the interactions are still not clear. It is thought that heterogeneities 
within a crystal plane, such as a dislocation or Ian impuriky atom, may 
play an important r d e  in adsorption and related prmesses. The posi- 
tive evidence of such a role is still lacking and it is likely that steps 
or kink sites on a surface are, after crystal orienkation, the most impor- 
tank surface heterogeneities. 

Adsorption is one of khe most fruitful and rewarding areas of 
research in surf ace science today. Many sophistioated techniques 
including field-emission and field-ion microscopy, LEED and HEED, 
flash filament desorption, work function measurements, calorimetry, 
and electron spin resonance are being used to obtain detailed informa- 
tion on surface-gas interactions. The field is wide open for further 
studies. 

I would like to cite one example of a controversial area of study 
which is of considerable importance in adhesion and friction studies. 
LEED data from experiments on the adsorption of oxygen on the 
(110) face of nickel has been interpreted in terms of a surface rear- 
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rangement, or reconstruction of the nickel surface atoms (ref. 11). 
This interpretation is based on the assumption that scattering from the 
oxygen atoms is weak compared to that from the nickel. This assump- 
tion has been questioned by Bauer (ref. 12) who suggests that scatter- 
ing of low energy elmtrons from oxygen may be quite large, and that 
the above interpretation is therefore subject to doubt. This contro- 
versy has not been resolved as yet, but it seems clear that additional 
measurements, such as that of work funotion, would clear this up. 
An important point is that in studying surface-gas irkeractions, several 
different measurement techniques should be used (e.g., LEED plus 
work function mestsurements) . 

It is unfortunate that the mechanisms involved in the oxidation of 
most materials are still subject to doubt (ref. 13). This is due primarily 
to an overemphasis on the determination of the kinetics of oxidation 
reactions, most of which were carried out on surfaces which were 
either poorly or not at  all characterized, and to a lack of attention 
regarding the detailed structures of the oxide films formed. I n  recent 
years only a few scientists have given much attention to the develop- 
ment of suitable theories of oxidation (ref. 14), and in most cases 
adequate experimental data are not ,available to provide a good test of 
the theories. 

The initial stages of the oxidation process have been particularly 
neglected up to the last few years, and there is essentially no knowl- 
edge available concerning the important transition from an adsorp- 
tion layer on a surface to a three-dimensional oxide phase. Detailed 
epitaxial studies have been made on a number of metal-oxide systems 
(ref. 15), but more data are needed on other systems since the oxide 
orientiation may play an important role in friction processes. There is 
a marked scarcity of information on the mechanical properties of oxide 
films on metal surfaces. These type of (data are absolutely essential for 
an ultimate understanding of the oxidation process as well as for 
understanding the mechanisms of friction ,and wear. It seems strange 
that so little research has been done in this critical area, and although 
6he experimental difficulties are considerable, particularly for very thin 
films, the research opportunities are great. 

The environment-sensitive mechanical beha,vior of materials is really 
a surface problem which has become the subject of great interest in 
recent years (ref. 16). The mechanical behavior of most crystalline 
materials is determined by the generation and/or motion of disloca 
tions. The presence of an oxide film, or of an adsorbed film on the 
surface, mn influence the mechanical properties of a solid by affecting 
either the generation or movement of dislocations at or near the surface. 
Environmental effects on the generation and operation of surface 
sources of dislocations have been clearly demonstrated for nonmetals, 

323-472 0-49-29 
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but are still the subject of considerable controversy for metallic 
materials (ref. 17). Even in cases where these effects have been very 
clearly demonstrated, there seems to be no simple single explanation. 
This subject deserves further study, but requires very careful experi- 
ments to distinguish between the effects of surface dislocation sources 
and barriers. 

The presence of water on a surface, either as an adso&ed vapor film 
or as a liquid containing various ions, plays a large role in a tremen- 
dous variety of technologically important processes. For example, 
stress corrosion cracking and corrosion fatigue, which may be im- 
portant in many wear processes, have been studied extensively, but the 
mechanisms involved are still the subject of great controversy. This is, 
of course, a fascinating area of research, and studies aimed at under- 
standing not only the basic mechanisms involved, but also the relmation- 
ship of these processes .to wear, should be very fruitful. 

Adsorbed water on a surface may also give rise to photomechanical 
and electromechanical effects for semiconductor materials ; many of 
the oxide flms on metal surfaces are semiconductors. Perhaps of more 
importance is the observation of anomalous indentation creep (ref. 18). 
This effect, in which hardness is lowered and is also time dependent, 
has been confirmed for nonmetals but is still subject to question for 
metals. It may, however, play an important indirect role on yielding 
or creep of metal specimens where an oxide film is controlling the 
mechanical behavior of the materials. Satisfactory meuhanisms for 
these important effects, usually called Rebinder effects, are not known 
and should be an interesting subject for further research. 

I havebeen talking so far about surface structures from an atomistic 
point of view. I will now consider surfaces from a more macroscopic, 
and perhaps more practical, point of view. Field-ion microscopy gives 
a highly-detailed view of the atomistic arrangement of solid surfaces, 
but the technique cannot be extended to give a view of a large surface 
area. This is most unfortunate because friction and wear processes 
may involve quite large areas and it would be highly desirable to know 
the corresponding detailed surf ace structure. 

A number of chervationd techniques are available today for examin- 
ing surface topography, and most have already been mentioned by 
Williamson. Standard optical microscopy techniques, although widely 
used, have two major disadvantages: First, khe resolution is limited 
by the numerical aperture of the lenses and by the wavelength of the 
illumination to no better )than about 0.1 to 0 . 2 ~  ; and second, the depth 
of field at high magnificakions is very small because of the large numer- 
ical apertures of the objective lenses; thus, with the exception of ex- 
tremely smooth surfaces, it is never possible to get (the whole surface in 
focus. Taper section methods improve the sihuatian but, the taper cuts 
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are destructive and difficult to make accurately. Interferometric tech- 
niques are really suitable only for quite smooth surfaces. 

Electron optical techniques are currently the most satisfactory avail- 
able for the detailed examination of surface topographies. Standard 
carbon replica techniques are capable of a molukion of 20B or better 
and for this resolution the depth of field is of the order of 7OOOB. 
Quantitative data on the heights and shapes of mperities can easi,ly be 
obtained by placing a few latex spheres of a known size on the surface 
and by shadowing at ,two known angles. Quantitative stereo elmtron 
microscopy of replica surf aces can provide detailed trhree-dimensional 
information of the shapes of surface irregularities, but the technique is 
substantially more complex than standard microscopy. 

The reflection electron microscopy technique has been ussd by a 
number of workers (ref. 1) for friction and wear studies. "his tech- 
nique is limited, however, because of its poor resolution and magnifica- 
tion distortion. A much more powerful technique, scanning electron 
niicroscopy (ref. 1) , the principles of which were first developed nearly 
thirty years ago, has been used increasingly for the examination of 
surface kopography in the past couple of years. The best resolution for 
the reflection mode use of this equipment is around 100 to 1506 which is 
not as good as the replica techniques. Scanning microscopy, however, 
has the simplicity of use of the optical microscope, and a depth of 
field at least 300 times as great for comparable magnifications. Magni- 
fications may be varied over a wide range from X 20 It0 X 50,000. 
It might be possible to carry out continuous observations during a 
friction experiment. The resolution will undoubtedly be improved 
considerably in the near future and I believe the scanning microscope 
will be the most useful tool available for the detailed study of surface 
topography over large areas. 

Williamson and his co-workers have made very sophisticated use 
of profilometric techniques for the examination of surf ace topography. 
Using a direct connection from a profilometer to a computer, detailed 
numerical analyses of surface profiles can be made and surfaces de- 
scribed in !terms of height distributions. The computer has also been 
utilized to prepare detailed contour maps of surfaces which show 
clearly the shapes of individual asperities and their arrangement on a 
surface. The profilometer hm a horizontal resolution of only about 
50006, compared to 206 for &he electron microscope replica technique, 
but an ability !to reproduce the surface to better ,than 25B accuracy 
(lOOB for the microcahgraphy) . 'Williaimson believes that it would 
not be profitable to strive for finer horimnkal discrimination since 
contact *areas are rarely smaller than abont 12 7OOB (50pin.) For con- 
twt area studies the -resolution of the profilmetric technique is prob- 
ably adequate. However, for detailed studies of any plastic deformation 
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of asperiaties and the surrounding bulk material, the surface features, 
such as slip steps, would not be resolved with this technique. For such 
studies it is desirable It0 define the surface on as close to the akornic 
level as possible, and electron optical techniques or field-ion microscopy 
are the only methods cument,ly available for Ithis sort of resolution. It 
should be notedkhak preliminary friction studies, i.e., the effeot of con- 
&act, have already been tried in the field-ion microppe (ref. 20). 

Investigations of static contaot areas and &he deformation associated 
with the contact have only become possible wi,th ithe development of the 
techniques discussed above. Williamson finds that at ligh't loads both 
the number of contact areas and the real areas of contact increase 
proportionally wilth 'the load when a hardened anvil presses against a 
bead-blasted aluminum surface. Above a certain load, however, the 
number of contaots becomes consbant and the area still increases with 
load but no longer proportionately. These experiments were carried out 
in &he region of pliastic deformation and Williamson has suggested that 
this change in behavior is the result of en masse rather than individual 
asperity deformation. This suggestion seems very likely to be correct, 
but needs detailed information on the deformation of the asperimties 
andkhe surrounding bulk area for confirmat' 3 ion. 

The deformation problem is *a complex one, both experimentally 
and analytically, particularly if polycrystalline samples are used 
because there will not necessarily be any specific relationship between 
the d i p  systems associated with adjacent asperities. Grain boundaries 
complicate athe problem by introducing constraints to dislocation mo- 
tion and the exact manner in which each grain deforms may be compro- 
mised by its orientation with respect to its neighbors. The simplest 
experiment would utilize single crystal surfaces of known orientation 
with a controlled spacing of asperities. The deformation of the asperi- 
ties and tthe%adjacent bulk area could then be studied metallographically 
and the interaction of the various slip systems about each asperity could 
be easily studied as *a function of load. 1x6 is, however, still difficullt to 
associate quantitatively the dislocation behavior of single crystals with 
the macroscopic behavior of a polycrystalline material. 

The deformation of asperities is probably even more complex than 
indicated above. The size of the initial contact regions on most as- 
perities are usually very small and the stressed regions may, in the 
manner of metal whiskers, be able to withstand stresses several orders 
of magnitude greater than the macroscopic yield stress. This means 
that the stresses could be transmitted through the asperities and cause 
deformation in the bulk before plastic flow occurs in the asperities. 
On tke other hand, the asperities may be unusually hard as a result . 
of prior work hardening of the metal; this also could result in yield- 
ing in the bulk before it occurs in the asperities. Oxide films could 
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complicate the behavior even more. A great deal of work on the de- 
tails of deformation is needed. I will come back to this subject again. 

It should also be noted that the relationship of load and contact 
area is generally expressed as 

where p is the local indentation hardness. This is based on the as- 
sumption that the contact pressure on an asperity is jus% sufEcient 
to cause plastic flow. This is certpinly just an approximation. A more 
detailed analysis, however, has been given by Greenwood and William- 
son (ref. 20) and they have shown that for very smooth surfaces and 
moderate loads, asperities may still be within the elastic limit, whereas 
for rougher surfaces or higher loads plastic flow occurs; in both cases 
the real contact area is very nearly proportional to the load. They 
thus conclude that this linear relationship is not proof of plastic 
deformation. It has also been shown (ref. 21), for a multiple asperity 
model involving purely elastic deformation, that the contact area 
is proportional to W”, where m is equal to  26/27. 

Greenwood and Williamson (ref. 20) assert that the contact 
between solids is controlled by what they call a “plasticity index,” 
defined as 

where the variables are two material properties, the elasticity, E, and 
the haxdness, p ,  as well as two topographic properties, the radius of 
curvature, P,  of the peaks of the asperities, and the standard deviation, 
u, of the height distribution of the summits. There is no doubt that 
all these material and topographic properties are important in de- 
termining the nature of surface contact; however, the value of such 
an empirical index has yet to be fully determined. The influence of 
surface films must be considered in any study of solid contact, but no 
mention is made of this factor. For example, in using the “plasticity 
index” for a solid with a S O B  film of oxide, should the values of elas- 
ticity and hardness used be those of the oxide, or of the metal, or 
some particular combination? Values of the hardness wil l  depend on 
the detailed history of the material as well as environment, and will 
vary with the load because of work-hardening, so that the specific 
values to be used in the index will be difEcult to determine. Con- 
siderable experimental evaluation of such an index is still needed. 

Solid-solid interactions become even more complex as soon as a 
tangential force is applied and sliding results. At least three major 
interacting effects-mechanical, thermal, and chemical-play an 
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important role in sliding interactions, and in practice it is dficult to 
treat even two interacting effects quantitatively. Ling, among others, 
has considered the problems of surface temperatures and thermo- 
mechanical coupling utilizing the methods of continuum mechanics. 

From the point of view of the materials scientist, temperature 
changes are extremely important in khat they may bring a b u t  changes 
in the structure and/or mechanical propekies of the materials in- 
volved. The sliding interaction of two solids generates heat on the 
surface of both Mes as a result of the plastic deformation of the 
materials and the breaking of adhesional bonds. This hsat is dis- 
tributed from the points of contact primarily into the bulk of the 
solids: the transfer depends on the thermal prope&ies of the mate- 
rials. Calculations of the temperature rise are very difficult because 
of the complexity of the boundary conditions imposed on the heat 
flow equations. Calculations based on simplified models were first 
made by Blok (ref. 22) ,  and later by Ling, et al. The relisbility of 
these calculations is hard to evaluate because of difficulty in meas- 
uring transient surface temperatures, and because each pair of inter- 
acting surfaces is different in detail and requires its own solutions 
of the heat flow equations. 

The transient temperatures generated at  the points of contact 
and immediately below the surface may be very high, in fact, under 
certain conditions may be exceeding the melking point of the material 
(ref. 1). These high temperatures may bring about phase trans- 
formations, recrystallizatiofi, oxygen solation into the metal, or 
enhanced oxide formation on the surface, and decomposition of lubri- 
cants, as well as the usual decrease of shear strength and hardness. 
The bulk temperature rise is, of course, much less than that of the 
surface but can still be important in terms of the metallurgical char- 
actmidtics of the solid. 

The importance of thermal effects is quite clear and it is indeed 
fortunate that workers like Ling are making such vigorous efforts 
toward both the calculation and the measurement of interface temper- 
atures during sliding contact. 

I n  this section on surfaces and surface interactions, I have empha- 
sized the necessity for fundamental studies on clean, well character- 
ized, surfaces. I do not intend to imply that all experiments on other 
type surhces are worthless, but it is essential that the mulkitude of 
variables involved in studies on “real” surfaces be carefully con- 
trolled. The most challengilng problem of surface science, and indeed 
of materials science, is to relate %he basic atomic properties of a 
material, determined under clean controlled conditions, to its 
66 real” or engineering properties under complex conditions. 
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FRICTION AND ADHESION 

The kwo well-known laws of friotion which state that the friction is 
proportional to the load and that it is independent of the size of the 
area of contact, were first enunciated by Leonard0 da Vinci (ref. 23) 
around the beginning of the sixteenth century, and were reformu1a;ted 
and experimentally confirmed by Amontons (ref. 24) at the end of the 
seventeenth century. These laws are still widely used and must obvi- 
ously have merit. The question of the current status of friction resolves 
itself into two other questions: First, how far have we come in the past 
500 years in our understanding of the mechanisms of these laws 
of friction; and second, how generally valid are these laws? 

I n  the period of about 250 years following Amontons’ studies, work 
on friction was primarily concerned with the role of asperities. The 
French school made the contribution that contact between surfaces 
occurred only at discrete pints .  They failed to realize, though, that 
the role of the asperities was more than just geometric and the unfor- 
tunate concept of interlocking asperities due to Coulomb (ref. 25) is 
still found in some modern texts. The idea that adhesion played a role 
in friction wax suggested as early as 1724 by Dessuguliers (ref. 26) in 
England, but was rejected by most workers in the field until the 
hginning of this century. 

In  the past thirty years most workers have accepted the concept 
that friction between unlubricated surfaces is the result of two major 
factors: adhesion at the points of contact, and ploughing of one 
surface by asperities on the other. Assuming essentially no interac- 
tion between these processes, the friction force is often written as 

F= F*dhesion+ F p l o u g ~ n g  

This may be somewhat misleading because the so-called adhesion 
term, Fadheslon, really has nothing to do directly with adhesion. It is 
actually a shear term which enters because once the bonds are formed 
between two surfaces, they must be broken for sliding to occur. This 
part of the frictional force is usually expressed as F=As, where A is 
the real area of contact, and s is the average shear strength of the 
weaker material. The applicability of this term has been questioned 
(ref. 27), and it will be discussed in more detail further below. 

I will discuss now the role adhesion plays in friction. The very 
considerable literature on adhesion has been summarized in several 
recent books by Houwink and Salomon (ref. 28), Eley (ref. 29), and 
Weiss (ref. 30). The specific case of metal-metal adhesion has been 
considered in detail in several recent articles by Eeller (refs. 31 to 
34) whose results and discussion are particularly apropos. 
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Consider first an ideal case in which two absolutely clean and atomi- 
cally flat surf- of single crystal metal are brought inkimtely 
together in perfeot crystallographic alignment. Without the addition 
of external form, bonding or adhesion would clearly take place and the 
strengljh of the junction would ;be the same as the fracture strength of 
a similarly oriented, well-annealed single crystal. The driving force 
for the bonding d d  ;be considered as the reduction of surface m a  
and hence of nhtal free energy. I f  the two crystals are disoriented with 
respect to each ohher, bndinig will still occur, but the fracture strength 
may be somewhat modified by the presence of a grain boundary. The 
energy of the system will be modified also by the interfacial or grain 
boundary energy, h t  this will 'be a small effect. A coefficient of ad- 
hesion-the ratio of the form required to separate two adhering bodies 
to the load with which they were pressed together-has no meaning 
whakoever in this case since the load is zero. Indeed the coefficient of 
adhesion is an empirical quantity which has some practical engineering 
usage, buk is of almost no use from a basic science point of view. 

The above situation, of course, is ideal and has been approaohed 
(and essentially confirmed) experimentally only in A. I. Bailey's 
studies on mica (ref. 35). Under less idealized conditions, the pmblem 
in making adhesion strength measurements is mainly one of deter- 
mining khe actual surface area of contad. 

Keller (refs. 31 to 34) has made detailed studies of the adhesion of 
clean metal couples (Ag, Mo, Ti) and found the junction strengt;h 
to be in the range of the bulk annealed strength. The actual contact 
area was determined by mechanical considerations ( A  = W / p )  or by 
very ingenious contact resistance measurements. Similarly, the adhe- 
sion strengths of Ag and Ni (immiscible), and Cu and Ni (mutually 
soluble), couples were in the range of strength of the weaker metal, 
even at very light loads. Buckley (ref. 36) has also done extensive 
work with single clean copper crystals shoswing the high adhesion of 
clean metal surfaces. 

Transmission electron microscopy may be used to study the details 
of metal interfaces. A typical micrograph by this writer of copper 
deposited on nickel under ultrahigh vacuum conditions is shown in 
figure 3. I n  many cases the arrangement of interfacial dislocations 
may be readily &served. This is an exciting area for future research. 

Keller (ref. 33) found no evidence using clean metals for the break- 
ing of adhesion bonds 'by the unloading of elastic stresses. This is cer- 
tainly expected if the metals show sufficient ductility. This evidence 
does not substantiate the postulates of Bowden and Rowe (ref. 3'7) 
that the failure of metallic bonds on unloading is due to elastic forces. 
It seems probable that the presence of contaminants is very impohant 
in helping to bring about a decrease in bonded area on unloading. 
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FIGUBE 3.-Transmission electron micrograph of ad- 
herent nuclei of copper on nickel, prepared by evap 
oration in an ultrahigh vacuum system, with nickel 
substrate at room temperature. Moir6 fringe pattern 
shows plainly with many dislocations. 

W e  might ask now what the determining factors are for the strength 
of adhesion for clean metals. Experimental daka are still very scarce. 
The concept that two different metals which are immiscible in the bulk 
will show poor adhesion does not seem to be valid. As mentioned 
above the insoluble Ag and Ni couple shows strong adhesion. Another 
insoluble pair, Cu and W, has been shown to have low adhesion (ref. 
36), but results by &her workers suggest that the adhesion is quite high 
(ref. 38). It seems quite clear that we cannot apply bulk criteria of 
solubility to the surface layer. 

What about crystal structure and orientation? Buckley’s d&a (ref. 
36) on copper for matched crystal planes show an apparent; correlation 
of adhesion coefficients with the modulus of elasticity. In  light of 
Keller’s results on the effects of released elastic stresses, however, this 
correlation is not meaningful ; in any case, in view of the high ductility 
of copper, we would not expect the elastic stress relief to break the 



448 F R I C T I O N  A N D  W E A R  

bonds. Metallic bonding shows little or no directionality and &he actual 
bond strength would be very nearly the same for different orientations 
of the bonded crystals. What is being measured in determining the ad- 
hesion coefficient of clean metals, is really some funotion of the ultimate 
tensile strength, and it will vary in a complex way depending on the 
orientation of the crystals. Buckley (ref. 36) finds the adhesion coeffi- 
cients for three pairs of similar planes of copper to be in the order 
(100) > (110) > (111) , which is, a~ it has been suggested in this sympo- 
sium, because the spacing between adjacent planes in the face centered 
cubic system is in tho order (111) > (110) > (100). The argument is 
that the force to rupture junctions in surfaces parallel .to (111) should 
be less than that for the (100) simply because the spacing between 
(111) planes is greater than the spacing between (100) planes. This 
is, of course, not correct. We are concerned here inikially with a prob- 
lem of resolved shear stresses on (111) type slip planes; with extensive 
interaction of different slip systems the analysis becomes very com- 
plex-not a simple pulling apart of planes. The rate of work-harden- 
ing is in the order [111] > [loo] > [110]. We might expect fracture to 
occur at a lower stress for adhered (111) planes, but the order is not 
right to explain the (100) and (110) coefficients. Very few detailed 
studies have been made in which a single crystal with a given orienta- 
tion was pixlled to fracture. The analysis of such an experiment would 
be very difficult because of the interacting slip systems, the rotation of 
the lattice, and the resulting complex tangles of dislocations. 

When two dissimilar planes are bonded the values of the adhesion 
coefficient are considerably less than the values for either of the planes 
concerned (ref. 36). This was interpreted as an indication that the 
junction between unmatched planes is more readily ruptured than that 
between matched planes because of the presence of a grain boundary. 
However, grain boundaries may be stronger than the grains themselves 
in many cases so the explanation is by no means simple. 

It has been suggested by a number of workers that hexagonal close- 
packed metals should exhibit lower adhesion chamteristics than cu'bic 
metals. Recent evidence is conflicting : data on cobalt (ref. 39) show- 
ing relatively low adhesion, and data on kitanium showing junction 
strengths of the order of 1/2 that of the bulk metal. It is likely that 
contaminants affected both of these results, and in fa& even with hexa- 
gonal metals we should expect the bond to show the bulk strength of 
the metal as suggested by Eeller (ref. 32). 

It seems likely to me <that the most important factor in the specific 
value of the adhesion coefficient as measured under clean conditions is 
the rate of work-hardening. Work-hardening varies widely with orien- 
tation, and is influenced by the presence of grain boundaries. The study 
of the processes leading up to fracture should be a fruitful, but very 
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complex, area for further research, even though it is of minor im- 
portance to the problems of adhesion per se. 

While the adhesion of clean metal surfaces provides a fine basis for 
theory, the great mass of data on adhesion has been obtained from 
surfaces which were grossly contaminated. I f  true metal-to-metal ad- 
hesion occurs, obviously the contaminant layer must be removed in the 
spots where bonding takes place. The contaminant layer, in most cases, 
may be broken or pushed wide by the normal load on the asperities. 
The details of rupture, though, are not clear. The film may be brittle or 
ductile and its rupture is undoubtedly affected by khe nature of any 
slip processes occurring in the underlying metal. .Whatever the method 
of film removal, it is very difficult to visualize a mechanism by which 
the metal-to-metal contact area would even begin to approach &he con- 
tact area given by the equation A = W / p  for normal loading. 

Relief of elastic stresases on unloading would certainly break any 
bonds which might be present between the oxide or contaminant layers 
on the two surfam-assuming these bonds are weaker than the metal- 
lic bonds. Another possibility is that the surface film may be inter- 
mixed with the metal and incorporated as impurities in the boundary. 
The bond'ing forces would be complex in this case and a theoretical 
evaluation of the strength of the adhesion would be very difficult. 
Another situation which may lead to removal of oxide or certain other 
contaminants is heating of the surface, whether by friction or other 
means. Certain oxides such as NiO or Cu,O may dissolve in the metal ; 
other oxidss such as PtO,, WO,, and AgzO are unstable above certain 
temperatures and decompose ; thus either of these mechanisms may re- 
iiiove oxide films from the surface, usually, however, leaving an ad- 
soybed monolayer of oxygen on the surface. It seems very likely that 
adsorbed monolayers could be incorporated in the boundary of rn 
adhesive bond, but this, of course, needs experimental verification. 

Sikorski (ref, 40) has obtained extensive data on the adhesion of 
metals in air, using a twist-compression type experiment. These ex- 
periments differ from those considered previously in that both normal 
and tangential forces were applied. Coefficients of adhesion determined 
this way were compared with such physical properties of the metal as 
crystal structure, hardness, surface energy, elastic modulus, work- 
hardening, recrystallization temperature, purity, and atomic volume. 

fresh sur fam of metal that readily bond. It is greatly complicated by 
the mixture of oxide, contaminants, and metal formed in the interface 
region during the bonding process, as observed by Anderson (ref. 41). 
The nonreproducibility of the coefficients of adhesion also complioate 
matters. These results show, though, that metals with high hardness, 
elastic moduli, recrystallization temperature, and surface energy show 

. 

This type of experiment provides a shearing force which ear, ' create 
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low coefficients of adhesion; they also provide useful data for the prac- 
ticing engineer. The apparent correlations are vwy important, but 
similar studies under better controlled surface conditions are necessary 
€or confirmation. 

The overall picture of adhesion in air is even more complex than I 
have indicated so far. Consider two polycrystalline metal surfaces 
covered with low angle asperities of different sizes and orientations, 
all of the surfaces being covered by an irregular polycrystalline oxide, 
perhaps 20 to SOB thick; the oxide itself is covered with a mixed layer 
of adsorbed gases and particularly water vapor. Suppose we press 
these together with a load sufficient to cause metal-to-metal bonding, 
however this happens, at some of the asperities, so that we have ad- 
hesion of a sort. Now we can pull these two metals apart and measure 
the force of fracture, and then try to analyze the results. We need m 
area, of contact to use in our evaluation, so wha,t do we use? Perhaps 
we use a contact resistance measurement, or calculate the area from 
A = W / p ,  but is this really the area we want to use? It would seem not, 
because in this complex case we most likely have bonding other than 
at metal-to-metal junctions : surface tension f o r w  in the narrow re- 
gions between the two surfaces, oxide-to-oxide bonding, metal- 
to-oxide, or general dispersion force bonding of metal-contaminant- 
metal. This all seems too complicated even to think about. But let us 
try to complete the analysis assuming a reasonable value of the area, 
and no bonding other than mekallic. Look at the metal-to-metal contact 
closely. Because of the nature of contact of asperities we have a built-in 
crack or notch at each contact area. Now we need to know the fracture 
mechanics involved, and this depends on a multitude of new variables 
related to the bulk properties of the solid, dislocation mechanisms, im- 
purity effects, orientation effects, and environmental effects ; all must 
be considered. We have probably by now given up in despair any hope 
of completely analyzing what is meant by a simple determination of a 
coefficient of adhesion. Obviously to obtain fundamental data for 
understanding this complex process, we must simplify our experiments. 

I t  seems dear that data from two types of adhesion experiments are 
needed. The first type involves the determination of the strength of 
adhesion using ultra clean conditions, such as those used by Keller 
(ref. 33)  and Buckley (ref. 36)  and single crystals. Such variables as 
load, bulk crystal structure, crystal orientation, surf ace energy, rate 
of work-hardening, solubility, purity, elastic modulus, and surface 
structure can only be properly investigated under these refined ex- 
peKimenta1 conditions. 

The second type of experiment is really a modification of the first 
and involves the same type of experiment on single crystals, but with a 
controlled layer or layers of contaminant on the surf-. This ex- 
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periment, though difficult, is essential to our understanding of “real” 
surfaces. Most metal surfaces are covered with an oxide film and much 
of the contact may be of the unknown oxide-to-oxide type. Oxide films 
of controlled thickness and orientation can be prepared on many 
inetals, and the adhesion of such surfaces could be readily studied over 
n range of loads that go up to and beyond oxide fracture. This would 
be a fruitful area of research. 

The theoretical basis of adhesion is currently not very good because 
of the lack of well defined, reliable, experimental data, and because 
of the analytical complexity. Surface energy considerations have been 
used by several workers, but with almost no reliable solid surface 
energy measurements available, this does not seem a profitable line 
of attack (ref. 32). Dispersion force mechanisms have been suggested 
(ref. 42), but it is unlikely that ’these are important for metal-to-metal 
contact, although they may be important for adhesion between con- 
taminant layers. The use of regular solution theory applied to inter- 
faces has been suggested (ref. 32) and shows some promise worth 
following up in future research. 

Having considered the current status of the metal-to-metal adhesion 
problem, we are now in a position to examine friction. The friction 
force is usually expressed as 

F=As+ P ,  

where A is the real area of contact, s is the shear strength of the weaker 
material, and P a deformation term due to the ploughing action. 

The relative influence of the two friction terms depends on several 
factors. For a given load on relatively smooth surfaces, the adhesive 
term will be most important, and with increasing roughness of the 
surface the ploughing term increases in importance. For a given size 
indentor (or asperity), ploughing action is favored for higher loads. 
Contaminants will also play a role. 

Consider now a typical friction experiment performed in air with 
surfaces which are sufficiently smooth that we can neglect the plough- 
ing term. The surfaces are complicated by low-angle asperities, oxide, 
and adsorbed gas. When a normal load is applied, deformation of 
the surface asperities will take place so that the actual area of con- 
tact is approximately proportional to the load. At this point there 
will probably be little if any pure metal-to-metal contact, but some 
adhesion will result nevertheless. The shear strength of these joints 
will generally be weak compared to that of metal joints. 

Since A=W/p, approximately, we can substitute this into the 
equation F=As, obtaining 

S F=-W. 
P 
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This essentially explains Amontons' laws that the friction force is 
proportional to the load and independent of the area. The ratio 
F/W, which equals s/p,  is defined as the coefficient of friction. 

Several problems arise immediately. The fimt concerns the values 
of 8 and p to use in the equation for the coefficient of friction. I f  we 
assume no mebal-to-meixil contact we really have a lubrication problem 
and we need to know the shear strength for the lubrioant-in this 
case oxide, or adsorbed film. These types of data are almost nonexistent. 
The indentation hardness, p ,  is related in an extremely complex way 
to the yield strength. I f  two different metals are involved, we are bdk- 
ing about the hardness of the softer metal. The value of p will be diffi- 
cult to obtain, since once the surface is loaded some work-hardening 
will occur ( p  is some unknown function of the load). Calculations of 
friction coefficients in this a m  seena aut of the quesk!ion. 

A second problem .appears if the surface film is broken during k'he 
sliding process so metal-to-metal bonding occurs. Some sort of average 
shear strength for the interface must then be used and this is another 
unknown. 

If we assume B situation with considerable metal-to-metal wnW 
after normal loading, apply a hngential force, and measure the fric- 
tion, the same equation for the friction force should apply '-is in the 
previous case. Here, however, s is the shear stress of the weaker com- 
ponent of the junction and p is the local indentation hardness of the 
softer mebal. Ccaloulation of the coefficient of friction using &asonable 
values of s 'and p yields a res& which is fiar too small. 

m a t  is the reason for this failure of the theolry? It is clear that 
the m d e l  adopted assumes that the normal yield stress and the baa- 
g:enti,al shear stress 'are independent strength properties. Experimental 
evidence (ref. 43) and plasticity theory show that this assumption is 
not correct and, indeed, plastic yielding of the contacts occurs under 
the combined effect of the tangential and the normal stress. 

I n  almost all practical cases of unlubrioatd surf-, when a &an- 
gential force is 'applied, the combined normal and tangential stresses 
at the point of conhct lead to junction growth before macroscopic 
sliding *begins. Since the new contract a m  seems to be proporkional It0 
the original shtic contact area (ref. 21), Amontons' laws still seem 
to hold for contjaminatsd surfaces. However, for clean s u r h ,  junc- 
tion g&h may continua until grm seizure occurs and friction 
rises to a very large value. 

The phenomena of junction growth and junction fiailure are very 
complex and there is a great need for detailed studies 5n this a m .  As 
sliding W n s ,  the deformation arht the areas of conbact will gen- 
erally produce severe work-hardening. The critical shear stress will 
tend to vary in a very complioated manner f m  point to point on the 
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surface. We anno t  hope to understand the me&a,nisms involved with- 
out detailed studies of the dislocation distributions a b u t  the juaatiam. 
These can, of course, be studied most readily using single crystal speci- 
mens. The mechanism by which Q contamimmt film stops junction 
growth is by no means clear. 

The defomabion or ploughing term is generally thought to make 
only a small contribution to the total emfficient of friation in most 
sliding experiments ; e.g., 0.1 to 0.2 (ref. 21). Asperities on polished 
surfaces w a l l y  have a slope of the order of 5" to 6" and so their con- 
tribution is considered small. Even in special cases where a sharp 
pointed cone is used and khe initial contribution of ihe dehmticm 
term may be large, with repeated traversals, the track width grows, 
the metal work-hardens, and the ploughing term dare-. Perhaps 
more impohant than the ploughing term by itself is its intmacltioln 
with the adhesion or shear term. Only L few studies have bmn made of 
this important interaction (ref. 21), but it seems likely that the inter- 
&on will serve bo blring about an increase in the deformation tern. 
A detailed study of this internhion is badly needed. 

A numlber of very imporhank sliding experiments in which the 
ploughing term was predominant have been cawisd out using Single 
crysbal surfaces and a hard slider (refs. 44 and 45). These investiga- 
tims have shown very clearly that ithe friction depends markedly on 
crystal plane and the crystallographic orientation. Steijn (ref. 45) 
ifound that the coefficient of friction was 'a maximum in the [1101] 
directions and minimum in the [loo] diredions on the cube face for B 

number of materials of the face centered, body centered, and NaCl 
type cubic structures. This seems &range at first sight because in all 
three of these crystal structures plastic deformation occurs by differ- 
ent slip systems. The explanation lies in the experimental fact that a 
hillock is pushed up ahead of the slider in the [ $101 azimuths, whereas 
two hillocks to either dde of the f m t  of the slider are present for 
the [loo] azimuths. Figure 4 shows interferograms by Dyer (ref. 46) 
for a ball rolling in the [I101 and [loo] direction on a (100) surface 
of copper illustrating the same effect. This hillock formlation on crys- 
tals other than f.c.c. mehals is not completely understood in terms of 
dislocation mechmisms, despite the fact that a number of ~thenretiml 
studies have been made of the dislorxd5on patbrns abut inden&ations. 
More work of this type is desirable. 

Another feature observed in these single crystal studies is the 
variation with sliding direction of track width ; this is also apparent 
in figure 4. The track is narrow in the high-friction direction, par- 
tially as the result of work-hardening, and partially as a result of 
the ridge of materixal pushed up ahead of the slider. Surface and 
bulk deformation around wear tracks in single erystal copper hwe  
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been studied in some detail #by J. M. Bailey (ref. 44), and dislocation 
distributions have been determined by metallographic .techniques. 

Transmission electron microscopy is a powerful technique for 
studying deformation processes in solids, but it has not yet been 
applied ?+o detrailed, studies of friotion proases.. As an example of 
the potentialities of $his technique, I wil l  show some results from a 
crude friction experiment carried out eight years ago on a (100) 
oriented single crystal copper film. 

A small hemispherical sapphike cone under a very light load was 
slid acrw a l O W A  single crystal (100) copper film which was 
grown epiitaxially on a rock salt substrate. Two tracks were made: 
one sliding in the [ooll] direction, and the other in the [Oll] direc- 
tion. The copper film was then removed from the rock salt by dis- 
solving the substrate and examined by transmission electron ' 

microscopy. 
Relaitively low magnification micrographs such a.s those shown 

in figures 5 and 6 for $he [OOl] and [Oll] sliding tracks give an over- 
all picture of the area deformed in relationship to the surrounding 
area. Very little deformation is seen outside the actual track area, 
and this seems tu be greater for the [Oil] sliding direotion. Deforma- 
tion faulix are visible in both micrographs, and it, is apparent that 
rotation of segments of the crystal lattice have occurred. This is most 
obvious fur the [Oll] direction of sliding. 

An interesting and perhaps important observation is the enhanced 

(A)  ( 6 )  

F I G ~ ~ E  4.-Interferograms from rolling friction tracks on a (001) copper 
surface, (A) [llOl trackend, (B) [loo'] .trackend. 
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formation of oxide in the track %rea, visible as khe multitude of small 
black specks in the micrograph of figure 6. Diffrmtion +terns can 
be readily obtained to give detailed infomahion on the occurrence 
of break up and rotation of the lattice. 

Higher magnification micrographs can give much more detailed in- 
formation on the types of deformation produced. Figure '7 shows a 
heavy density of dislocations, mostly arranged as tangles in walls 
parallel ta the sliding direction, and deformation faults, apparently 
both twins and stacking faults, formed on (111) planes which or;@- 
nally intersected the (100) plane in the [Oll] direction. The beginning 
of cell formation is readily seen in the micrograph. I f  the deformed 
area is heated, ,the oxide dissolves, and the cell structure sharpens up 
as shown in Figure 8. Finally, Figure 9 shows several deformm5on 
faults extending into the area outside the track and the marked rota- 
tion occurring within the trwk. 

I want to emphasize that, despite the qualikative nature of .the results 
presented here, detailed and quantitative studies of the deformation 
associated with the friction process can be made using this technique. 
Friction induced deformation on bulk samples can be studied equally 
well using well-known thinning techniques to get suikable samples. The 
availability of high-voltage eleotron microscopes capable of examin- 
ing samples 2 to 3 microns &hick makes transmission electron micros- 
copy even 

I n t e r a c A  between the adhesion and ploughing terms is often con- 
sidered negligible, and as has been shown it is possible to study the 
ploughing term under conditions where adhesion is negligible; how- 
ever, it does not seem likely khat these terms can be separated in any 
case where metal-to-metal adhesion occurs. I n  almost; any praotical 
case of this sort, the normal load will produce some plastic deforma- 
tion and hardening at the surface of the asperities, so that when a 
tangential force is applied, shear may be more complex in the surface 
than in the bulk. The dislocartion interactions involved here will be 
terribly complex; and more detailed studies are necessary for an 
understanding of bond fracture. 

The complex interactions of adhesion and ploughing terms must be 
analyzed on clean surfaces in order ,to obtain the data necessary to 
understand the friction process. The more complex situations can be 
studied with carefully controlled surface films of knmn structure. 

The discussion above has been limited entirely to metals and their 
associated surface films. Lack of space and time prohibits a discussion 
of friction on polymeric, ceramic, or composite materials. Basically 
the same types of information are needed though, if we are to under- 
stand friction on them. Adhesion forces here 
plex, and here again, bonding should be studied un 

ore attrac.tive for suoh studies. 

323-472 0-69-30 
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For nonmetals further study is needed to understand mechanisms of 
deformation and shear, interactions of normal and ltangential stresses, 
and tbe important role that elaatic forces undoubtedly play in the 
friction of polymers. 

WEAR 

Wear has been defined as “kh0 unwanted removal of solid mabrial 
from rubbing surfwes.” It is an even more complex subject than 
friction, and our knowledge of the fundamemhl mechanisms is cor- 
respondingly more meager. This is indicated by the fact th& the type 
of wear depends not only on the basic properties of the rubbing mate 
rials, but also on khe load, the speed of rubbing, the surface roughness 
and the environment. The complexiqty is further indicated by the 
multitude of different classifications of wear mechanism (ref. 4’7). 

Burwell and Strang (ref. 48) have suggested the following classi- 
fication, and lthis seems like a good place to start looking closely ait the 
status of wear : 

FXGUBE S.-Wear track formed by sapphire stylm Sliding in 10011 
direction on the (100) face of copper single crystal. 
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F10m &-Wear track formed by sapphire stylus rsliding 5n [Oll] 
direction on the (100) face of copper single crystal. 

(1) Adhesion or galling 
(2) Corrosion 
(3) hose abrasive particles 
(4) Ctrtting or ploughing by a harder rough surf ace 
(5) Erosion and surface fatigue 

A farther somewhat arbitrary classification into “severe wear” and 
“mild wear” is often made on the basis of wear particle size. In general, 
for any panticular example of wear, any of the above mechanisms may 
operate singly or more likely in combination, further complicating the 
analysis. In some cases, as indicated by Archard, multistage processes 
of wear may be. operative, and ih may be wiser to adopt a class%cation 
based on individual events rather than complete wear mechanisms. For 
the purposes of this discussion, however, I will follow the above 
classificakion. 

The need for well-defmed experiments on adhesion of various 
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materials has already been vigorously emphasized. Adhesion is clearly 
the first event taking place in many wear processes. It is, however, 
important to realize that mere adhesion may not lead to a wear particle 
if the shear strength of the junction is less than that of the bulk 
material on either side of the interface. I f  the shear strength of the 
adhesive junction is greater than that o f t h e  bulk material on one 
side or the other of the interface, then transfer of material can hake 
place. This transfer has been demonstrated for many different types 
of materials and often kransfer of both harder and softer materials 
occurs. Experiments demonstrating the mode of deformation near 
junctions have been made by Cocks (ref. 49) ; they show that the 
junction in the case of metals does not break when sliding first starts, 

PIGUBE 7.-[011] deformation track showing dislocation bngles 
and hgkning of cell formation. 
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FIQWEE 8.-[011] deformation track after heatfng showing sharpening 
up of cell structure. 

but #that plastic deformation of the material adjacent to the junction 
takes place, and sheared metal is then forced up from the surface. 
More detailed studies with controlled single crystal specimens of 
different orientations are highly desirable. 

Even though adhesion can lead to material transfer from one surface 
to another as the fimt event of a wear 'process, it seems dear that 
adhesion in itself does not produce the characteristic loose particles 
of wear. How then are these produced? A number of complex mech- 
anisms ham been proposed. 

It has been suggested in the case of metals that oxidation of the 
adherent fragments occurs; the oxide, being loosely bound, then 
comes off as wear fragments. There is no doubt that oxidation occurs 
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in air, but it is not certain %hat the oxide will be loosely bound. Unless 
the temperatures generated in the sliding process are quite high, for 
most materials the thickness of oxide formed in a reasonable length 
of time may be under 1 O O O O b .  Such films formed on clean surfaces 
in a dry environment are very adherent. If, on the other hand, the 
environment is one in which contaminants such as oils are adsorbed 
on the freshly sheared surface before oxidation occurs, the oxide 
may be very loosely held. I f  the temperature is high, a thick oxide 
may form and the residual stresses in the oxide may cause spalling. 
In certain corrosive environments loosely adherent hydroxides or 
hydrated oxides may form on certain materials. There is, however, 
no really good experimental evidence to substantiate the removal of 

Plema 9.-[Oll] deformation track Showing deformaaon faulta 
and Iatklce rotation. 
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loose oxide as a general mechanism. The fact that loose oxide particles 
are often found on wear surfaces does not provide evidence of how 
they got there. 

A possibility is that oxide particles are produced by a fatigue 
process in the oxide layer. As indicated previously, studies of the 
mechanical properties of oxide layers on metals deserve a high 
priority. 

It has been suggested that wear particle formation is related to the 
ratio of the work of adhesion, or surface energy, to the penetration 
hardness. Rabinowicz (ref. 50) has presented evidence to substantiate 
this criterion, but the correlation for metals, as an example, is not 
very good. Applicabilihy of &his expression depends on the avail- 
ability of reliable surface and interfacial energy data. 

Another suggestion (ref. 51) is that wear particles are formed by a 
fatigue process in the substrate material. A considerable amount of 
evidence in support of this has been accumulated (ref. 47). Most of 
hhis evidence, however, is indireot and hhere seem t,o be very few 
metallographic studies which might confirm such a mechanism. 
Fatigue studies are terribly complex, but it will be necessary in the 
future to examine closely the deformation processes associated with 
solid junctions subjected to successive compressive and tensile stresses. 

Corrosion and oxidation obviously play important, roles in wear. 
Oxide formation on freshly exposed surfaces in many cases leads to a 
change from severe to mild wear. Apparently the role played by the 
oxide is in preventing the strong metal-to-metal adhesion of severe 
wear. The details of oxide formation are not firmly established even 
for well-controlled oxidation studies, and are not at all understood 
for surfaces undergoing wear (this is commonly called fretting cor- 
rosion). The presence of loose oxide particles on a wear surface may 
be due to fatigue in -the oxide, to spalling, or to metal fragments 
formed by fatigue and subsequently oxidized on the surface. In fact, 
all of these processes may occur during a single wear experiment, 
and it will be very difficult to determine the relative importance of 
the different mechanisms. The actuial wear may depend on the hard- 
ness of the oxide, bu4 no evidence relating wear to &he mechaniml 
properties of the oxide is available. 

Corrosion, and particularly stress corrosion and corrosion fatigue, 
may play important roles in the creation of wear fragments under 
special conditions. In  these cases t.he fracture of the metal is enhanced 
by the presence of certain corrosipe environment&. Stress corrosion 
does not occur in pure metals and may be related to the presence of 
short range order in alloys. The cause of the localized chemical actack 
and the enhanced mechanical failure have been the subject of in- 
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tensive investigation for many years, but the detailed mechanisms are 
obscure and still highly speculative. 

Controlled experiments on wear in various chemical environments 
are obviously desirable. Particular attention should be paid to the 
structure and mechanical properties of surf ace films formed during 
these processes. 

The presence between two surfaces of loose abrasive particles, 
whether they are oxide, dust, or hardened metallic fragments, can 
lead to a ploughing action which can remove material from one or 
both surfaces. A similar form of wear occurs when a rough hard 
surface slides over a softer surface. Obviously severe deformation 
of material below the surface can also occur, and with repeaked appli- 
cation this may lead to fatigue failure. Abrasive wear may be made 
almost negligible at khe beginning of a wear process, but as wear pro- 
ceeds, the generation of loose particles may enhance abrasion. It is 
apparent khat if the wear particles are sharp and jagged a ploughing 
or cutting action may be important, whereas if they are smooth-edged 
or rounded, subsurface deformation and fatigue may be more impor- 
tant. Abrasive wear depends primarily on the relative hardness of the 
abrasive body .and the surf ace ; it also depends on the crystallographic 
orientation in the surface. The elastic modulus is also important and 
it has been suggested athat the ratio of the hardness to the elastic modu- 
lus may be the most relevant physical property, but this needs 
confirmation. 

The necessary experiments have already been suggested in connec- 
tion with the ploughing term. Electron microscope studies should be 
very important for revealing the detailed nature of the abrasive proc- 
ess, but only a few such investigations have been made. I n  particular, 
transmission electron microscope studies of samples after controlled 
abrasive wear should be revealing. 

Analytical expressions for the so-called wear rate have been derived 
by a number of workers. These are usually expressions for the volume 
of material removed per unit sliding distance, or the ratio of the 
height (or depth) of the morn layer to the unit distance of sliding, 
and are not really rates. Archard has derived an equation for the 
magnitude of the wear, assuming that the unit event of importance 
is the contact of two asperities on opposing surfaces with a ceriain 
true area of contact. It is also assumed that the wear particles are 
equiaxed, or that the particle and junction diameters are equal. This 
leads to an equation of the form 

where V is the worn volume, L is the sliding distance, and A is the 
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true area of contact. The proportionality constant, K, has been 
interpreted as the probability that any given event will produce a 
wear particle, and experimental values of K range from about 
to lo-’. This interpretation has been questioned, however, and one 
of the major problems in wear today is the physical explanation of K. 

On the assumption that the area of contact is determined by 
plastic flow of the asperities and that we can write 

w A=- 
P. ’ 

the wear equation can be expressed as 

v w  --K-. 
L- P 

This shows the direct propontionality of wear to the load, W ,  which 
has been observed in many cases. It also shows the inverse propor- 
tionality of wear to the hardness which seems ko hold for some mate- 
rials, but which is nat generally true. The independence of the appar- 
ent area of contact is also shown. 

The assumption of equiaxed particles made in deriving the wear 
equation is questionable. I n  fa& other equations have been derived 
on the basis of different assumptions for wear particle shape. The 
complexities of wear particle shape may indeed make an analytical 
dwripltion of wear essentially impossible. Other theories have been 
based on the removal of an oxide layer, assuming an oxide film Ithick- 
ness given by logarithmic or parabolic growth-rate equations. Such 
theories are subject to considerable doubt mainly because the oxidation 
process during wear is too complex to be represented by a simple equa- 
tion. I n  particular oxidation will vary markedly from spot ko spot as 
determined by transient temperatures, contamination eff ech, crystal 
orientation, and surface deformation; it is obviously not possible to 
assume a constant oxide thickness over even a small portion of the 
surface at any given time. 

There is a great opportunity for fundamental studies. The com- 
plexity of wear, however, adds to the problem of designing definitive 
experiments. I believe, though, khat very simple experiments can be 
designed similar to those done by the late Professor Allan T. Gwath- 
mey on single crystal surfaces. These can confirm, with the use of mod- 
ern electron optical tools, some of the basics of wear which are skill 
highly speculative. 

LUBRICATION 

Rabinowicz (ref. 50) has d&d a lubricant as “a substance which 
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is capable of altering the nature of the surfaee interaution between 
contacting solids.” A distinction is usually made between “fluid lubri- 
cahion,” where a thick film of gas or liquid completely separates two 
solids m that they do not touch, and “boundary lubrication,” where 
much thinner films of solid, gas, or liquid are interposed in such a 
manner that solid-to-mlid contact occurs at random points. I have 
included so called “solid lubricants” in the “boundary lubricant” 
category. 

Boundary lubrication involves problems of surface film formation 
and their physical properties. Thm films may be partial monolayers 
of a gas, or they may be oxide films IOOOA or more thick. They may 
consist of an ordered monolayer of a long-chain organic molecule, or 
they may be piled-up disoriented multilayers of an organic ester. The 
chemistry of lubricants is varied and will not be discussed here, exceplt 
where reaction of the lubricant with the solid surface is involved. Sur- 
face films are formed in three ways : First, physical adsorption ; second, 
chemisorption; and third, chemical reaction. These three processes 
have already been considered. I n  most practical lubrioating systems for 
metals, oxide is present on the surface. The presence of different lubri- 
cants may influence oxide formation, Some lubricants may prevent 
oxygen from ‘reaching the surface, and this in turn may lead t o  
enhanced friction and severe wear if the oxide is necessary to pre- 
vent metal-to-metal contact. On the other hand, contaminants or lubri- 
cants may affect the adhesion of oxide to the surface so that a loose, 
easily removed oxide is formed which favors mild wear. The orienta- 
tion of the oxide may be very important in many cases. 

Although I have already discussed adsorption, I mentioned nothing 
about the adsorption of complex compounds such as organic long- 
chain molecules. It is frequentIy difficult to make a sharp distinction 
between physical and chemical adsorption, and more work is needed 
with complex molecules. The behavior of an adsorbed film could 
depend critically on how itightly bound or mobile the moIecules are 
on the surface. In  general, most polar organic molecules are bound 
very tightly to a metal surface, probably by chemisorption, but more 
quantitative data on the strength of the adhesive bond are badly 
needed. 

There have been a number of studies on orientakion and the crys- 
tallinity of long-chain organic compounds on metal surf-, and 
there seems to be a good correlation of low friction with high orienta- 
tion and crystallinity of the film. A sophisticated study by electron 
diffraution of the structure and orientation of long-chain fatty acids 
on single silver crystals has been carried out by Mathieson (ref. 52). 
This is exactly the type of study that we need more of to obtain 
fundamental data on boundary lubrication. 
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Organic or inorganic substances can chemically react with a solid 
surface to form a strongly adherent film. A typical example would be 
a soap formartion by a fatty acid reacting with a metal surface. 
Chemical reactions with typical lubricants may, however, be compli- 
cated by their impure nature. This makes iz fundamental analysis of 
mechanisms essentially impossible. 

The nature of the zlhin films formed on solid surfaces is the first 
i m p d a n t  question to be answered. What is the structure, the orienta- 
tion, and the composition of the films? Once we have suoh data, it 
becomes necessary to determine the physical properties of these films. 

Godf rey has emphasized the importance of three physical properties 
of boundary hbricants : melting point, shear strength, and hardness. 
There is good evidence that film shear strength determines friction 
in accordance with the theory that friction is a function of the ratio of 
the film shear strength to the plastic yield pressure of the underlying 
solid. Unfortunately, experimental data on the shear strength of thin 
film lubricants is rather meager. The shear picture is complicated, in 
the case of some lubricants such as fatty acids, by the fact that the 
molecules are bent rather than sheared during sliding. This definitely 
needs further study. The location of the shear plane is critical, and for 
most lubricant materials this is not known. It will be a function of the 
structure of the lubricant material, the strength of adhesion to &he 
solid substrate, the strength of bonding 'between the lubricant mole- 
cules, and of the orientation with respect to the substrata, Such 
knowledge is essential to our understanding of boundary lubrication. 

I n  general solid lubricant films are greatly superior to liquid films, 
because they apparently provide betker separation of the asperities and 
prevent or minimize direct metal-to-metal contact. Consideraible evi- 
dence supports the idea that lubricant failure occurs by melting. This 
correlation, however, has not been established for lubricants melting 
above about 150" C. More work is needed here, but it will be hampered 
at higher temperature by oxidation and decomposition. 

Although many useful predictions can be based on our current 
knowledge of boundary lubrication, no comprehensive theory exists. 
We know that shear in the lubricant is necessary, but we have no 
knowledge of where ik occurs, and no good data to base a prediction on. 
Melting points can be determined, but the actual melting points under 
conditions of high pressure are not generally known. It is difficult to 
derive general rules for boundary lubrication because each lubricant- 
substrate pair has its own specific properties. A great deal of basic 
work is needed. 

CONCLUSION 

It i s  apparent from the thorough in-depth reviews and discussions 
presented by the other speakers that consideraible progress has been 
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made in understanding the mechanisms of friction and wear. "'he 
general picture is not one, hawever, it0 generate overconfidence in our 
ability to predict the detailed behavior of a pair of sliding bodies. 
Amontom' laws seem to ;be followed generally, but they are only 
approximations for which the limits are not satisfactorily known. 
The great complexitiw of wmr and lubrimtion have greatly limited 
the amount of basic data; our understianding in this area is not as 
good 8-m in adhesion and friction. I n  the practical case, adhesion, fric- 
tion, wear, and lubrication are all intimately tied together in very 
complex ways. Our only hope of understanding khis situation is to 
untie some of the complex knots of interaction and study simpler 
systams one at a time. 

It has not been possible in this paper to consider many important 
aspects of friction and wear. Virtually nathing has been said arbout 
nonmetals, but I think it can be safely said that &e same type of 
information is needed for these materials as for metals. The funda- 
mentals of adhesion, the nature of the deformation during sliding, and 
the effect of the environment all must be known, whatever bhe type 
materials concerned. It is clear that there is a marked scarcity of 
fundamental data and that carefully designed experiments on well 
charmbrized systems are essential. 

A number of suggested areas for research have been given. The more 
important research projects are: 

(1) Experimental studies of adhesion under clean conditions. (This 
should include studies of adhesion between different types of materials 
such as metals, polymers, and ceramic or inorganic materials.) 

(2) Experimental studies of adhesion with controlled and char- 
acterized adsorbed species on the surfaces 

(3) Theoretioal studies of the effmts of various adsodbed species on 
adhesion 

(4) Continued theoretical land experimental studies of the adsurp- 
tion of gases and complex molecules on clean surf aces 

( 5 )  Detailed experimental studies of the deformation processes 
associated with both adhesive bond breaking and ploughing (A knowl- 
edge of the dislocation distributions and interactions is essential.) 

(6) Experimental studies of .the mechanical properties of thin oxide 
films 

(7) Experimental studies of the effect of environment on the me- 
chanical properties of different solids (This is one of the most 
important areas of research, and includes stress corrosion, Rebinder 
effects, gas adsorption effects, and $the mechanism of fracture in various 
environments.) 

(8) Metdlurgical studies involving the influence of structure, orien- 
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tation, alloy formation, surface energy, and work-hardening on a 
variety of materials under well-characterized conditions 

DISCUSSIONS 
G. E. Hollox and R. G. Lye (Research Institute for Advanced Studies, Martin Marietta 

Corporation, Baltimore, Maryland) 

Because of the complex nature of friction and wear, the empirical 
characterizations have evolved in terms of parameters, such as the 
coefficient of friction, that can be readily measured in engineering prac- 
tice. Yet, as Professor Lawless points out, these parameters represent 
the complex resultant of contributions from a variety of physical phe- 
nomena. Because changes in one of the contributions may lead to sig- 
nificant changes in the others also, the resulmtant is not usually a 
quantity that can be predicted with confidence. Nevertheless, a sufficient 
body of information has been accumulated to permit the design of 
equipment using empirical procedures and well-known values for the 
pertinent parameters. Unfortunately, however, this approach is less 
effective when unconventional materials are used in the construction, 
or when the apparatus must serve in novel, inhospitable environments. 
Consequently, the need is felt for greater understanding of the mecha- 
nisms in friction and wear and of the properties of contacting surfaces. 

From the content of papers presented at  this symposium, it is evident 
that friction and wear are influenced by mechanisms and properties 
which come under the headings of a variety of disciplines. Even when 
attention is restricted to the materials aspects of these phenomena, 
however, an extensive area of work remains to be considered. The scope 
of pertinent materials research as indicated by Professor Lawless and 
previous speakers may be summarized : 

( 1) Bulk characteristics : 
(a) Mechanical properties (elastic moduli, plastic deformation 

modes) 
(b) Thermal properties (thermal diffusivity, melting point and 

phase transformations, intrinsic and extrinsic diffusion coef- 
ficients) 

(2) Surface characteristics : 
(a) Structure of clean and contaminated surfaces 
(b) Surface energy and its dependence on contamination 
(c) Chemical reactivity, physical and chemical adsorption 

Professor Lawless has considered most of these but it may be profit- 
able to emphasize some specific aspects concerned with the mechanical 
behavior and surface properties. 

Mechanical Properties 

Defomnatbn of mv-fmes.-The behavior of solid surfaces under 
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the stress applied by a moving stylus remains a considerable problem. 
Recent work, by Bowden and Brookes (ref. 53), for example, has at- 
tempted to relate the extent and character of the deformation and 
fracture along stylus tracks on single crystal specimens to the magni- 
tude and distribution of resolved shear stresses generated by the stylus. 
Subsequent studies of this kind, under other conditions of temperature, 
surface contamination, and loading, will make significant contribu- 
tions. It may also be profitable to include more detailed studies of 
material in the vicinity of the stylus track. For example, the macro- 
scopic distribution of dislocations can be investigated by the Lang 
technique of X-ray diff radon, whereas local dislocation groupings 
can be examined using electron microscopy. The two approaches in 
combination should be of considerable value for interpreting the 
response of crystals to a moving stylus. 

Deformation of mperities.-Although the behavior of a surface 
under a hard indenter has been s tudid  in some detail, relatively less 
is known concerning asperities, which contribute importantly to the 
properties of real surfaces. I n  particular, there is the question of 
whether asperities exhibit properkies that are characteristic of the 
bulk, or behave more nearly like single crystal whiskers. An adequate 
answer to this may be dBc& to obtain, but it appears to be extremely 
important. An indication of the behavior of metal asperities is pro- 
vided by ithe detailed topographic studies of aluminum surfaces dis- 
cussed by Dr. Williamson. Because the outermost tips of the asperities 
deformed plastically before their roots exhibited obvious changes in 
shape, it appears likely that they possess the normal (work-hardened) 
properties of the bulk aluminum. 

I f  the asperities do have properties essentially like those of the 
bulk, the familiar methods of the materials scienms can be used to 
establish pertinent valuss for the material parameters. Moreover, 
their deformation behavior should be amenable to experimental inves- 
tigation and analysis by employing enlarged, idealized models of 
single asperities, with various mechanical constraints at their bases to 
represent the effects of the bulk and adjoining asperities. The ap- 
proach followed by Rowe (ref. 54) may be ada@able to such pur- 
poses. Rowe employed tensile test specimens with a region of reduced 
diameter at their midseertion and investigated the effwts of prior 
work-hardening on their deformation and fracture under tensile 
lading, I n  a similar fashion, certain properties of junctions and 
asperities could be investigated under conditions similar to those 
encountered in friction and wear by studying the response of speci- 
mens to appropriate combinations of shear and compressive normal 
loads. By employing single crystals oriented in various ways, as 
Professor Lawless has suggested, the nature of the deformation could 
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be studied as a function of the resolved shear stress on the principal 
slip planes. Mormver, spec& effects of work-hardening could be 
investigated by examining the response of alloys such as Fe3Si*, 
FeCo (refs. 55 and 56), or Cu,Al (ref. 57), which can exist in the 
ordered (rapid work-hardening) or disordered (slow work-harden- 
ing) sMe  at the same compositions. Certain effects of contamination 
could be studied by diffusing oxygen or other appropriate impurities 
into the region of reduced diameter prior to testing. I n  metals, the 
contaminated zone could be restricted effectively t o  the regicxn of the 
simulated junction by using elwtrieal resistance heating to increase 
the local temperature, and thus impurity diffusion coefficient at  the 
reduced diameter. This technique could be used also to examine the 
bfluence of junction temperature on the deformation characteristics 
of model asperiihs. 

Studies similar to those mentioned might also be used to investigate 
the contribution of brittle frmture emphasized by Byerlee (ref. 58) in 
his discussion of the friction of nonmetallic surfaces. 

The behavior of these large idealized model asperi'ties should be in- 
terpretable in terms of (the properties of &he bulk material. Thus, if  
their deformakion chaxacteristics and load bearing capabilities are 
sufficiently similar to those of smaller, conventional asperities, it may 
be possible to apply the resu1,ts of khese studies to the interpretation of 
real friction and wear phenomena. On the other hand, if gross discrep- 
ancies occur between the properties of small asperities and their lazge, 
idealized models, -the nature and magnitude of the differences may be of 
value in deducing She origins of these discrepancies. . 

A possible contribution needing additional study is the role of sur- 
face diffusion at rubbing contacts. Nordike (ref. 59) has observed a 
rapid increase in the coefficient of friction between two rotating Tic 
discs at temperatures near 1400" C: close to th& which Hollox (ref. 
60) has suggested is sufficient to permiat volume diffusion of the titan- 
ium atoms. Because bulk plastic deformation beconies important in 
Tic at much lower temperatures (near 900" C), Brookes (ref. 61) 
considered iS unlikely that increased friction was the sole result of 
changes in ,the deformation behavior, and has suggested that the in- 
creased friction was a consequence of strengthening and growth of 
junctions by diffusion. The question cannot be considered resolved at 
present, however, because the mechanisms of deformation in TiC begin 
to change also in the temperature region near 1400" C (ref. 62) .  Thus, 
addiitional studies are needed ,to determine the origins of ,the increased 
friction, and particularly the effeds of diffusion at rubbing surfaces. 

*L&eo, G. EL ; and Marcinkow&& M. J. : Contribution No. 1997, Ames Labora- 
tory, U.S. A.E.C., (unpublished). 
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Surface Characteristics 

Theoreticcd studks.-Because surfaces influence the behavior of 
solids in a variety of ways, their properties currently are being investi- 
gated from many points of view. Even though many of these studies are 
not direotly applicable to the problems of friction and wear, they sug- 
gest approaches which may be of value. Stern (ref. 63), for example, 
has considered Ithe influence of the surface on the momentum distribu- 
tion and wave functions of electrons in a metal. Now, because the elec- 
tronic wave functions are determined by, and conversely, determine 
the equilibrium distribution of atoms in a crystal, it is expected that 
the distribution near the surface will be different from khat in the bulk, 
and that the amplitude and direction of the atomic displacements near 
the surface will be closely related to the nature and degree of distortion 
of Ithe wave functions. Thus, it appears possible that detailed studies of 
the electronic properties of solids near surfaces will provide valuable 
information regarding the structure and interfacial energies of clean 
surf aces. 

I n  other studies, Bennett and Falicov (ref. 64), Grimley (ref. 6 5 ) ,  
and Gadzuk (refs. 66 and 67) have explored the electronic interactions 
responsible for the adsorption of individual atoms, or pairs of atoms, 
on metallic surfaces. Departing from most previous work on adsorption 
phenomena, they have included the electronic band struoture in their 
representations of ,the metal. This approach is likely ko yield a more 
realistic description of the electronic aspects of adsorption than is pos- 
sible when the metal is considered as an sggregate of atoms. It should 
be exploited further to gain improved understanding of the adsorption 
processes involved in the interaction of lubricants and adhesives with 
solid surfaces. 

A different aspeot of the problem has been investigated by Bennett 
and Duke (refs. 68 and 69). Instead of considering the behavior of for- 
eign atoms adsorbed on a solid surface, they examined the properties of 
an interface between two solids. Although they were interested primar- 
ily in the charge distribution and potential associated with a simple 
model of a bimetallic jundion, appropriate extensions of their work 
may also have value for the understanding of adhesion between 
dissimilar metals. 

The studies mentioned here represent significant advances in under- 
standing some of the fundamental processes in friction and wear, even 
though the work may have been done with different purposes in mind. 
It 5881115 appropriate, therefore, to extend such studies to include 
additional topics of specific interest to the phenomena of friction and 
wear. 

ExperimmtaZ studies.-As Professor Lawless mentioned, the fric- 
tion and wear characteristics of real materials are markedly influenced 
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by the environment. Because most metallic surfaces are covered with 
oxide films, however, the environment-sensitive mechanical behavior 
of lthese oxides may deserve special tattention. Westwood, et a1 (ref. 70) 
have suggested %hat Rebinder effeots (adsorption induced changes in 
the hardness of nonmetallic solids) may arise because chemisorption 
of appropriate molecular species is accompanied by changes in the sh te  
of ionization of point defects in a narrow region near thO adsorbing 
surface, and possibly because of changes in athe electronic charge on 
dislocations in this region.* Because *the dislocation mobility in ionic 
solids is determined by the interactions between dislocations and point 
defects, changes in the state of ionization that modify these interaotions 
will influence mobility, and thus surface hardness. Such effects are not 
expected to owur in materials with high electrical conductivity. Never- 
theless ,they may have a prominent influence on the deformation char- 
acteristics of oxide-coated asperities, because the mechanical properties 
of tthe oxide may be altered by iks environment and hence modify the 
interactions of dislocations wi'th the metal-oxide interface. It appears 
possible, therefore, that an additional measure of control over friction 
and wear may be 'available when these effects are sufficienkly under- 
stood; specific adsorbates can then be exploited to decrease (or in- 
crease) the hardness of surface oxide films as desired b satisfy 
particular operating conditions. 

Attention should also be directed to a second influence of the 
environment, that is, changes in the composition, and thus mechanical 
properties, of the contacting surfaces by specific chemical rmdions. 
I n  particular, Roberts and Owens (refs. 71 and 72) have achieved 
remarkable success in reducing friction and wear by employing iodine 
in charge transfer complexes to maintain lamellar metal diiodides 
on the rubbing surfaces of several appropriate metals; e.g., Ti, Co, 
stainless steels, m d  heat-resisting alloys of nickel and cobalt. The 
mechanical properties of the produots formed in such reactions me 
not well known, but Roberts and Owens have .attributed the low fric- 
tion to  the occurrence of planes of low shear strength in the lamellar 
diiodides because improved lubriczttion is not observed on metals 
that do not form iodides havi*ng this crystal structure. 

Similar processes probably occur with many of the more conven- 
tional lubricants (e.g., formation of me&al soaps by reaction with 
fatty acids), and presumably the low shear strength of the products 
also contribute to the reduced friction obtained. The conventional 
lubricants, however, ,are not very effective with metals like titanium, 
whereas the addition of small concentrations of iodine charge trans- 

*Westwood. -4. R. C. ; Goldheim, D. L. ; and Lye, R. C. : to be published. 
323-472 -9-31 
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fer complexes to them, provides satisfaotory lubrication even under 
high normal loads (ref. 72). 

The observation (ref. 71) that sulfur-containing compounds failed 
to function as effective lubricants for titanium, even though Tisz 
has a lamellrtr crystal structure like that of TiL, indicates the need 
for more detailed investigations of both the kinetics of these reactions, 
and the material properties of khe reaction products Such studies 
can be expected to provide information for quantitatively applying 
this approach to a variety of operating conditions. 

H. M. Davis (Army Research Office, Durham, North Carolina) 

Being innocent to the study of friction and wear, I have been able 
to listen objectively and I have been greatly impressed by the high 
order of engineering revealed in these series of reviews on this fasci- 
nating and baffling subject. But the research reported is largely 
engineering research, in that it has been done an complex systems 
comprising poorly characterized materials, and affording a multi- 
plicity of variables, some of which are unoontrolled and even unrec- 
ognized. Such an experiment has meaning for the specific system, 
but ik rarely reveals the general principles being sought. It seems 
highly desirable, therefore, thak the experienced investigators con- 
ceive experiments, apart from the practical systems of interest, where- 
by the significant variables may be isolated md reliably evaluated. 
I am impelled to add, with no desire to be offensive, that invest&- 
tors of friction and wear o i ih t  not to exert any determined effort 
to avoid the intrusion of chemistry and metallurgy ink0 their 
experiments. 

M. E. Sikonki (Georgia Institute of Technology, Atlanta, Georgia) 

I wish to describe briefly a combined technique for characterizing 
surfaces which is presently under study at the Georgia Institute of 
Technology. The approach considers the energy distributions of the 
secondary electrons emitted from a sample in addition to the LEED 
patterns obtained from the surfaces. LEED can be used to investigate 
the elastic scattering of low energy electrons and to get information 
about the structures of atomically clean single crystal surfaces or sur- 
faces with ordered adsorbed gas lmayers. However, as was mentioned 
in Dr. Lawless’ lecture, because of the dependence on periodic struc- 
tures, the LEED patterns cannot always be used to  detect surface 
contamination, and no information is given concerning the nature of a 
contaminant. The secondary electron energy distributions, on the other 
hand, result from inelastic processes which do not depend in detail on 
the structure of an adsorbed layer or on the ordering of crystallites in 
the substrate. These distributions can then be used to study surface 
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contamination. Figure 10 shows an energy distribution curve of elec- 
trons for a clean tungsten (110) surface (ref. 73). There 'are three 
distinct groups of electrons contributing to the features observed in 
the curve of figure 10. The electrons in region I are the elastically 
reflected primaries. The electrons in region I1 are primaries which 
have undergone losses. Region I11 corresponds to the true secondaries. 
The small broad peaks that appear in region I1 <and the subsidiary 
maxima contributing to the structure of the large secondary peak 
are related to the electronic properties of the material under study and 
to the contamination present on the surface. Studies have been made 
thus far of single crystal surfaces of tungsten (refs. 73 and 74), graph- 
ite and copper (ref. 74), and also aluminum and nickel." Work on 
additional elemefital metals and alloys is contemplated Using single 
crystal, as well as polycrystalline specimens. It appears that the tech- 
nique outlined above should be applicable to the characterization of 
surfaces in friction and wear experiments. 

LECTURER'S CLOSURE 

There seems to be very little left for me to say in closure. The dis- 
cussion by Hollox and Lye is, I believe, quite valuable in that they have 
cadded oonsiderable detail to many of the points concerning bulk and 
surface characteristics of materials. It seems quite clear that any im- 
provement in our understanding of the complex processes of friction 
and wear will come only with detailed studies of the basic chemistry, 
metallurgy, and physics of the materials interactions. This has also 
been clearly stated by Dr. Davis in his discussion. 

Basically, friction and wear involve the making and breaking of 
bonds between similar or dissimilar materials. Definitive experiments 
on adhesion are clearly a necessity at3 are refined studies of the defor- 
mation and fracture processes. In  the usual friction and wear process, 
a very large number of variables may be involved; if any understand- 
ing is to be achieved, simpler systems must be studied initially so that 
the influence of the variables may be evaluated one at a time. It would 
seem most reasonable to start with the understanding of clean single 
crystal surface, and then to proceed to studies with controlled sur- 
face layers, such as adsorbed gases, oriented oxide films, or monomole- 
cular hydrocarbon layers. I believe that this is a simpler method than 
to start with a "dirty', surface and to try to isolate the effects of the 
individual variables. There are some merits to starting with a complex 

*Jordan, L. K. ; sand Scheibner, E. J. : Characteristic Bnergy Loss Spectra of 
Copper Crystals with Surfaces Described by LEED. Accepted for publicakion in 
Surface Science. 

Private communications with G. F. Amelio, G. W. Simmons, and L. I(. Jordan ; 
Georgia Institute of Technology, 1967. 
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system and gradually simplifying it, but I believe this is most wasteful 
of research time and effort. 

Modern research technology is certainly capable of handling even 
such a complex system as friction and wear. Electron microscopy tech- 
niques should be utilized in deformation studies to determine the de- 
tails of dislowtion distributions about, stylus or w a r  tracks. The scan- 
ning electron microscope provides a powerful tool for fracture and 
'cvear studies and should 14x1 widely used. Basic studies of clean surfaces 
by diffraction techniques or field-ion techniques are needed along with 
studies of adsorption and chemical reaction on these surfaces. Modern 
techniques for detection and identifiwtion of surface impurities, such 
as the Auger spectroscopy technique mentioned by Sikorski, should 
be extremely useful in any clean surface studies. 

Since most metal surfaces am covered with an oxide film, studies of 
the mechanical properties, and particularly the effects of environment 
on such properties, need careful detailed study. 

I I I I I I I I I 

i E p  I I I I I I I I I 
3 90 EO 70 60 50 40 30 20 10 ( 

ENERGY E, ev 

FIOUBE lO.-Secondary electron energy distribution curve for the clean 
tungsten (110) surface. 98-volt primary electrons. 
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Closing Remarks 
P. M. KU 

Southwest Research Institute 
San Antonio, Texas 

N THE PRECEDING PAGES, the phenomena of friction and wear, and I their theoretical and practical implications, have been considered at 
length and from different viewpoints by various lecturers and dis- 
cusmrs. Any further attempt on my part to evaluate the present level 
of Understanding or to discuss the amas of needd research would 
therefore be quite superfluous. Raither, I propose to review the general 
conduct of the symposium in terms of the collective opinion of the 
participants and to outline the immediate plans for the symposium 
scrim. 

As stated in .the Preface, lulbrioation is a highly complex and inter- 
discipiiaary subject, and further aidvanc~a in the science and tech- 
nology of lubrication call for interdisciplinary cooperation. But this 
cannot come about without a common understanding of the problems 
involved, and common understanding of the pmblems cannot be 
aohieved without the conscious application of interdisciplinary 
dialogue. The objective of the NASA lubri&icm symposium 
series was to promote interdisciplinary dialogue, it being assumed 
that actual interdisciplinary cooperation would ensue if the dialogue 
were effective and convincing. 

It was recognized at the outset that the subjwt of lubrication is too 
broad to be covered effectively in a single meeting. Therefore, the 
decision w&s reached to approach the subject in a series of meeihg~, 
each relatively restricted in scope yet broad enough to permit mean- 
ingful interdisciplinary treatment,, Friction and wear under unlubri- 
cated and boundary lubrication conditions were selected as the ama 
of interest for the first such meeting. The program and conduct of 
this meeting were designed to facilitate and encourage interdiscipli- 
nary discussion. 

The symposium had a total of 90 invited participants, composed of 
approximately 25 percent basic scientists, 50 percent lubrication re- 
search engineers, and 25 percent design and development engineexs. 
Five of the participants contributed written discussions, but were not 
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TABULATION OF SURVEY RESULTS 

At the conclusion of khe symposium, a questionnaire was distributed 
and all attendees were asked for their considered opinions of the 
questions posed. Of the 85 persons present, 61 persons, or 72 percent, 
returned the questionnaire. The distribution of the respondents was 
32 percent basic scientists, 52 percenk lubrication research engineers, 
and 16 percent design and development engineers-a fair represenha- 
tion of all participants. The questions asked and the replies received 
are presented below. 

(1) Do you think the concept of interdisciplinary approach to 
friction and wear (or to lubrimtion in general) is sound? 

The replies were as follows: 

[In percent] 
No 

response No Perhaps Yes 
0 0 1 31 Basic scientists--- - - - - - _ - - - - - 

Des. and dev. engrs _ _ _ _ _ _ _ _ _ _  0 0 2 14 

0 0 7 93 

. . .  
Lub. res. engrs _ _ _ _ _ _ _ _ _ _ _ _ _ _  0 0 4 48 

(2) Do you believe that meetings of this type can stimulate inter- 
disciplinary research? Are there any other effective ways to stimulate 
interdisciplinary research ? 

The replies to the first part of khe question were as follows : 

[In percent] 

No 
response No Perhaps Yes 

1 0 6 25 Basic scientists--- - - - - - - - - - - - 
Lub. res. engrs _ _ _ _ _ _ _ _ _ _ _ _ _ _  2 6 8 36 

. . .  

Des. and dev. engrs _ _ _ _ _ _ _ _ _ _  2 2 0 12 

5 8 14 73 

Typical replies to the second part of the question were as follows : 
Incorporation of various disciplines in research groups 
Exchange of scientists and engineers 
Small discussion groups on specific topics 
Publications devoted t o  interdisciplinary approach 
Government contra& with interdisciplinary slant 
Interdisciplinary academic degrees 

(3) Do you believe that meetings of this type can stimulate inter- 
disciplinary approach to design? Are there any other effective ways 
to stimulate interdisciplinary approach to design ? 
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The replies to the first part of the question were as follows: 

[In percent] 
No 

response No Perhaps Yes 
Basic scientists _ _ _ _  - - _ - _ - - _ - _ 14 11 1 6 
Lub. res. engrs - _ _ _ _ _ _ _ _ _ _ _ _ _  4 21 7 20 
Des. and dev. engrs _ _ _ _ _ _ _ _ _ _  6 3 3 4 

24 35 11 30 
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The replies to the second part of the question were generally similar 
to those in response to $he second part of the preceding question. 
(4) Has the program of this symposium covered friction and wear 

adequately? If not, what other topics should have been included? 
The replies to the first part of the question were as follows: 

[In percent] 
No 

response No Fair Yes 
3 0 8 21 . . .  Basic scientists-- _ _ _ _ _ - - - - _ 

Lub. res. engrs 0 16 17 19 
Des. and dev. engrs _ _ _ _ _ _ _ _ _ _  3 2 3 8 - 

6 18 28 48 

Typical replies to lthe second part of the question were as follows : 
Abrasive wear. 
Fretting. 
Friction and wear of nonmetals. 
Friction and wear in electrical con.taots. 
Rolling friction and wear. 
Solid lubricants. 
Chemistry in lubrication. 
Heady loaded sliding systems. 
Practical engineering problems. 

( 5 )  What is your opinion of the quality of the invited lectures? 
The replies were as follows : 

[In percent] 
No 

response Poor Fair Good Excellent 
Basic scientists-_---- 2 0 3 11 16 
Lub. res. engrs _ _ _ _ _ _  1 0 3 21 27 
Des. and dev. engrs- 0 0 2 7 7 

3 0 8 39 50 
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( 6 )  What is your opinion of the quality of the invited discussions? 
The replies were as follows : 

[In percent] 
No 

response Poor Fair Good Excellent 
Basic scientists------ 3 0 7 8 14 

Des. and dev. engrs-- 0 0 3 7 6 

4 0 21 35 40 

Lub. res. engrs _ _ _ _ _ _  1 0 11 20 20 

(7) What is your opinion of the quality of the general discussions 

The replies were as follows: 
(i.e., those other than the invited ones) ? 

[In percent] 
No 

response Poor Fair Good Excellent 
Basic scientists- _ - - - - 2 0 5 19 6 
Lub. res. engrs _ _ _ _ _ _  0 0 14 25 13 
Des. and dev. engrs-- 0 0 1 9 6 

2 0 20 53 25 

(8) Would you have liked to have a greater representation of basic 

The replies were as follows: 
scienti&s at the symposium '? 

[In percent] 
No 

response No Perhaps Yes 
4 22 2 4 Basic scientists--- - - - - - - - - - - - 

Lub res. engrs _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  5 34 0 13 

. . .  

Des. and dev. engrs _ _ _ _  _ _ _ _ _ _  3 12 0 1 

12 68 2 18 

(9) Would you have liked to have a greater representation of de- 

The replies were as follows : 
sign and development engineers at this symposium ? 
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[In percent] 

No 
response No Perhaps Yes 

9 16 5 2 Basic scientists- - - _ _ _ _  _ _  - _ _ - - 
Lub. res. e n p  _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 29 6 16 

. . .  

Des. and dev. engrs _ _ _ _ _ _ _ _ _ _  2 3 4 7 

12 48 15 25 

(10) Has the mailing of the Proceedhqs Preprint a monCh in 

The answer was unanimously in the dlirmative. 
(11) What is your opinion of the general conduct of this sym- 

posium? In what respects could the symposium have been improved? 
The replies to tthe first part of lthe question were as follows : 

advance bean helpful to you? 

[In percent] 

No 
response Poor Fair Good Excellent 

Basic scientists- - - - - - 3 0 4 8 17 
Lub. res. engrs _ _ _ _ _ _  5 0 7 6 34 
Des. and dev. engrs-_ 2 0 3 3 8 

10 0 14 17 59 

The replies to  the second part of the question were typically as 
follows : 

More ,time for general discussions. 
More relaxed ,atmosphere. 
Small discussion groups. 
Panel discussions. 
Provision for informal evening gatherings. 

{ 12) Have you found lthis symposium of interest to you personally ? 
The answer was unanimously in the affirmative. 
( 13) Have you personally found lthis symposium helpful in the plan- 

The replies w0re as follows: 
ning or execution of your research ? 

[In percent] 

No 
response No Perhaps Yes 

1 7 7 17 Basic scientists--- - - _ - - - _ - - - - 
Lub. res. engrs _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 9 13 29 

. . .  

Des. and dev. engrs _ _ _ _ _ _ _ _ _ _  16 0 0 0 

46 18 16 20 
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(14) Have you personally found this symposium helpful in your 
design and development work ? 

The replies were as follows : 

[In percent] 
No 

response No Perhaps Yes 
32 0 0 0 . . .  Basic scientists- _ _  _ - _ _ _ _ - - _ _ 

Lub. res. engrs _ _ _ _ _ _ _ _ _ _ _ _ _  24 16 3 9 
Des. and dev. engrs _ _ _ _ _ _ _ _ _  6 5 2 3 

62 21 5 12 

(15) Would you recommend that interdisciplinary symposia be held 
on other topics in the general area of lubrication science and tech- 
nology? If  so, please list the topics that you would like to see taken 
up, in your order of preference. 

The replies to the first part of the question were as follows :. 

[In percent] 
No 

response No Perhaps Yes 
7 2 2 21 Basic scientists _ _ _ _  _ _ _ _ _ _ - - - 

Lub. res. engrs _ _ _ _ _ _ _ _ _ _ _ _ _  7 5 2 38 

. . .  

Des. and dev. engrs _ _ _ _ _ _ _ _ _  4 1 3 8 

18 8 7 67 

I n  the order of preference, the suggested topics were as follows: 
Liquid lubricants (including lubricant rheology, lubricant chem- 
istry, synthetic lubricants, etc) . 
Friction and wear (unlubricated and boundary lubrication 
conditions). 
Lubrication of concentrated contacts (el&,ohydrodynrtmic lubri- 
cation, lubrication of rolling-elemenk bearings, gears, etc) . 
Solid lubricants and composites. 
Hydrodynamic lubrication (including rutor dynamics). 
Aerospace bearings (high-vacuum, high-temperature) . 
Electrical contacts. 
Metalworking lubrication. 

INTERPRETATION OF SURVEY RESULTS 

I n  interpreting the results of the survey, it should be borne in mind 
that participation in this symposium was weigh,ted .toward those pri- 
marily active or interested in friction and wear under unlubricated 



C L O B I N G I  B E X A R K S  485 

and boundary lubricrution condigtiom. For $his reason, the preferred list 
of topics for future symposia was probably biased in favor of friotion 
and wear, and against hydrodynamic lubrication. Moreover, rightly or 
wrongly, $his symposium was primarily research oriented. Its purpose 
was to appraise and expand basic understanding, rather than to provide 
practical design guidelines. Therefore, in response .to lthe question as to 
whether this symposium was helpful in research planning and execu- 
tion, 66 percent of the respondents (Ibasic scientists and lubrication re- 
search engineers) answered in the affirmative or qualified affirmative. 
However, for the question as to whebher %his symposium was helpful in 
design and development, only 1'1 percent of the respondents (lubrica- 
tion research engineers and design and development engineers) gave 
favorable or qualified favorable replies. The fact that this symposium 
was considered helpful in research planning and execution was gratify- 
ing. The fact that it was not considered helpful in design and develop- 
ment was not surprising, but certainly regretiable. On the other hand, 
all respondents found .this symposium of interest personally, suggesting 
$hat ithe long-range value of such meetings was appreciated by all. 

The survey showed &hat $he concept, of interdisciplinary approach 
in lubrication was endored almost unanimously. It was felt that meet- 
ings of *this type provide an effective means of stimulating interdisci- 
plinary approach, bat other means to compel interdisciplinary 
teamwork should not be overlooked. 

A majority of the respondents recommended bhat additional inter- 
disciplinary symposia be held. However, a more relaxed &nosphere 
and more $time for general discussions were significantly favored. I n  
this connection, it is interssting to note that, while the invited lectures 
received high ratings, the invited discussions were rated no higher in 
qualilty %than the general discussions. This seems to suggest tthat, if the 
participants were carefully seleded and were given adequate time to 
examine the lectures in advance, the practice of having invited discus- 
sions would have no special merit. 

As to the desirable composition of the paflticipants, ,the respondents 
apparently felt khat *the present distribution of basic Scientists, lubri- 
cation research engineers, and design and development engineers was 
more or less satisfaotory. 

PLANS FOR FUTURE MEETINGS 
The survey showed lthat the interdisciplinary lubrication symposium 

series serves s useful purpose and should be continued. The survey 
further revealed that the.three most favored topics for future meetings 
were liquid lubricants, friction and wear, and lubrication of concen- 
trated contacts. 
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The Steering Commiktee, after careful review of the survey resulks, 
recommended to NASA that consideration be given to holding two 
additional meetings, one in 1968 and one in 1969. This recommendation 
has been accepted by NASA. The two proposed meetings are as 
follows : 

Interdisciplinary Workshop on Friction and Wear 

A sequel to ithe symposium Interdiscipliltary Approach to Friction 
and Wear, Ithis workshop will be held on November 19 to 21,1968, at 
NASA Lewis Research Center, Cleveland, Ohio. The participants will 
first meet in one gathering 60 seleot a number of key problems in Ric- 
tion and wear (both theoretical and practical), then convene in small 
discussio2 groups to consider hhese problems in depth and discuss 
possible methods of attack, and finally meet togehher .to hear reports 
from the various discussion groups. 

Interdisciplinary Approach to the Lubrication of Concentrated Contacts 

This symposium will be held on July 15 to 17,1969, at  Rensselaer 
Polytechnic Institute, Troy, New York. The symposium will consider, 
among ocher topics, elastohydrodynamic lubrication, the critical tem- 
perature hypothesis, the structure and flow behavior of liquids, the 
structure of solids, the mechanism of contact fatigue, and Athe effects 
of materials, lubricants, and design. Each of lthe topics will be intro- 
duced by an invited lecture. However, there will be no invited dis- 
cusions; this will then allow a greater proportion of time for general 
discussions. 

The Steering Commithe recognized the importance of an interdis- 
ciplinary study of the effeds of liquid lubricants on lubrication. HOW- 
ever, the subject is so broad and complex, and in many respects so con- 
troversial ,that, in the opinion of the Steering Committee, it could not be 
covered adequately in a single meeting. It occurred to She Steering 
Committee that some aspects of Ithe subject, notably the structure and 
flow behavior of liquids, muld be accommodated conveniently in the 
planned symposium on ;the lubrimtion of concentrated contacts. It was 
therefore decided that a broad study of liquid lubricants, or some facets 
of the subject, could be deferred until a later date. 
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