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SURFACE FILMS AND METALLURGY RELATED TO LUBRICATION AND WEAR
Donaid H. Buckley
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio U.S.A.

INTRUBUCTION

Coi:ziderable amounts of data exist in the literature on the
nature of liquid and gaseous interactions with solid surfaces in
different fields (e.g., catalysis, surface chemistry, corrosion,
etc.). The amount of fundamental information available on solid to
solid interactions is, however, much more limited.

In tribological applications, two solid surfaces are in solid to
solid contact whether the solids are bearings, gears, seals, or other
mechanical components, Thus, in tribology, the solid surface and the
interaction of two such surfaces are extremely important.

Metals and alloys are the most widely used solids in lubrication
systems. Therefore, studies of metal and alloy surfaces are
important. The nature of the surface, its interaction with the
environment and constituents therein, lubricants, and the physics,
chemistry, and mutallurgy of the surface of metals and alloys must be
understood in their relationships to adhesion, friction, wear, and
lubrication of two solids in contact.

The objective of this thesis is to apply a number of analytical
tools to study and characterize the tribological surface and the
interactions of solid surfaces. Many of the studies involve in situ
analysis of the adhesion, friction, wear, and lubrication behavior of
solid surfaces in contact with surface analytical tools. The specific
subjects to be addressed include the following: (1) nature of the
tribclogical surface, (2) characterization of that tribological
surface, (3) environmental effects, (4) solid to solid interactions in
adhesion, friction, wear, and lubrication for various classes of
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material combinations, and (b) the surface metallurgical properties
related to tribological performance.

With respect to the identification of the surface, the ideal,
real, and tribological surtaces will be distinguished, The
tribological surface will be characterized physically, mechanically,
chemically, and metallurgically. The adhesion, friction, wear, and
lubrication of metals in contact with other metals, semiconductors,
ceramics, carbons, and polymers will be add essed. Metallurgical
surface characteristics to be related to tribology will include
surface energy, crystallinity, grain boundary eftects, orientation,
texturing, crystal structure, order-disorder transformations,
recrystallization, the degree of metallic nature, fracture and ideal
shear strength, surface segreqgation, and alloying effects. The
interaction of the environmental constituents with the surface of
metals and alloys will also be discussed.

NATURE OF SURFALES AS THEY RELATE TO TRIBOLOGY

When a solid surface is examined either microscopically with the
scanning electron microscope or nmechanically with a surface
profilometer, it is found to contain irregularities; that is, the
surface is not flat and smooth. A depiction of a surface displaying
these irregularities, or asperities as they are commonly called, is
presented in figure 1(a).

Nearly all real surfaces contain the asperities except for
brittle, single-crystal materials that have been cleaved along natural
cleavage planes and metallic pin tips that have been field evaporated
in the field ion microscope. Even with brittle materials, the
cleavage process results in the generation of surfaces that contain
cleavage steps, and it is only the terraces between these sieps that
are atomically smooth,

The actual shape and distribution of surface asperities has been
the object of considerable research. An exce!lent review of the
subject can be found in reference 1.
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The surfaces of the asperities are not atomically clean but
contain strtace films (fig. l(b)). For metals and alloys these tiilms
generally consist of oxides and adsorbed gases, usually water vapor,
carbon monoxide, and carbon dioxide., With many nonmetals the surtace
films may simply consist of adsorbates. Al)l the reacted and adsorbed
film materials can exert a strong effect on the mechanical and
metallurgical behavior of the solids to which they adhere, as
indicated by the collection ot papers in reference 2.

In addition to the films present on the surface of a solid, the
surficial (near-surface) Yayers ot the solid itself may vary
considerably in structure from the bulk of the solid. With
crystalline solids these layers may consist of recrystallized
material, strain-hardened regions, and/or textured regions. These
surficial layers develop when any type of finishing or polishing of
the surface is done, particularly when that surface is a metal. These
layers can also be a region rich n bulk impurities (ref. 3). In
anmorpiious solids, these layers may contain voids and microcracks.,

SURFALE PROFILE

A careful examination of industrially prepared metal and alloy
surfaces with surface profilometers (devices capable of revealing the
surface topography) indicates the true microroughness ot these
surfaces. They are, on a microscale, rough as indicated by the
surface profile traces shown in figure ¢. The surface represented by
figure 2(a), steel finished by mechanical wire brushing, is extremely
rough and contains many large irregularities. The surface of figure
J(b) is for steel prepared by conventional industrial grinding and is
much smoother, but there still exist many microirregularities.

When a steel surface is very carefully lapped, simaller and fewer
asperities are produced., 1his is demonstrated in the surface profile
trace shown in figure 2(c), the smoothest of the three traces
presented. Etven the lapping, however, leaves some surface roughness.

Extremely smooth, asperity-free surfaces are shown in the profile
traces of figures 3(a) and (b) for mica and quartz surfaces. Both
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Figure 4. - Photomicrograph of a glass bead blasted
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surfaces were generated by cleavage. A crack that developed during
the cleavage process i1s visible in the profile trace on the mica
surface,

Normally, metal surfaces cannot be oenerated with the smoothness
reflected in the profiles shown in figures 3(a) and (b). Such
surfaces can be generated in the field ion microscope, but this only
provides an atomically smooth surface over an area reflected Ly the
pin tip radius of 500 to 1000 A, Deposition of metal films on quartz
surfaces such as that in figure 3(b) can be used to obtain an
asperity-free metal surface., The results of such an approach are
shown in the surface profile trace of figure 3(c) fecr iron vapor
deposited in vacuum onto quartz., The surface is smooth compared with
those surfaces shown in figure ¢.

Very frequently it is desirable not to have extremely smooth
surfaces - for example, when a greater surface area would promote such
things as adhesion. A host of different methods, mechanical,
chemical, and physical, can be used to increase surface area.

One of the most conmonly used mechanical methods i1s to sand or
bead blast the surface, thereby removing material through erosive
wear, An example of such a surface i1s shown by the photomicrograph in
figure 4, The surface looks like waves of water. This kind of
surface topography may be very useful in certain bonding applications,
catalysis, and chemical processes.

Among the chemical surface roughening methods, chemical etching
is used. The particular reagents must be selected on tne basis of the
surface to be etched.

A very good technique for roughening surfaces involves using
inert gas ions, which are made to bombard a surface ancd generate a
surface texture. lon etching, as it is called, is particularly
versatile in that both bombarding species and ion energies can be
selected to vary the surface topography. In addition, the incident
angle of the ijon beam can also be varied. The different surface
textures that can be developed by this technique are indicated by the
photomicrographs of silver surfaces in figure 5. In the upper portion
of the figure the various surface orientations are depicted on the




Figure 5. - lon beam etched silver crystal surfaces with normal
incident Ar* at 8 kiloelectron volts and dose of 7x1018 ions.
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unit triangle, In the three micrographs in the lower portion of the
figure, the 1on etching effect on three principal planes of silver,
namely, the (100), (110), and (111) surfaces, are shown, The
photomicrographs in figure 5 indicate that <o . siderable variation in
surface texture can be developed with 1on Leam etching,

CRYSTALL INE STRUCTURE

The crystal structure of ideal surfaces f~~ most practically used
materials 1s generally one of three major types: body centered cubic,
face centered cubic, or close packed hexagonal. All engineering
surfaces vary from these ideal structures. Most real surfaces have
grain boundaries which develop during the solidification of
crystalline solids. These grain boundaries are, in a strict sense,
defects which exist in the bulk solid and extend to the surface. They
are atomic bridges linking the crystal structure of the two adjacent
grains. Because of their rolc, they do not possess a regular
structure, they are hig. .y active, and they are very energetic, G&rain
boundaries are large defects that are readily observable on real
surfaces. In addition to these, tnere are many lesser defects that
may exist, These include subboundaries, twins, dislocations,
interstitials, and vacancies,

Subboundaries are low-angle grain boundaries where only a slight
mismatch in the orientation of adajcent grains occurs. When the
crystal lattices of the adjacent grains are not parallel but are
slightly tilted one toward the other, the defect is referred to as a
tilt boundary. When the lattices are parallel, but one is rotated
about a simple crystallographic axis relative Lo the other with the
boundary being normal to this axis, the defect is a twist boundary.

The twin boundary occurs where there is only a degree or two of
mismatch tetween the twins with the twins being mirror images of each
other, Theyv are frequently seen on the besal planes of hexagonal
metals with deformation.

Dislocations are atomic line defects existing in crystalline
solids. They may actually be in the subsurface and terminate with one
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end at the surface or they may be in the surface., There are those
dislocations that are entirely along a line where an extra half plane
of atoms exists, these are called edge dislocations. In addition,
there are scre dislocations that torm along a spiral dislocation
line, The screw diclocation can be seen on the surface as a wedge of
atoms which 1s the terminus of the spiral, The small angle bcundaries
or subboundaries referred to carlier are generally composed of edge
dislocavions, It is the presence of these defects which causes
crystalline solids to deviate so markedly from theoretical strength,

Some of the crystalline defects thact may be found on a solid
surface are presented schematically in figure 6. The vacant lattice
site (fig. 6(a), 1s simply the absence of one atom from a crystal
lattice site, The interstitial (also shown in fig. 6(a)) 15 an extra
atom crowded into the crystal lattice. Edge and screw dislocations
are shown in figure 6(b), and the small angle boundary in figure 6(c).

Mechanically finished surfaces generally have underqone a high
degree of strain and thus contain a large amount of lattice distortion
and a high concentration of dislocations. while the initial presence
of dislocations causes a reduction in strength, their multiplication
and interaction during deformation produces an increase in surficial
strength,

with plastic deformation of real surfaces, the strain produces a
reduction, generally of the recrystallization temperature of the
material at the surface. In many materials the combination of strain
and temperature can bring about surface recrystallization, which has
an annealing effect., Annealing relieves the lattice strain and the
stored enerqy, and a sharp reduction in the concentration of surface
defects results. In a dynamic, nonequilibrium system such as that
encountered in mechanical activity on surfaces, the surface layers may
be strained many times, recrystallized, and then strained again.

The application o. surface forces such as may be associated with
the technigues used to develop a desired surface topography can, in
the absence of sufficient enerqgy to produce recrystallization, result
in a lattice strain such as that indicated in figure 7. The
application of a surface force normal to the surface, that is, a
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(c) Small angle boundary composed of edge dislocations.

Figure 6, - Crystalline defects in solids.
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compressive force, causes forces X2 and x3 to agevelop. The
rescitant force normal to the surface, X,, causes distortion in the

crystal lattice.

CHEMIST2Y OF SURFACES

Clean surfaces of solids are extremely chemically active. With
an elemental metal, for example, the surface atoms are highly
energetic, They are bound by like atoms everywhere but at the free
surface. This boundary is depicted schematically in figure 8.

A copper atom, for example, which lies in a (111) plane n the bulk of
the solid has a coordination number of 12, that is, 1L i1s bonded to
its 1¢ nearest neighbors. That sane copper atom at the surface,
however, has a coordination number of only 9. It has only nine
nearest neighbors, three less than when it is in the bulk solid.

Thus, the enerqgy that normally would be *ssociated with bonding to
three additional like atoms 1s now available at the surface. This
enerqgy, expressed over an area consisting of many atoms in the surface
lattice, is referred to as the surface energy.

Another way of looking at surface energy is to understand it as
beirg the energy necessary to generate a new solid surface. This can
be accomplished by separating adjecent planes in the solid. The

i e e i A e o lEeaii. et e e o i e

enerqgy required for separation is a function of atomic packing. For

T

example, with copper, the atomic packing density is greatest in (111)
planes (greatest number of ncarest neighbors within the plane). As a
result, the bonding forces between adjacent (111) planes 1s least and,
thereforc, the surface energy of new (111) surfaces generated, say by
cleavage, is less than it is for other planes, such as the (110) and
(100) planes. This lesser binding strength is also reflected in the

distance between agjacent planes, the distance is greater between
adjacent (111) planes than between other planes such as the (110) and
(100) planes.

Because the atoms at the surtace have this unused energy, they

can interact with each other, with other atoms from the bulk, and with

species from the environment., One of the things these surface atoms

11
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can do, because they are not bound as rigidly as atoms in the bulk, is
alter their lattice spacing ¢t the surface (fig. 9). This s commonly
called reconstruction, LEED (low-energy electron diffraction) studies
have revealed reconstructed surfaces in some crystalline sclids but
not in others,

Another event that can occur in soligs containing more than a
single element (e.g., alloys) is for atoms from the bulk to diffuse to
the surface and segregate there, In a simple binary alloy, ror
example, the solute atom can diffuse from the near-surface regions to
the surface and completely cover the surtace of the solvent. This has
been observed for many binary alloy systems including aluminum in
copper, tin in copper, indium in copper, aluminum in iron, and silicon
in iron, The process of surface segregation 1s depicted schematically
in figure Y.

The seqregation mechanism 1s not really understood. One
hypothesis is that the solute segregates on the surface because it
reduces the surface energy. A second theory is that the solute
produces a strain in the crystal lattice of the solvent and because of
this unnatural lattice state, ther« is a necessary driving force to
eject the solute atoms from tne bulk., The result of this is
segregation at the surface,

With i1onic crystalline solids, surface charging can occur because
of unequal vacancy energies. Near surface vacancies in these solids
may be either positively or negatively charged. The energy associated
with the formation of these vacanc ies varies and produces an excess of
one or the other type of vacancy which causes a voltage between the
surface and the interior of the solid. The overall energy of the
system 1s decreased where there is an excess of positively charged ion
vacancies in the solid, and Lhese ions migrate toward the surface.
When in the bulk (fig. 10(a)), they cause an internal rearrangement of
vacancy charges (fig. 10(b)) such that the positive charge exists near
the surface, and the Debye cnarged layer forms. This layer has no
effect on the behavior of the solid surface, as, for example, in its
interaction with adhesive.

le
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Figure 10. - Formation of Debye layers in ionic crystals due to unequal

vacancy-formation energies with £= £*, Positive-ion vacancies

are represented by - because of their effective negative charge and
negative ion vacancies by *. (a) Uniform distribution of positive-
and negative-ion vacancies whicn are present in different amounts
because of different energies of vacancy formation. Voltage formed
between the surface and the interior of the crystal. (b) Overall
energy of crystal is decrcised when the excess positive-ion
vacancies migrate toward the surface to form a Debye space-charge
layer. Interior of crystal below Debye layer now possesses equal
numbers of positive-ion and negative-ion vacancies.
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A great deal of concern must be given to the surface of polymer
materials just as to metals and ionic solids. There are many
variables in the preparation process that can alter the chemistry of a
polymer surface as well as the chemistry of the metal surface - for
example, topography resulting from the mode of preparation. With
polymers, not only i1s the physical mode of surface preparation
important but the environment in which the surface i1s prepared can
also affect pronouncedly polymer we chemistry,

The effect of the environmei = = which polymers are prepared has
been carefully studied with LSCA (electron spectroscopy for chemical
analysis). LCSA, or X-ray photoemission spectroscopy (XPS), as it is
currently called, permits chemical analysis of surfaces by measuring
the energies associated with electron levels in atoms and molecules
and shafts in electron enerqgies accompanying various chemical
reactions. It is a surface-sensitive tool.

Films of high density poiyethylene were prepared from powders by
hand pressina the powder between sheets of clean aluminum foil at the
minimum temperature of 200° C to insure plastic flow. The samples
from the identical powders were prepared in three different
environments: in air, in nitrogen, and, after beino pumped down to
10'14 torr, in puie nitrogen or argon. The surfaces were examined
with XPS for both oxygen (Uls) and carbon (Cls)‘

The Ols and Cls spectra corresponding to samples from the
three modes of preparation are striking (fig. 11(a), (b), and (c)).
ATR and TIR experiments did not reveal the presence of any oxygen
function (-UH,:::: (=0, C-0-C, etc.), and, in fact, the spectra were
virtually identical. This demonstrates the great power of XPS to
distinguish minute differences in samples when such differences are
localized at or near the surface. Comparison with the data for
low-density polyethylene and with model monomer systems shows that the

Uj¢ signal arises from (=0 environments. The three methods of

—
preparation clearly indicate that "unoxidized" surfaces may be
prepared most readily by excluding all traces cf oxygen during the
pressing stage. OUn leaving samples exposed to the atmosphere for some

time, hydrogen bonds to the surface C=0 groups from extraneous

—
—
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Figure 12, - Chemisorption and compound formation on solid surfaces.
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water in the atmosphere, and the Lis peak then acquires the

characteristic doublet naturc, Again, ATR and TIK do not reveal any
changes since the hydrogen bonding is localized at the surtace
(ref. 4).

Lhemisorption

In addition to the characteristic of the solid surface itseli,
the surface can interact with the environment, This interaction 1s
extremely important because it alters the surface chemistry, physics,
metallurgy, and mechanical benavior, If a metal surface is very
carefully cleaned in a vacuun system and then a gas such as oxygen 1is
admitted to the system, the gas adsorbs on the metal surface. This
interaction results in strong bonds being formed between the metal and
the adsorbing species. With the cxception of inert gases, this
adsorption results in bonding which 1s cnemical in nature, and the
process is referred to as chemisorption., The process is indicated
schematically in figure le.  Once adsorbed, these films are generally
difficult to remove.

Where the species adsorbing on a clean surface is elemental, the
adsorption is direct, Tne atoms in the surface of the solid retain
their individual identity as do the atoms of the adsorbate; yel each
is chemically bonded to the other. When the adsorbing species 1s
molecular, chemisorption may be a two-step process: first,
dissociation of the molecule on contact with the energetic clean
surface, and then adsorption of the dissociated constituents.

Chemisorption 1s a monc layer process. Furthermore, the bond
strenaths that exist between the adsorbing species and the solid
surface are a function of chemical activity of the solid surface
(surface energy), the degree of surface coverage of that adsorbate or
another adsorbate, the reactivity of the adsorbing species, and its
structure.

The surface energy of the so!id surface is important because the
more energetic the surface, the stronger the tendency to chemisorb.

The effect of surface energy can Le demonstrated by examining various
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crystallographic planes of a single metal, In general, the high
energy, low atomic density planes chemisorb environmental species much
more rapidly than the high density, low surface energy planes. This
has been demonstrated experimentally., Hydrogen sulfide adsorbs more
readily on (110) and (100) surtaces of copper than on (111) surfaces.

when different solid surtace waterials arc considered, adsorption
differences are also observed, For example, copper, silver, and gold
are the noble metals, and many of their properties are considered to
be very similar, Yet with respect to chemisorption of a gas, such as
oxygen, considerable differences are observed. OUxygen chemisorbs
strongly to copper, weakly to silver, and not at all to gqold.

The reactivity of the adsorbing species 1s also very important,
Examination of the halogen family indicates that fluorine adsorbs more
strongly than chlorine, chlorine more strongly than bromine, and
bromine more strongly than i1ovine,

The structure of the adsorbing species is also very significant
in surface bonding and chemisorption, This can be demonstrated with
the adsorption of simple hydrocarbons. Something as simple as the
degree of bond saturation n the molecule makes a difference., It
ethane, ethylene, and acetylene arc adsorbed on an iron surface, the
tenacity ot the resulting chemisorbed films i1s in direct relation to
the degree of bond unsaturation, Acetylene is much more strongly
bound to the surface than 1s ethylene, which, in turn, 1s more
stronaly bound than 1s ethane., The simple explanation for this 1s
that the unsaturated carbon to carbon bonds break on adsorption and
bond to the iron. The greater the number of carbon to carbon bonds,

the greater the number from the hydrocarbon molecule to iron,
Compourd Formation
Lompound formation on the surface of solids is extremely
important., The naturally occurring oxiaes present on metal surfaces

prevent their destruction when in contact with other solids.
Furthermore, their presence can alter deformation behavior. Solids
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and 1iquids can readily react with clean solid surfaces to form
compounds, the presence of which can alter surface properties.

Chemisorbed films can often interact with a surface to form
chemical compounds. When this occurs the surface material and the
adsorbate lose their individual identities and form an entirely new
substance with its own properties. Unlile chemisorption, which 1s
simply a monolayer process, constituents from the environment can
react with the solid surface by ditfusion of the s0lid surtace
material into the compound and diffusion of the environmental species
into the film, The compound can continue to thicken on the surtface 1f
the f1lm 1s porous and allows for the two-way diffusion to occur
(fig. 12).

An example of the formation of a porous compound on a surtace 1s
the rust, or iron oxide, produced n the oxidation of iron in a meist
air environment, The oxidation process continues to consume the
iron, In contrast, the oxidation of aluminum to form aluminum oxide
results in the formation of a thin, dense oxide which, because of the
film's density, retards diffusion and further growth,

Metallurgical kffects

Surface behavior is altered by the presence of grain boundaries
on the surface of crystalline solids as well as other surface
defects. For example, grain boundaries, in addition to having a
chemical effect because of their high enerqgy, also influence
mechanical properties. The microhardness 1s generally higher in grain
boundaries than it is in the grains (ref. 5). This hardness effect is
shown by the data in figure 13 for iron, as the grain boundary 1s
approached, the hardness increases. The hardness 1s at a maximum
directly in the boundary. The increase i1s marked and not marginal.

The increase in hardness seen in the grain boundary (fig. 13) can
be explained on the basis of what has already been discussed relative
to grain boundaries. They are regions of high dislocation
concentration and lattice strain., Strained metal has a higher

dislocation concentration than the annealed or strain-free material,
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and the concentration generally increases with increased deformation
until such time as recrystallization occurs.

Dislocations, 1ike grain boundaries, are higher energy sites on a
surface than nondislocation areas. It is for this reason that
strained metal surfaces are chemically more active than are annealed
or strain-free surfaces. This chemical activity of dislocation sites
can be demonstrated by a technigue called etch pitting. Certain
chemical agents react on the surface of a material, and, because of
the more energetic nature (i.e., greater reaction rates) of the
dislocations, these sites are preferentially etched. The result is
that pits are left on the surface at each dislocation site. From
these pits it is possible to identify the location and concentration
of the dislocations. The necessary reagents required for etch pitting
various materials can be found in the metallurigical literature.

SURFACE FILM EFFECTS

The properties of solid surfaces are markedly altered by the
presence of foreign substances. An atomically clean metal surface has
certain characteristic chemical, physical, and metallurgical
properties. As soon as something interacts chemically with that
surface, those properties are changed. This is extremely important to
understand because most real surfaces are not found in the atomically
clean state but rather with film(s) present on their surfaces, as has
already been discussed in reference to figure '.

The wide variations found in the literaturc for the surface
properties of materials can be directly attributed to the effect of
these films. Some surfaces are more strongly influenced by these
films than others, and the specific film composition produces varying
effects.

The presence of oxides on metal surfaces has been observed to
produce surface hardening. Roscoe, in some very fine experiments
conducted in the 1930's, demonstrated this effect with cadmium oxide
on a cadmium surface (ref. 6). Since then it has been demonstrated by
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other investigators who have observed dislocations emerging at the
surface with the oxide impeding their mobility,

wWhile oxides and some films produce surface hardening, other
surface films increase ductility, For example, water on alkali halide
crystals allows an otherwise brittle solid to deform plastically.
Water has the same effect on ceramics.

Magnesium oxide (Mg0) is normally a very brittle material with a
surface hardness in the clean state of about 750 kilograms per square
millimeter., When Mg0 is cleaved under a hydrocarbon such as toluene
to exclude moisture, a haraness value of this magnitude 1s measured
for the Mg0 surface, If, however, the Mgl is cleaved in moist air
where the freshly generated clean surface can interact with the
moisture in the air, a different result is obtained as indicated by
the data in figure 14 (ref. /7).

Figure 14 presents the hardness of Mg0 as a function of
identaticen time in the two environments, dry toluene and moist air,
The increased surface ductility in the presence of water is striking.
Not only is there an appreciable difference in hardness, but that
difference increases with increasing indentation time. The hardness
in moist air decreases with increasing identation time; in dry
toluene, the hardness is unchanged. It is this change with time that
makes the film effect a true surface property and not simply a
lubricating effect produced by the water,

In the late 1920's the Russian researcher Rehbinder found that
the presence of certain organic molecules on the surface of solids
produced a softening effect (ref. 8). Mechanical behavior was altered
by these films. Such substances as oleic acid in Vaseline oil are
examples of the materials examined. This effect is important because
many of the materials studies are commonly found substances. The
surface softening can be very beneficial in certain instances such as
in stopping the formation of fatigue cracks.
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CHARACTERIZATION OF TRIBOLOGICAL SURFACES

MICROSCOPY

The nature and character of the surface is extremely important to
understanding the performance of that surface in adhesive systems,
Microscopy has been, and still probably remains, the most common
technique employed for the characterization of surfaces. The
magnificatyon of surfaces to identify structure dates back to at least
the 16th century, With simple lenses the features of surfaces could
be magnified 100 times,

In the 1700's the optical microscope was developed, and it really
enabled the effective characterization of surfaces. This microscope
gave the person interested in surfaces his most effective tool, and it
stil]l remains that to this day. The ordinary optical microscope can
yleld detailed surface features at magnifications of about 500 and
1000 with the aid of oil immersion, Thus, the character and structure
of grain boundaries in metals and alloys are readily identifiable.

The development of the electron microscope was a notable advance
because it permitted magnifications from 10 to 100 000. For the first
time atomistic features of surfaces were identifiable and rows of
atoms on the surface could be readily seen, Today, electron
microscopy is used routinely to identify and characterize dislocation
structures in materials.

In the 1950's it became pessible to characterize surface
structures at the individual atom level with the development of the
field ion microscope by Erwin Mueller (ref. 9). At this point in the
development of research instrumentation, it must be said that, for
structural analysis, the field ion microscope is the ultimate tool
because it does identify individual atom sites on a solid surface.
Thus, each individual white spot in the field ion micrograph of
figure 15 represents an individual atom site with the rings
representing atomic planes.

The field ion microscope has been udapted for use in adhesive
studies to characterize surfaces. Figure 15 1s a photomicrograph of a
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tungsten surface. The micrograph reveals the atoms and planes., The
ring just to the upper right of center is the (110) olane of

tungsten, Each row out from the center ring represencs the next
nearest layer of atoms to the surface. The field fon microscope is so
sensitive that it can detect the absence of a single atom from the
surface or conversely the presence of extra or foreign atoms,

In recent years the atom probe has been developed to determine
single atom chemistry, When used in conjunction with the field ion
microscope, the atom probe can characterize the structural arrangement
of individual atoms on a solid surface and also determine the
chemistry of an individual atom present in the surface.

ETCHING

Etching is the interaction of surfaces with chemical agents such
as acids or bases. With simple metals in the polycrystalline form,
the crystallographic orientation at the surface of each adjacent grain
varies. The energies of these surfaces vary and they, therefore,
react at different rates witih a particular chemical agent. Thus, in a
crude way, one can distinguish the more atomically dense surface
planes fr-m the less dense. Since the more dense planes have lower
surface energies, they are not as readily attacked as the less dense
planes,

Etching can be and has been used very effectively to reveal grain
boundaries in metals, Grain boun“-ries are sites of higher energy
than are the surfaces of the individual grains and, therefore, they
are preferentially attacked. Furthermore, different phases in alloys
etch differently at the surface. The chemical reagents for such
etching are available in standard metallurgical handbooks.

In addition to identifying orientation, grain boundaries, and
phases, etchants can be used to identify atomistic defects such as
dislocations, the line ~tomic defects in crystalline materials
referred to earlier., The proper etchant can not only indicate the
concentration of dislocations at the surface but can also reveal their
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location, Furthermore, etchants reveal the atomic plane on which the
dislocation lies.

A wealth of useful information can be acquired about a surface by
using the optical microscope and etching techniques. Simple chemical
spot tests used in conjunction with the foregoing can provide insight
into the chemistry of the solid surface. These tests require using
readily available chemical reagents which, when applied to the
surface, revezl the metallic element present in the surface. Many
standard college chemistry textbooks on inorganic qualitative analysis
list the rer ired materials.

The chemical spot test can be used to detect adhesive transfer to
surfaces where dissimilar materials are in contact. A permanent

pattern of an elements distribution on a surface can be obtained if
the chemical reagents are impregnated in a porous paper such as filter
paper. This paper is then pressed against tne surface to be analyzed,
and the paper is moistened. A map showing the location of the
elements then appear on the paper.

ANAL YTICAL SURFACE TOOLS

The field ion microscope and the atom probe have already been
discussed. These tools have been used in adhesive studies to
characterize surfaces before and after adhesive contacts.

Many analytical tools have been developed in recent years to
characterize the real nature of solid surfaces. Some operate on the
principle of atomic arrangement in the surface layers of crystalline
501ids. One such device is LEED (low-energy electron diffraction).
This surface tool can be very useful to those interested in surfaces.
It analyzes by an electron diffraction technique the general atomic
arrangement of the outermost surface layers of a solid. A rudimentary

understanding of atomic arrangement helps in understanding its mode of
indicating surface structure.

With the exception of amorphous carbon, glasses, and some
polymers, nearly all materials, including metals, alloys, ceramics,

solid lubricants, and graphitic carbon, are crystalline. This means




that the atoms or molecules are arranged in accordance with particular
structures that can readily be identified. These structures are
mostly cubic and hexagonal, The cubic structure can be further
subdivided into face centered cubic and body centered cubic.

Metals such as copper, nickel, silver, gold, platinum, and
aluminum have a face-centered-cubic structure, while metais such as
iron, tantalum, niobium, vanadium, and tungsten have a
body-centered-cubic structure. A number of metals, including zinc,
cadmium, cobalt, rhenium, zirconium, and titanium, have a hexagonal
crystal structure,

The atoms making up the faces of the cube for the
face-centered-cubic and the body-centered-cubic structures are
referred to as the (100) surfaces. They constitute planes of atoms
that can move relative to each other when the crystal is deformed
plastically and are, therefore, also referred to as slip planes within
the crystal., Under applied stresses these planes (the (100)) are
frequently one of the sets of planes most commonly observed to slip
over one another in the body-centered-cubic system.

The (111) planes are a third set of planes in the cubic system.
These planes are the ones on which slip and cleavage in
face-centered-cubic materials are most frequently observed. There are
other planes that may be observed as well, For example, if one were
to use X-ray diffraction, electron channeling, or some other technique
to determine the crystallographic orientations in each grain of a
polycrystalline sample analyzed, many different crystallographic
planes would appear.

As already mentioned, the (111) planes in the face-centered-cubic
crystal are the planes of closest atomic packing. The atoms occupy
the least area for the number of planes involved. When this
particular plane is present on a surface, it has the lowest surface
energy in the face-centered-cubic system and, therefore, is the least
Tikely to interact chemically with environmental constituents.

The (110) planes in the face-centered-cubic system are the least
uensely packed. The two outer rows of atoms as well as the center row
are outermost with the two in-between rows below these. The (110)
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planes have higher surface energies than the (111) planes and are,
therefore, much more reactive. Furthermore, because they are less
densely packed, their mechanical behavior such as elastic modulus and
microhardness is also less than is observed or the (111) planes.

On any particular crystallographic plane present on the surface,
the atomic packing can vary with direction of movement. For example,
on a (111) surface two basic directional packing variations exist,
Surface energies also vary in these two directions.

Low-Energy Electron Diffraction (LEED)

Low-energy electron diffraction (LEED) is a very widely used
surface tool for characterizing of the surface atomic structure seen
on crystalline solids. Because the device detects the suriace crystal
structure, single crystals are generally studied, although
large-grained polycrystals can also be examined. Low-energy electrons
in the range of 20 to 400 electron volts are diffracted from the
surface crystal lattice producing a reciprocal image of the lattice on
a phosphorus screen,

Figure 16 contains three LEED patterns from an iron (011)
surface. The photograph and pattern in the upper left corner are for
the iron surface with oxide removed. Upon oxide removal and heating
of the iron in vacuum, the surface of the iron becomes covered with a
film which produces a ring structure of diffraction spots on the
surface. Auger electron spectroscopy analysis (which is discussed in
the next section) identified the surface film to be graphitic carbon.
Carbon segregates from the iron bulk to the surface.

When the iron is argon ion bombarded, the carbon disappears and
four diffraction spots in a rectangular array representative of the
clean iron (011) surface remains. The carbon has been removed by the
argon ion bombardment. The iron diffraction spots are not sharp but
rather are fuzzy and elongated because the argon bombaruament strains
the irun surface lattice. This strain can be removed by a very mild
heating for a short period and then cooling to room temperature. This
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produces the clean iron surface diffraction pattern of the lower
photograph in figure 16.

LEED can, as indicated, be an effective too! in identifying a
clean metal surface, its structure, and its condition or state. It
can also be used to identify the structure of films formed on a clean
surface. Two polymer forming hydrocarbon molecules produce entirely
different structures when adsorbed to a clean iron surface. These
films and their structures are precented in figure 17. The two
molecules, ethylene oxide and vinyl chloride, each contain two carbon
atoms; however, one molecule contains oxygen, and the other,
chlorine. A close-packed structure of ethylene oxide completely
covers the iron surface.

Auger tlectron Spectroscopy

Although LEED is very useful for structural surface analysis, it
does not give any indication of the chemistry cf the surface. For
this information other surface tools must be used. A very effective
tool for this purpose is Auger emission spectroscopy analysis. It has
the ability to analyze for all the elements present on a surface
except for hydrogen and helium., It is sensitive to an element such as
oxygen to surface coverages of as little as one-hundredth of a
monolayer. It analyzes to a depth of four or five atomic layers.

The basic mechanism in Auger electron spectroscopy analysis
involves the use of a beam of electrons just as with LEED, but the
energy of the electron is higher than with LEED - usually 1500 to
3000 electron volts. The incident electrons strike the sample
surface, penetrate the electron shells of the outermost surface atoms,
and cause the ejection of a second electron called an Auger electron,
The ejected electron carries with it an energy characteristic of the
atom from which it came. Thus, if the energy of the ejected electron
is measured, it is possible to identify its element source.

The electron energies detected can be recorded on a strip chart
recorder or on an oscilloscope. The details of Auger emission

29




Figure

hydrocarbf

1
' §

/ .

r

pattern: bt

1 11N¢

d with two polymer forming
surtace

(1000-L exposure).

R S W I WP W TN NSNS,




spectroscopy analysis and the type of data generated can be found in
Kane and Larrabee (ref. 10).

Figure 18 presents an Auger spectrum for an iron (01l1) surface.
An ordinary iron surface with normal surface contaminants present
yields a spectrum such as that displayed in figure 18, The surface
contains peaks for the elements sulfur, carbon, oxygen, and iron. The
carbon and sulfur have two sources of possible origin: impurities in
the bulk iron which have segregated to the surface or adsorbates from
the environment, For example, the carbon can arrive on the surface as
carbon monoxide or carbon dioxide or can diffuse to the surface from
the bulk.

The oxygen peak in figure 18 can result from the iron oxides
present on the surface or, again, from adsorbates such as carbon
compounds or water vapor, The three iron peaks originate from the
iron oxides and the iron metal,

If the surface represented by figure 18 is bombarded with argon
fons, the surface contaminants sulfur, carbon, and oxygen would be
knocked off, leaving only iron to be detected by the Auger
spectrometer, A low-energy iron peak appears at the left end of the
spectrum after the sulfur, carbon, and oxygen have been removed. This
low-energy peak is easily lost when the surface is contaminated and
is, therefore, usually seen when the surface is clean.

In addition to supplying information on the identity of elements
present on a surface, Auger electron spectroscopy can give insight
into the form in which an element exists on a surface. For example,
carbon can arrive at a surface from many sources. It can diffuse from
a bulk metal or alloy and segregate at the surface. It can be present
as adsorbed carbon monoxide or it can exist in the crystalline form of
graphite. The form of the carbuii can be extremely important to
adhesive bonding characteristics.

Analysis of the shapes of Auger peaks can provide considerable
information about the source of an element such as, for example,
carbon. Carbon peak shape analysis can indicate whether the carbon
comes from the buik solid carbide, adsorbed carbon containing gases
(e.q., CO er COZ)' or graphite. The Auger peaks are all for carbon
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but their shape differences tend to identify the carbon source. These
differences can be seen in rigure 19 for the various forms of carbon
on a iron surface.

X-Ray Photoemission Spectroscopy

While Auger electron spectroscopy can give some indication of the
surface structure from which an element came, it is rather. limited in
this area. Its principal function is elemental surface analysis.
There are other surface tools that can determine the molecular
structure from which an element came. One such tcol is X-ray
photoemission spectroscopy.

With XPS an X-ray rather than an electron beam is used as the
energy source., The X-ray beam is moncchromarvic, and it causes
electrons with kinetic energies characteristic of the surtace atoms to
be ejected from the specimen., A spectrum containing the elements
present is obtained by plotting the total number of electrons ejected
from the surface as a function of kinetic energy. XPS gives binding
energies of the elements, and from these binding energies it is
possible to identify the nature of the compounds in which these

elements exist. The binding energy of the electrons ejected from the
surface is determined Ly the chemical environment and is roughly a
function of the atomic charge.

The binding energy measured with XPS is altered by changing the
particular elements bound to the element being examined. This is
demonstrated for sulfur in the data of figure 20. Elemental sulfur

(SO) has a characteristic binding energy of 162.5 electron volts.
Negatively charged sulfur (S'Z) has a readily measurable lower
binding energy. When oxygen is bound to the sulfur, there is an
increase in the sulfur binding energy. Furthermore, the amount of

oxygen bound to the sulfur will affect the observed binding energy.
The S0~2 structure has a greater binding energy than the 50™¢
which can be used to distinguish between sulfur bound in these two
states (ref. 11).
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Other Techniques

A host of surface tools have been developed for the analysis and
chemical characterization of surtaces. At the time of this writing,
the author knows of over 70 such tools. The number will undoubted]
have increased by the time of publication of this thesis, ang there 1s
no doubt that the number will continue to grow. A few of the more
commonly used techniques dare indicated in figure Zl1. The techniques
indicated are separated into destructive and nondestructive classes.

The nondestructive techniques 4re nuclear back-scattering
spectroscopy (NBS) and electron microprobe (EM). Auger electron
spectrosccpy (AES), X-ray photoemission spectroscopy (XPS),
ion-scattering spectroscopy (155), and appearance potential
spectroscopy (APS) are destructive only if sputter etching or depth
profiling 1s used.

Two techniques, which are definitely destructive to the surface,
are secondary ion-mass spectroscopy (SIMS) and glow-discharge mass
spectroscopy (GDMS), These technique: detect the species sputtered
from the surface and thus analyze material that has been removed from
the surface. The details of the operation of these devices can be
found in reference 10.

The capabilities of the instruments presented in figure 21 are
set forth generally in table I. All of these devices have certain
limitations. Note that they can detect all elements except hydrogen
and helium, can provide excellent chemical identification, have
sensitivities of surface elements to as little as 0.0l monolayer, and
give chemical information. Their disadvantage, not indicated in
table I, 1s that they must be operated in a vacuum,

Probably the most versatile tool available for use on surfaces
and the one requiring the least technical interpretation skill is the
scanning electron microscope (SEM). it is extremely useful to the
surface analyst because it allows him to view depth features on a
surface such as the asperities or surface irregularities discussea
earlier. It can also identify the topography of surfaces where
adhesion has taken place with adhesives.
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When the SEM has incorporated into it X-ray energy dispersive
analysis, both topography and chemistry can be determined. The X-ray
analysis 1s not a surface analytical tool but it can provige
considerable information where material transfer takes place as in
adhesion, The effectiveness of this combination can be seen in
figure 22 where gold contacted and transferred to a single-crystal
silicon surface. The upper figure is an SEM photomicrograph of the
transfer, while the lower is an X-ray map for gold and reveals that
the white areas in the upper photomicrograph are gold.

ROLE OF ENVIRONMENT ON TRIBOLOGICAL BEHAVIOR

The environment surrounding practical tribological components can
play a very strong role in the adhesion, friction, and wear behavior
of these materials in solid-state contact. For this reason the
lubrication or tribological system is frequently referred to as
consisting of essentially three components., The material surfaces are
the first to be lubricated whether they belong to a bearing, gear,
seal, or some other mechanical device, then, there is the lubricant
(1iquid or solid) that provides the friction and wear reducing
protective surface films, ang finally there is the environment. The
environment in many practical tribological systems can have a very
strong influence on the behavior exhibited, and in some instances, the
environmental constituents when present on surfaces can completely
mask other effects such as those of the lubricants.

ADSOUREATES AND OXIDES

In a conventional atmospheric environment, the oxygen present in
the air interacts with freshly generated metal and alloy surfaces to
produce surface fiims - namely, oxides. These oxides play a very
strong role in the adhesion, friction, and wear behavior of metals and
alloys. In the absence of these oxides, very strong adhesion, high
friction coefficients, and ultimately cold welding of materials from
one surface to another are observed, If, for example, two normal
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metal surfaces are taken and placed inside a vacuum environment with a
system capable of achieving pressures to 10710 torr and the surfaces
are very carefully cleaned with argon ion bombardment arii then brought
into touch contact, adhesion immediately occurs of one surface to the
other, Attempts at tangential motion cause a growth in the area
adhered at the interface (i.e., in the real contact area) with an
ultimate complete seizure of the surfaces one to another. Witn this
occurrence, the surfaces are generally severely disrupted (refs. 12
and 13).

when adhered surfaces are separated, the adhesion at the
interface between the two dissimilar solid surfaces is sufficiently
strong so that fracture does not occur at the interface but generally
in the cohesively weaker of the two materials in contact (ref. 14).
An 2xample of such behavior i< shown in the photomicrograph in
figure 23. The results shown in figure 23 are for an experiment
conducted in a vacuum chamber where two solid surfaces were brought
into contact and the surfaces had been cleaned in the vacuum
environment, Adhesion occurred at the interface, and when separation
of the sclid surface was attempted, fracture occurred in one of the
two materials, leaving material transferred to the opposite surface.
The actual area of real contact at the interface can be seen in figure
¢3 by a careful examination of the interface region. There are what
appear to be voids in the interface region where complete and intimate
solid-state contact across the interface did not occur. However, a
great portion of “".e interfacial area does reflect solid to solid
contact in adhesive bonding. This adhesive bond, that of figure 23,
was generated when attempting to slide one suriace over the other.
This resulted in growth in the adhered junctions at the interface
leaving only a small area where there was no intimate contact of the
two solid surfaces. On separation, the adhesive bond at the interface
remained intact and fracture occurred in one of the solids as indicated
in figure 23 by the rough piece which remained on the solid surface.

This type of adhesion and transfer behavior is observed for all
clean metal surfaces and alloys in solid-state contact. That is, when
the environmentally contributed surface films, namely the oxides, are
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removed, such adhesion is observed with strong adhesion and friction
coefficients measured in excess of 100 unger such circumstances. The
surfaces of solids such as metals and alloys are so sensitive to the
microenvironment (i.e., the environment in the contact region) that
the admission of very small concentrations of adsorbates from the
envircnment to the solid surface are sufficient to markedly reduce
adhesion and friction. For example, fractions of a monolayer on the
solid surface produce a marked reduction in the adhesion and
corresponding static friction coefficients for metals in contact
(ref, 15).

The adhesion, friction, and wear behavior of nonmetallic
materials is also markedly influenced by the presence of environmental
constituents. For example, adsorbates on ceramic materials such as
aluminum oxide have a pronounced influence on the friction
coefficients measured for aluminum oxide (ref. 16).

Polymeric materials are also affected by environmental
constituents on their surfaces. For example, nylon is a material
which serves as a good, solid self-lubricating material in certain
mechanical applications. Nylon, however, depends on the presence of
adsorbed moisture for its effective lubrication - that is, for its low
friction and wear properties. Without moisture, nylon does not
lubricate effectively and thus is a poor tribological material
(ref. 16).

Carbon materials, which are heavily used in mechanical devices
such as dynamic seals, are extremely sensitive to environment and
environmental constituents. It was established during World wWar Il
that the carbon generator brush materials of aircraft flying at high
altitude received excessive wear. Careful analyses of the surfaces
revealed that the excessive wear of carbon materials at high altitudes
was due to a reduction in the ambient pressure and especially
reduction of moisture in the environment. Carefully controlled
experiments in the laboratory subsequently demonstrated that in the
presence of moisture carbon lubricates effectively and exhibites low
friction, low wear, and little tendency to adhere. In the absence of
moisture, however, the carbon exhibits extremely heavy wear and
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becomes a very poor friction and wear material, In fact, by simply
reducing the ambient pressure from 760 torr of air to an ambient
pressure of approximately 1 torr, a 1000-fold change in wear
properties is observed., The wear increases 1000-fold with a reduction

in ambient pressure and a loss of moisture from the environment on the
wear properties of carbon., Thus, moist e is needed on these surfaces
and at the interface between two carbon bodies in relative contact in
motion or between the carbon body in some other material in solid
state contact (ref. 16).

LUBRICANT STURCTURE

If one considers ordinary air as having vapors of hydrocarbons in
addition to principally oxygen and nitrooen with some water vapor,
tnen the particular hydrocarbon molecular structure that may be
present in the environment can have a very pronounced influence on the
adhesion, friction, and wear behavior of materials in contact. For
example, careful cleaning of iron surfaces in a vacuum environment
results in the generation of surfaces that are extremely energetic and
that adhere to one another when brought into contact. If, however, a
small amount of hydrocarbon gas is admitted to the vacuum chamber and
allowed to adsorb on the clean iron surface, a structure develops on
the solid surface that provides that surface with a protective film.
Furthermore, clean iron surfaces chemibsorb nearly all hydrocarbons
(ref. 17).

The presence of the hydrocarbon film reduces adhesion, friction,
and wear because the surface energy has been reduced by the
hydrocarbon molecules on the surface. The surface energy on the clean
iron surface available for bonding across an interface to another
solid surface has been taken up in the interaction of the clean iron
surface with the lubricating molecules absorbing on the surface. The
particular molecular structure, however, of the adsorbing hydrocarbor
also affects tribological behavior; that is, a slight modification in
the molecule produces sensitivities in adhesion, friction, and wear.

These slight differences in the molecular structure producing a change
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! in adhesion, friction, and wear indicate extreme sensitivity in the

| tribological behavior of materials Lo environment and environmental
constituents,

. This effect can be demonstrated by the adsorption of a simple

r hydrocarbon such as ethylene oxide onto an iron surface and exposing
that surface to a different simple hydrocarbon with a slightly

| modified molecular structure, something such as ethylene chloride or

; as is commonly called vinyl chloride. If clean iron single-crystal

surfaces of the same orientation are exposed to equivalent
concentrations of these two different simple hydrocarbons, namely
ethylene oxide and vinyl chloride, entirely different surface
structures result, These differences can be seen in the LEED patterns
presented in figure 17 (p. 30). In this figure we see the molecuiar
arrangement in the diffraction pattern for the adsorbed ethylene oxide
and vinyl chloride on the iron surface in the two patterns.

Equivalent concentrations of each specie were provided. Thus,
everything is constant except for the particular molecular structure.
In ethylene oxide there is the basic ethylene structure with
oxygen present in the molecule; in vinyl chloride there is essentially

the same type of structure as that of ethylene but instead of having
oxygen, chlorine is substituted. With this subtle difference in the
structures, however, marked differences in surface coverage are

) observed in the LEED patterns (fig. 17). With the ethylene oxide, the
‘ six diffraction spots in an hexagonal array indicate that the ethylene

oxide molecule was completely masked or covered with the iron
surface. There are no diffraction spots seen from the iron in
diffraction pattern in figure 17. The close packing of the molecules
t of ethylene oxide on the iron surface provides a very effective and

continuous surface film,

' In coutrast, with the vinyl chloride, the structure is much more
open with less than complete surface coverage and with bonding of

vinyl chloride to the surface. The four bright diffraction spots seen
in the rectangular array in figure 17 with vinyl chloride absorption
are associated with the iron. Thus, vinyl chloride does not cover
completely and nascent iron is still exposed at the surface. As one 4
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might anticipate, differences in adhesion and friction behavior are
observed with these two films present. With the ethylene oxide, the
adhesive forces are appreciably reduced between two clean iron
surfaces in contact, Furthermore, the friction forces are less for
the ethylene oxide on the iror surface than is observed with the vinyl
choloride present on the surface. Thus, slight differences in the
molecular structure of hydrocarbons present in the microenvironment of
solid surfaces in contact can influence the tribological behavior of
those surfaces.

LUBRICANT -~ ENVIRONMENT INTERACTIONS

Once a lubricating film has been formed on a solid surface as a
result of interactions with the environment or by the deliberate
application cf lubricating films to solid surfaces, the presence of a
lubricant on a surface can be altered or modified by interactions of
environmental constituents with the surface in the asperity contact
regions. Sulfur is an element frequently used as an antiwear and
antiseizure surface film material. When sulfur is present in organic
molecules or organo-metallics, it can interact at the solid surface in
metallic systems to form metal sulfides which provide a minimum of
adhesion, friction, and wear for lubricated systems. In fact, many
practical tribological devices rely very heavily on sulfur for the
formation of protective surface films,

Metal sulfides, however, that may exist on the surfaces of solids
as a result of the interaction of lubricating species with the solid
surface are extremely sensitive to microenvironmental constituents
such as oxygen. Tne presence of oxygen at a rubbing interface of two
surfaces in sliding, rolling, or rubbing contact can change the nature
of the surface chemistry. The interaction of the oxygen with the
lubricated surface reduces the metal surface sulfides to form metal
surface oxides. In fact, if a carefully controlled metal sulfide

surface is exposed to oxygen, the oxygen can completely displace or
remove the sulfur from the solid surface with an oxide replacing it.
This effect is demonstrated in tne data in figure 24.
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In figure 24 the relative Auger peak intensities are plotted
where an Auger spectrometer is used for monitoring the presence of
sulfur and oxygen on a iron surface., The data in figure 24 were
obtained by generating a sulfide film on an iron surface. This
sulfide film represents basically a lubricating protective film, The
iron surface was then exposed in a clean vacuum system to various
concentrations of oxygen, As the concentration of oxygen in the
system continuously increases (represented in fig. 24 by exposure in
Langmuirs of oxygen), the Auger peak intensity for oxygen increases.
With increasing exposures of oxygen, the sulfur peak intensity
decreased as indicated by the data in the figure. Ultimately, at some
exposure, the sulfur present on the iron surface was completely
displaced from the solid surface by oxygen and was replaced by an
oxide film. There is a gradual decrease in the concentration of
sulfur on the surface and a gradual increase in the concentration of
oxygen on the surface with continued exposures to oxygen. Thus,
microenvironmental constituents such as oxygen at the interface
petween two surfaces in contact with sulfide films can completely
erase the lubricating film that may be present.

MECHANICAL - ENVIRONMENTAL EFFECTS

In tribological systems, surfaces of two solids are generally in
contact with either sliding, rolling, or some type of relative motion
between the two surfaces. In addition, there is some velocity or rate
of motion associated with the movement of the surfaces relative to
each other. Furthermore, there is generally some mechanical loading
applied to the surfaces in contact. The presence of these factors,
namely, relative motion between the two surfaces and the imposition of
loads on the surfaces in contact, can cause marked changes in the
nature of the surface chemistry in the presence of cgrtain
environments, and the environment can affect the wear behavior of such
systems. For example, for two solid iron or steel surfaces in contact
in the presence of a liquid lubricant containing a sulfur additive,
rubbing of the surfaces under relatively light loads results in the
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formation of surface films which are generally identified with XPS
(X-ray photoelectron spectroscopy) as being principally surface
oxides. With the mechanical activity of the surfaces, relatively low
wear is observed in the presence of these surface oxides. If,
however, the load i1s increased to the point where the
sulfur-containing additive in the lubricant can interact with the
nascent iron or steel surfaces as a result of disruption of surface
oxides, sulfides are found on the surface. In the presence of these
sulfides, the friction, adhesion, and wear behavior are much higher
than they are in the presence of the oxides. This effect is
demonstrated by the data of figure 25 where XPS data are presented for
surfaces containing oxides and sulfides under three sets of
conditions: (1) absence of rubbing, (2) mild wear conditions, and
(3) severe wear conditions. Under mild wear conditions one type of
surface film is present, while under severe wear conditions a
completely different type of surface film is present. If the
sulfur-containing surface film observed in the severe wear conditions
is exposed to oxygen for either sufficently long periods of time or at
sufficiently high concentrations of oxygen, data analogous to those
obtained in fiqure 24 are observed for these particular films

(ref. 18).

In the 1930's, Roscoe observed the interaction of the environment
with metal surfaces., This interaction produced metal oxides which
altered the mechanical behavior of the metals. In some experiments
with cadmium crystals, Roscoe found that when cadmium oxide was
present on the surface, as a result of interaction of the cadmium
single crystal with oxygen, the mechanical properties were altered.
The crystal became much less prone to plastic deformation increasing
its hardness (ref. 6).

In contrast to the observaticns of Roscoe, Rehbinder and his
colleagues in the 1940's in Russia observed that the presence of
certain surface active organic molecules, such as organic acids on
solid surfaces, made those surfaces much more prone to deformation.
The surfaces strained more readily and at much lower stress levels

47




B W NN W e T TN

L_A R e e

than they did in the absence of the surface active organic species
(ref. 8).

The Rehbinder work and that of his colleagues have established
that surface softening can occur for a number of classes of materials
- metals as well as nonmetals. These surface interactions of
environmental constituents with the solid surface not only influence
mechanical properties but also tribological behavior (fig. 26).

Figure 26(a) shows a schematic illustration of these surface effects
(ref. 19). It is a plot of stress against strain for materials under
normal conditions., It also presents data for surface films
manifesting the Roscoe effect and surface active liquids representing
or demonstrating the Rehbinder effect, Figure 26(a) shows that with a
surface film present from the interaction of the environment with a
solid surface, manifesting the Roscoe or surface hardening effect, the
stress/strain curve shows an increase in the strength of the

material, In contrast, however, where a surface active specie 1is
present that produces a surface softening or a Rehbinder effect, a
reduction in the stress required to produce strain is observed for
materials when compared to the normal or the Roscoe effect (fig. 26).

The sensitivity of tribological behavior to the interaction of
the environment with a solid surface ic shown by the data in figure
26(b). In this figure a wear track width and friction coefficient are
plotted for a zinc crystal surface, the basal orientation (0001)
surface where a ruby ball slid on tnat surface in a <l010> direction,
The sliding experiments were conducted in three different
environments: (1) dry sliding, which represents the equivalent of the
normal condition of figure 26(a); (¢) sliding with an oxidized
surface, which is analogous to the Roscoe effect in figure 26(a),
bearing in mind that Roscoe observed the formation of oxides on
cadmium while in figure 26(b) the oxides are present or zinc, and
(3) sliding, friction, and wear behavior of the zinc surface in
contact with the aluminum oxide in a 5-percent hydrocholoric acid
solution. The 5-percent hydrochloric acid solution represents a
surface-active liquid situation that would produce the Rehbinder
effect.
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The data of figure 26(b) indicate that the normal dry surface has
a track width that is equivalent to the wear of the surface
immediately between the surface oxidized to produce a surface
hardening or Roscoe effect and the surface softened to produce the
Rehbinder effect, The tribological results are analogous to the
stress/strain data in figure Jo(a),

With the oxide present on the surface in the sliding friction
experiment, the track width is much smaller in size than it 1s in the
absence of the surface hardening effect of the oxide. One observes a
smaller track width because the surface has been hardened by the
presence of the oxide (as was observed by Roscoe) and this hardening
reduces the wear to the surface, In the presence of the surface
active liquid, however, the surface becomes softer or more likely to
geform plastically under a fixed load. Consequently, the wear track
generated in the solid surface is much larger than it is in the normal
case or in the case where the oxide is present on the solid surface.
Thus, there is a distinct and definite relationship between the track
widths observed in figure 26(b) and the stress/strain behavior
observed in figure 26(a).

In sliding friction there are two components to the friction
force or resistance to tangential motion which result in the measure
of friction coefficients., There is the friction associated with the
real area of contact in shear, and there is the friction associated
with the amount of plowing of the surface that must take place. With
the sapphire or rub, ball sliding on the zinc surface, there is a
considerable amount of defcrmation that occurs to the rinc surface.
The presence of the oxide reduces the amount of plastic deformation
that may occur to the solid surface, but it increases the strength of
the surficial layers which must be plowec. Consequently, the layers
are more resistance to tangential motion, and this results in an
increase in the fricton force. In contrast, in the oresence cf the
surface active liquid - namely, the 5-percent hyarcchloric acid (fig.

26(b)) - the increased plasticity of the surface :educes the resistance
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to tangential motion and the plowing of the zinc by the ruby ball,
Consequently, a lower friction coefficient is measured in the presence
of the surface active liquid manifesting the Rehb ‘nder effect than is
observed for the oxidized case representing the Roscoe effect, 1his |
difference was observed over a range of loads as shown by the data in
figure ¢6(b). Thus, it is apparent, from the data in figure 206, that
the interaction of environmental constituents with solid surfaces can
produce changes in the mechanical behavior of the solid surfaces.
Those changes in the mechanical behavior of the solid surface are
reflected in changes in tribological behavior (such as friction and
wear).

EFFECT OF LNVIRONMENT ON SOL ID~F ILM LUBRICATION

In addition to the environment influencing or altering the
chemistry of solid surfaces and their adhesion, friction, wear, or
mechanial behavior, the envircnmental constituents can interac. also
with lubricants (particularly with solid film lubricants) that na, be
present on surfaces to alter their observed behavior,

Molybdenum disulfide and graphite are two of the most common
solid film lubricants used to reduce adhesion, friction, and wear of
metals in solid-state contact. Yet, both of these materials are
extremely sensitive to the microenvironment in their tribological
performance. For example, molybdenum disulfide is a much better
lubricant in a vacuum environment than it is in an air environment,

In contrast, graphite, which lubricates very effectively in air at
atmospheric pressure, is completely ineffective as a lubricant in a
vacuum environment, These differences are due to environmental
constituents - namely, water vapcr - that are present on the surface
of the solids.

The effect of atmospheric pressure on the friction performance of
molybdenum disulfide anc¢ graphite is indicated by the data in
figure 27. Friction coefficient is plotted as a function of ambient
pressure for molvbdenum disulfide and graphite. The data show that as
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the ambient pressure is reduced toward that of a vacuum of 10'10
torr, molybdenum disulfide goes through a decrease or a marked
reduction in friction coefficient, The presence of adsorbates, which
have been pumped off the surface and identified by mass spectrometry,
indicate that the water vapor that is present on the molybdenum
disulfide crystallites is deterimental to its lubricating
characteristics. The friction coefficients are markedly superior in
the absence of the water vapor than they are in its presence.

In contrast to the behavior of molybdenum disulfide (in fig. 27),
the friction coefficient for graphite increases as the ambient |
pressure is reduced from atmospheric to that of a good vacuum. In
this instance, the water vapor is extremely beneficial for the
' lubricating solid su-faces with graphite. Physically adsorbed water
l on the graphite platelets improves friction characteristics. Using

mass spectrometry shows that, in a vacuum system, water vapor is
liberated by the graphite, and the friction coefficient of graphite
increases markealy with a loss of the water from the solid surface.
Ultimately, in a vacuum environment, very high friction coefficients

comparable to those obtained for drying metal sliding are observed for
| the graphite. The graphite becomes ineffective as a solid film

‘ lubricant in the vacuum environment and therefore is never used as a
lubricant for vacuum appiications. Thus, it is apparent from the data
in figure 27 that the lubriceting properties of solid-film lubricants
can be altered by a change in the microenvironment at the surface of
solids in contact. Alterations in the atmospheric pressure and
atmospheric constituents can destroy the lubricating properties of
graphite but can improve the lubricating properties of molybdenum
disulfide. The data in figure 27 again indicate the extreme
importance of microenvironment on the behavior of tribclogical systams.

CONCLUSIONS CONCERNING ENVIRONMENT
It can be seen that the microenvironment plays a very strong role

in tribological behavior of materials in contact. Oxygen from a
normai air environment interacts with solid metal surfaces to provide
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a continuously protective surface film and to keep metal surfaces from
adhering to one another. Naturally occurring oxides are pirobably the
best natural solid=film lubricants we have. They are provided to us
by the environment.

Hydrocarbons adsorbed from the environment on solid surfaces
alter adhesion, friction, and wear behavior, and minor differences in
molecular structure produce marked differences in tribological
behavior, Furthermore, environmental constituents can completely
displace lubricating films from solid surfaces, thus altering
adhesion, friction, and wear behavior,

Mechanical activity of solid surfaces in contact can produce
interactions with environmental constituents to alter surface
chemistry and mechanical behavior. This alteration in surface
chemistry and in mechanical behavior alters tribological performance.

The presence of environmental constituents, such as water vapor,
can markedly alter the lubricating characteristics of solid-film
lubricant materials. Molybdenum disulfide can be improved in its
lubricating characteristics by reducing ambient pressures and
eliminating moisture from the environment. Graphite, however, becomes
ineffective as a solid-film lubricant once moisture from the
environment is removed.

SOL Iu~-STATE INTERACTIONS

METAL TO METAL
Clean Metal Adhesion

Ferrous-base alloys are the most widely usea materials in
lubrication mechanism design and in engineering practice. Frequently,
in such devices ferrous surfaces are contacted by nonferrous
materials. The adhesion behavior of ferrous surfaces with nonferrous
surfaces is therefore of practical as well as fundamental interest.
Combining LEED with Auger emission analysis can provide insight into
both the structural and chemical changes that take place on surfaces
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as a result of the adhesion of various metals to iron. The nature of
the adhesion process can be followed at the atomic level.

To gain insight into the interfacial bonding of metals to one
another across an interface, iron was brought into solid-state contact
with a variety of metals, and the adhesion behavior was studied. The
metal surfaces were atomically cleared by ion bombardment prior to
contact, and the surfaces were characterized by LEED and Auger
analysis. Adhesion data for iron in contact with itself and various
other metals together with other properties of the metals are

| presented in table II.

i An examination of table Il indicates that the strongest adhesion
bond forces are found for iron adhering to itself, Thus, the bending

i forces of cohesion, the bonding of a metal to itself, are greater than

’ the binding forces to other metals. It is of interest to note that

l even with metals such as lead where there is no solubility in iron,

strong bonding occurs as it does with gold, which is a relatively

nensurface active metal.

Adhesion experiments were conducted with the (0001) surface of
cobalt and the (111) surface of nickel contacting the iron (0l11)
surface. C(obalt has a hexagonal-close-packed structure, and nickel
has a face-centered-cubic structure. The adhesion results obtained
together with some other properties of these metals are presented in

| table Il. Both cobalt and nickel have approximately the same cohesive
energy and atomic size. They have identical valency states. Cobalt
’ exhibits 35-percent solubility before ordering in iron, and nickel has
a solubility of 9.5 atomic percent (ref. 20).

Adhesion results indicate a greater bonding force for nickel to
} iron than for cobalt to iron. The iron surfaces were examined after
adhesive contact with LEED and Auger aralysis. Cobalt was found on
the iron surface, indicating the fracture of cobalt cohesive bonds.
Nickel was not found on the iron surface. A larger nickel (111) flat
was used, and adhesive contact was made to the nickel (111) surface
with a 3.0-millimeter-diameter iron (011) surface. The nickel surface
was examined with LEED and Auger after adhesive contact, and iron was
found to be present on the nickel surface.
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An examination of the cohesive energies for iron, cobalt, and
nickel in table Il indicates that they are nearly the same, but
differences in adhesive forces to iron exist. The cohesive energies
do not, however, reflect orientation effects. The values in table Il
reflect an average of the lattice cohesive energy for each of the
metals. The minimum for cohesive energy in cobalt would exist between
atoms in adjacent basal planes. This may account for the lower
adhesive forces of cobalt to iron than for nickel to iron. The
cohesive forces between (0001) planes in cobalt would be less than the
forces between (111) planes in nickel,

The outer electron configuration and thus the electrons that
would enter into adhesive bonding for these metals are iron
3d%s2, cobalt 3d’4s%, and nickel 3d%4s. For these
metals it is primarily the 3d and 45 electrons that enter into
adhesive bonding., It is these electrons that act as the glue in
adhesion and impart the chemical activity to metal surfaces. Since
cohalt transfers to iron, it may be assumed that the cohesive bonds in
cobalt were weaker than the adhesive iron to cobalt bonds or the iron
to iron cohesive bonds. With nickel, however, iron transferred to the
nickel surface; this indicates that the iron to iron bonding was the
weakest, The adhesive forces of nickel to iron were less than the
forces of iron to itself, Since iron cohesive bonding is involved for
both couples, the differences in adhesive forces must be the result of
atomic packing, size factor, and lattice spacing at the interface, all
of which would affect the amount of metal involved in interfacial
bonding.

With respect to solubility, cobalt has greater solubility in iron
than in nickel (see table Il). If solid solubility influences
adhesion, it would be anticipated that cobalt and not nickel would
exhibit the higher adhesive forces to iron. The Hume-Rothery rules
are more closely met with nickel. Yet, the data indicate just the
opposite.
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Adhesion of Noble Metals to Iron

Copper, silver, and gold were brought into adhesive contact with
the (011) surface of iron., The noble metal plane contacting the iron
was the (111). Adhesion results obtained are sresented in table II.
Copper, the most chemically active of the noble metals, exhibited
greater than twice the adhesive force to iron than did the other two
metals.

while all three noble metals are hyperelectronic (excess of
electrons) and should develop strong bonds with either hypoelectronic
(electron deficient) or buffer elements, there is a difference in the
degree of interaction or chemical activity with iron., Copper exists
in valency states of both 1 and 2, the latter being the more common,
while silver and gold exist primarily in a valency state of 1
(table 11). Ccpper, silver, and gold transferred to a clean iron
(011) surface. Al: three noble metals transferred to iron in an
orderly mai.ner with the surface structure being the same for all three
noble metals as indicated by the LEED patterns in figure 28,

The solubility of these three noble metals in iron is relatively
low (table I1). Despite the very limited solubility of these elements
in iron, their adherence to & clean iron surface was very strong. It
varied from 2.5 times the applied normal load for gold to 6.5 times
the applied load for copper.

A platinum (111) surface was brought into adhesive contact with
the iron (011) surface, and the adhesion forces measured are presented
in table 1I. While having a relatively good solubility in iron, the
adhesive torce measured was appreciably less than that measured for
nickel where the solubility is less than half that of platinum in
iron. Platinum, however, is not as chemically active as nickel.

The very chemically active metal, aluminum, was brought into
adhesive contact with iron, the (111) surface of aluminum contacting
the (011) surface of iron. The adhesive forces measured were very
large (table II). The force of adhesion was 12.5 times the applied
load. The forces of adhesion measured between iron and aluminum were
greater than those between iron and any other metal examined in
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table I with the exception of iron itself, Aluminum is a
hypoelectronic element, and strong interaction of hypoelectronic
elements with iron might be expected,

The cohesive energy for aluminum in table Il indicated that it is

in the same general range as copper and silver and, consequently, the
contact area with deformation under load might not be too greatly
different, This is particularly true since all three are
face-centered-cubic metals with the same surface orientation. The
adhesion values are, however, markedly different. The adhesive forces
of aluminum to iron were greater than four times the value for silver
and nearly twice the value observed for copper. The difference in
these three face-centered-cubic metals is the chemical reactivity of
the surfaces. Aluminum is more reactive than copper, which in turn is
more reactive than silver. This is reflected in the valency states of
these metals in table Il. Aluminum has a normal valency state of 3,
copper 1 and 2, and silver normally 1.

The solubility of aluminum in iron is 22 atomic percent. The
solubility of platinum in iron is <0 atomic percent. Despite this
similarity of solubility in iron, the adhesive forces of aluminum to
iron were 2.5 times the adhesive force of platinum to iron. The
differences in cohesive energies for the two metals would indicate a
greater contact area for aluminum than for platinum., It is of
interest to note that, even where aluminum is insoluble in an element,
surface interactions can take place with stable bonding. Ordered
phase surface structures as a result of bonding of aluminum to silicon
occur. This structure forms despite the fact that the aluminum is
nearly insoluble in silicon. This again argues against using bulk
properties to predict surface behavior.

Active Metal

A number of adhesion experiments were conducted with the
face-centered-cubic metal lead contacting the clean iron (011)
surface. The adhesion forces measured for the various applied loads
are presented in figure 29. With increasing load, an increase in the
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force to fracture the adhesive junction 1s observed. The increase in
force to fracture with increasing load reflects the effect of the
increase in true contact area. With the larger applied loads, the
real area of contact has increased, and with this increase is
associated an increase in the number of adhesive bonds developed
across the interface.

When & tensile force is applied to the adhesive junction between
iron and lead, fracture in the interfacial region is to be expected in
the area of weakest bonding. This would exist in the lead to iron
bonds or in the cohesive bonds of lead. An Auger trace was made of
the iron (0ll) surface after adhesive contact with lead, and the
results obtained are presented in figure 30. The Auger analysis
indicates a transfer of lead to the iron surface. This indicates that
the zone of fracture in tension was in the cohesive lead bonds. The
adhesive bonds of lead to iron were stronger than were the cohesive
lead bonds.

Iron and lead are mutually insoluble (ref. 20). Despite the
mutual insolubility, the adhesive bonds developed between the two
clean metal surfaces were in excess of 47.0 kilocalories per mole, the
cohesive bonding energy of the lead (ref. 21).

The bonding of lead to elements with which it is not soluble is
not limited to iron in adhesion studies. Lead deposited on a silicon
surface in a monolayer had an interatomic lead atom to lead atom
distance of 3.3 A. The bond distance in bulk lead is 3.5 A, The
interatomic contraction in the lead is a result of the strong adhesive
bonds developed between the lead and silicon. The adhesive bonds
between the lead and silicon are stronger than are the cohesive lead
bonds. These strong bonds exist despite the insolubility of lead in
silicon.

A tantalum (0O11) surface was brought into adhesive contact with
the clean iron (011) surface. The adhesion force measured for an
applied load of 20 dynes was <30 dynes. Tantalum, much like aluminum,
exhibited strong bond forces to iron (see table I1). Tantalum, like
aluminum, is hypoelectronic and should develop strong bonds with
iron. The cohesive energy of tantalum is very high, indicating that
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Figure 29, - Adhesion of lead crystal to clean iron (011) surface.
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with loading the iron rather than the tantalum may be undergoing
deformation,

Surface Films

If a clean iron (Fe) surface is heated to 500° C and held at that
temperature for a period of time, sufficient sulfur (S) diffuses from
within the iron to the surface to produce a Fe(0ll) c(2 x 4)-§
structure, Auger analysis substantiates that it is sulfur, The
sulfur has 2 times the lattice spacing of the iron in the [20]
direction and 4 times the lattice spacing in the (0Z) direction.

The structure Fe(Oll) c(2 x 4)-S defines the substrate structure,
the arrangement of the sulfur, and the lattice spacing of the sulfur
with respect to the iron., The Fe(0ll) indicates the
high-atomic-density iron atomic plane (0ll). The ¢ 1in the surface
structure designation indicates that the sulfur structure is
centered. The (2 x 4) designation indicates that sulfur has 200
lattice spacing in the [20] girection and 4'/5;; in the [02)
direction., The S following the (2 x 4) simply indicates that the
species is sulfur., The nomenclature used herein to describe surface
films is widely used in the literature.

Adhesive contact was made to the Fe(Ull) c(Z x 4)-S structure.
The first effect observed with the sulfur present on the surface was
that it appreciably reduced the adhesive force of iron to itself. The
second observation was that the adhesive force measured was relatively
independent of load over the range of loads examined. The data for
adhesive forces measured at various applied forces are shown in
figure 31 (see curve for Fe(0Oll) c(2 x 4)-5)., It would appear that
small amounts of bulk contaminants in a metal such as iron can, when
diffused to the surface, markedly alter adhesion behavior.

A clean iron surface exposed to various amounts of oxygen gas
produces the same surface concentration of oxygen on the iron (011)
surface as that with sulfur present, After a number of unsuccessful
attempts with too much or too little oxygen on the surface and an
exposure of 0.1 Langmuir, a Fe(0ll) c(2 x 4)-0 structure was obtained
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and adhesive contact to that surface was made, The adhesion results
obtained for various applied forces are presented in figure 31, The
adhesion forces measured for the oxygen-containing surface were higher
at all applied forces than were the values obtained on the
sulfur-containing surface. Furthermore, an increase in applied force
on contact resulted in an increased force required for separation,
This dependency of adhesion force on applied force indicates that an
increase in iron cohesive bonding has occurred across the interface
with increasing loads. The insensitivity of the sulfur-containing
surface to applied loads may indicate that the atomic size of the
surface-contaminating atom may exert some influence on adhesive
behavior. The sulfur atom is more than twice the size of the oxygen
atom, and since both have a ¢ x 4 structure on the iron, the amount of
exposed iron per unit area available for cohesive bonding with sulfur
present on the surface could be expected to be less.

Hydrogen sulfide gas was admitted to a vacuum system in a
sufficient amount to produce a 2 x 4 structure, The exposure required
to obtain the 2 x 4 structure was 1.0 Langmuir., The exposure in terms
of coverage is influenced very markedly by the position of the gas
outlet tube with respect to the crystal surface. when the gas outlet
tube is placed very close to the crystal surface, a Langmuir value for
a specific surface coverage s markedly different from that obtained
when the tube outlet is positioned in the chamber such that the
incoming gas does not directly impinge on the crystal surface.

Sufficient hydrogen sulfide was admitted to the system to produce
a Fe(011) c(2 x 4)-H,S structure. Adhesive contact was made to the
surface, and the LEED pattern after adhesive contact was obtained.

A considerable change in background intensity occurred as a result of
adhesive contact.

Adhesive forces were measured at various applied forces for the
Fe(011) c(2 x 4)-H,S structure, and the results obtained are
presented in figure 32 (see curve for Fe(0ll) c(2 x 4)-“25). The
force of adhesion increased with increasing load. This result should
be compared with that obtained for sulfur in the surficial layer and
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Figure 32, - Influence of hydrogen sulfide adsorption on adhesion of
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oxygen on the surface in figure 31, It appears that, for equivalent
surface coverages, namely, a (2 x 4) structure on the (011) surface of
fron, chemisorbed hydrogen sulfide affords the greatest surface
resistance to adhesion, Sulfur offers intermediate surface
protection, and oxygen the least surface protection.

The lower adhesive forces of iron bonding to iron in the presence
of hydrogen sulfide may in part be a steric effect, An examination of
atomic attractive energy between like atoms reveals that it is a
function of interatomic spacing (ref, 22). The iron (01l1) surface
next received a hydrogen sulfide exposure of 10 Langmuirs, Adhesion
measurements were made for this surface at various loads, and the
results obtained are presented in figure 32 (see curve for Fe(0ll)

c(l x 2)-H2$). With greater surface coverage, the adhesive force
decreased from the values obtained with the (¢ x 4) surface coverage,
as might be anticipated. Furthermore, there appears to be a greater
independence to the contact force applied.

With prolonged exposures of the iron surface to hydrogen sulfide
(50 Langmuirs), full monolayer coverage of the .ron (0ll) surface was
observed, The surface structure produced a close-packed surface
arrangement, The suggested arrangement of the hydrogen sulfice on the
iron (011) surface is shown in figure 33. Further exposures to as
much as 100 Langmuirs ).coduced no change in the surface structure.

The adhesion forces to this surface were the least of those measured,
as shown by the data in figure 3¢, These data indicate that adhesive
force is a function of surface coverage - the greater the coverage,
the lower the adhesive force.

Subsequent heating of the Fe(Ul1)-(1 x 1)-H,S surfars to 500° C
did not produce a change in the surface arrangement but swmply
intensified the diffraction spots. Heating to this temperature should
produce a decomposition of the hydrogen sulfide to form iron sulfide
and liberate hydrogen. The pressure in the system rose, and
diffraction peak intensities changed, indicating the liberation of
hydrogen. Adhesion measurements revealed no change in the adhesion
forces. These results suggest that the adsorbed close-packed
monolayer of hydrogen sulfide is present on the iron (0l1) surface
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Figure 33. - Suggested arrangement of hydrogen sulfide or iron (011)

surface with monolayer coverage. Sulfur coverage is over entire
surface although only small portion is shown.
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Figure 34, - Friction force as function of load for goid (111) single
crystal siiding on platinum (111) single crystal. Sliding velocity,
0.7 millimeter per minute; ambient pressure, 1,33x10-8 newton per
square meter (10-10 torr); and temperature, 23° C.
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with the sulfur directly in contact with the iron and the hydrogen in
an upper layer. Decomposition simply removes the hydrogen layer and
leaves the sulfur close-packed layer on the iron surface.

Friction and Surface Films

; In addition to the adnesive behavior of metals in solid-state
| contact, the resistance to tangential motion of such surfaces is of

interest, The effect of surface contaminants and or lubricants on
b that resistance is also important,

The members of the platinum metals family offer properties
amenable to both friction and lubrication studies. The metals of the
platinum metals family of elements and their alloys have been used
extensively in electrical contacts - both the make and break type and

sliding or rubbing contacts (ref. Z3). The elements involved are
ruthenium, rhodium, palladium, osmium, iridium, and platinum. Their
atomic numbers are, raspectively, 44, 45, 40, /0, 77, and 78.

] The platinum metals, in general, are not very reactive with
environmental constituents and lubricants. They are good catalysts
and have been found in electrical contact studies to initiate
polymerization of environmental organic vapors (ref, 24). The

| adhesion, friction, and lubricated behavior of these metals as a group
' has not been oxplored. Such a stuagy could facilitate the proper
selection of these metals in contact applications,

In practical electrical contact systems these metals are
generally not used in contact with themselves but rather in contact
with some other metal or alloy. Many of these systems used in the
aerospace industry must operate in a vacuum. Frequently, the
contacting mating surface is either copper or one of the other noble
metals, gold or silver.

The data in figure 34 were for gold sliding on clean platinum,
The Auger spectroscopic analysis of the platinum surface after sliding
indicated the transfer of gold to the platinum surface with single
pass sliding. Thus, the friction data (clean) in figure 34 are a
reflection of the shear behavior of gold. The adhesive interfacial
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bond strength was stronger than the cohesive gold bond strength. Such
results are consistent with the properties for these two metals and

the properties normally associated with tangential shear behavior.

To determine surface film effects on friction, the clean platinum
was exposed to oxygen at a pressure of 6.651103 S aNs per square
meter (50 torr) after the ien pump was turned off for 30 minutes. The
system was then evacuated to l.33x10'8 newton per square meter
(10"10 torr), an Auger spectroscopic analysis was made to confirm
the presence of oxygen on the platinum surface, and a friction
experiment was conducted at various loads. The Auger trace showing
the oxygen peak therein is presented in figure 35, The friction
results obtainea are presentea in figure 34.

Figure 34 shows a marked decrease in the friction force with load
for platinum (111) covered with oxygen. Furthermore, beyond a 4-gram
load no change in friction force was observed with further load
increases to 10 grams. The amount of oxygen on the surface at
saturation is a monolayer or less,

A LEED analysis of the surface revealed a diffuse pattern.

A (2 x 2)-0 surface structure as defined in reference 25 has been
observed for oxygen on platinum (ref. 20).

Both platinum and palladium are chemically more active than
rutheriium, rhodium, and iridium, While surface species such as oxygen
bonded more readily to metals such as platinum and palladium, they
showed very weak or no bonding to the other metals as evidenced by
LEED and Auger emission spectroscopy analysis. The adsorption
characteristics and friction behavior of the platinum metals with
various surface conditions are presented in table III.

As the atomic number in period 5 containing the elements
ruthenium, rhoagium, and palladium is increased, the contribution to
bonding of d electrons is increased. Likewise, a similar behavior is
observed in period 6 with the elements osmium, iridium, and platinum.
Thus, stronger bonding of gold to platinum and palladium would be
anticipated from the valence-bond model when tnat model is applied to
metallic systems. There 15 no reason not to apply it to metal systems
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Figure 35, - Puger spectrometer trace of platinum (111) surface after
exposure to oxygen. Total oxygen exposure, 6.65x103 newtons per
square meter (50 torr) for 30 minutes; spectrum obtained at 23 C
and 1.33x10-8 newton per square meter (10-10 torr).

TABLE 111, - FRICTION COEFFICIENTS

chloride | mercaptan

|

7 OF PLATINUM METALS

r Metal Metal surface condition

} Clean | Oxygen Vinyl Methy!

: Friction coefficient

Ruthenium (0001) 1.0 |491.0 a1.0 ] a1.0
Rhodium (111) 1.0 150 1.0 .8
Palladium (111) 2.2 .18 .16 9 i
Iridium (111) .4 .4 a.4 a.4
Platinum (111) 4.0 1.0 .8 5k

4Did not absorb.
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since it involves the same basic electronic bonding that is involved
in other systems for which the model was originally developed.

In considering the transition elements a knowledge of the 1
contribution of d electrons to metallic bonding is necessary.

An examination of the heats of atomization of the elements in the
periodic table clearly indicates the importance of the d electrons
to bonding. The most stable metallic <tructures are those which use
as many d electrons as possible in bonding.

A consideration of the adsorption of various species to the
surface of members of the platinum metals family was made. Attempts
were made to adsorb oxygen, vinyl chloride, and methyl mercaptan to
these surfaces and to measure the effect of these films on friction

behavior., The results obtained in these experiments are presented in
table III.

Examining table IIl indicates that variations in friction
behavior exist for the metals in the clean state and with the surface
film present where adsorption occurred. With ruthenium, where LEED
and Auger analysis failed to reveal the adsorption of any of the
molecules on the surface, the friction coefficient was essentially the
same as that for the clean surface is might be anticipated.

With rhodium, the adscrption of oxygen and vinyl chloride did not
reduce friction while the adsorption of methyl mercaptan did cause a
decrease in the observed friction coefficient. The presence of oxygen
on the iridium surface did not influence friction behavior but that
same film on platinum produced a fourfold reduction in friction
coefficient as indicated by the data of table IIl and the friction
force in figure 33.

METAL TO SEMICONDUCTORS
Clean Surfaces
wWhen two solid surfaces, a metal and a semiconductor, are brought

together, contact occurs at the asperity tips as already indicated.
Either under the weight of the solids or when a load is applied,
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depending on the materials, first elastic and then plastic deformation
occurs in the asperities. Deformation continues until the real
asperity contact area is sufficient to support the load; then, at this
point, deformation ceases, and the resultant real area of contact is a
small percentage of the apparent area of contact.

At sufficiently lignt loads and depending on the materials, the
surface films present may not be disrupted by the deformation
process. With most materials, however, disruption of these films
occurs with the result that nascent solid surface contact takes
place. The extent of the contact depends on the properties of the
solid as well as those of the film.

The removal of adsorbed films and oxide layers from surfaces,
such as metallic surfaces, results in very strong interfacial adhesion
when two such solids are brought into contact as already
demonstrated. It also occurs with metals in contact with nonmetals.
For example, when a clean gold surface is brought into contact with a
clean semiconductor surface such as silicon, the adhesive bonds formed
at the solid to solid interface are sufficiently strong so that a
fracture of the cohesive bonds in the gold ard a transfer of gold to
the silicon surface result. This is indicated in the photomicrograph
and X-ray map presented in figure J3o.

In general, when two solid surfaces are brought into contact and
adhesion occurs, the interfacial bond is stronger than the cohesive
bond in the cohesively weaker of the two materials. On separation of
the two s0lids this results in the transfer of the cohesively weaker
material to the cohesively stronger. Thus, gold transfers to the
cohesively stronger silicon (fig. 3o0).

Silicon and germanium are both semiconductors with many similar
properties. One property in which they differ, however, is their
cohesive binding energy, germanium being much weaker than silicon and
having a cohesive binding energy comparable with that of gold. If the
adhesion experiment in figure 36 is repeated with germanium
substituted for the silicon, the results presented in figure 37 are
obtained.
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The photomicrographs in figure 37 indicate the contact region
between the gold and germanium surfaces. Instead of gold transferring
to the germanium, fracture occurs in the germanium with transfer of
germarium to the gold. The photomicrograph at a higher magnification
indicates chevron-shaped fracture cracks have develooed in the (111)
crystal surface of the germanium. Thus, the behavior of metal to
nonmetal contacts is similar to that observed for metal to metal
contacts,

Iron is cohesively much stronger than germanium and gold. When a
similar adhesion experiment is conducted with iron in place of gold,
germanium, as would be predicted, transfers to the iron., Furthermore,
if a tangential force is applied to the iron-germanium contact, the
resistance to the tangential motion (friction force) reflects the
fracture behavior,

Figure 38 presents the friction force recorded with time for the
iron sliding (tangentially) along the germanium surface. The trace
has a sawtooth appearance, reflecting what is commonly referred to as
stick-slip behavior. The stick portion is the adhesion of the solid
surfaces at the interface which accounts for the gradually rising
value of the friction force shown in figure 38. At the point where
the applied tangential force exceeds the adhesive bond strength or the
cohesive strength of the cohesively weaker of the two materials, as in
this case, fracture occurs in the germanium and sliding commences.

The slip portion reflects this and is indicated in figure 38 by the
periodic sharp drop in the friction force.

The adhesive bonding force measured for two solids in contact is,
as already discussed, a function of the cohesive binding energy of the
cohesively weaker of the two materials. It is also a function of the
real area of contact. The greater the load, the greater the plastic
and elastic deformation and the larger the real area of contact. The
adhesive force increases with increasing load.

When tangential motion or sliding is initiated between two clean
surfaces in contact, the resultant applied forces in the materials can
produce material changes other than those associated with adhesion and
principally tensile fracture. For example, prolific cracking can
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Figure 37. - Adhesion of (111) gold surface to (111) germanium surface.
Load, 30 grams; temperature, 23

C; pressure, 10-° newton per
square meter. Fracture occurs 1in

germanium.
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Figure 38, - Friction trace for single-crystal iron (110) sliding on
germanium (111) single-crystal surface. Sliding velocjty, 0.7
millimeter per minute; load, 30 grams, temperature, 23 C(; pressure,’
10-8 newton per square meter.
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occur in a relatively brittle material such as silicon., This fracture
cracking has oeen for a single-crystal (111) silicon surface after a
single-crystal (110) iron surface slid across it.

Surface Films

Since adhesion plays a role in silicon undergoing brittle
fracture, lubricating the surface to reduce adhesion should reduce
crack formation in the silicon. Friction experiments were conducted
with the silicon surface lubricated with 0.2-percent oleic acid in
mineral oil, The friction coefficients measured for the lubricated
iron-silicon contacts at various loads are presented in figure 39.

The friction coefficient for the lubricated surface was
relatively unaffected by load. Sliding was extremely smooth with no
evidence of stick-slip behavior., Furthermore, an examination of the
silicon surface revealed a complete absence of fracture cracks. Etch
pitting the surface disclosed a band of dislocations generated in the
sliding contact region., These are shown in the photomicrograph in
figure 40 by a series of delta-shaped etch pits. Slip bands also
appear to the right of the etch pits.

Plastic deformation of silicon and germanium occurred in sliding
friction experiments conducted at room temperature. Both silicon and
germanium are brittle at room temperature, and deformation experiments
on these materials are usually conducted at elevated temperatures
(refs, 27 to 29). This is true even in the easy-slip stage
(ref, 30). Furthermore, with silicon, bond rupture occurs more easily
than bond shear at room temperature (ref. 31). The dislocations
generated herein with sliding at room temperature are, therefore,
unusual,

Examination of the entire specimen surface revealed a complete
absence of fracture cracks, indicating entirely plastic behavior of
the silicon. The only other occurrence we could find of plastic
deformation behavior of these materials at room temperature was in
abrasion studies of silicon (ref. 32). In the abrasion studies,
damage varied with orientation. In some instances, only dislocations
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were generated, in other instances, chips and cracks formed in
addition to dislocations.

Data for oxygen adsorbed to the iron and silicon surfaces are
also presented in figure 39, The presence of oxygen reduces the
adhesion and correspondingly the friction coefficient from that
observed for the materials in the clean state. Ory sliding still
produces higher adhesion forces and friction than does liquid
lubrication as indicated by the data in figure 39. Consequently, the
friction at various loads with oxygen is intermediate between the
clean state and the lubricated state. This result is, in general,
consistent with the observations for metals in contact with metals.

METAL 1O GLASSES AND CERAMICS

Certain properties of glasses and ceramics set them apart from
metals and polymers with respect to adhesion, friction, and wear
pehavior, In general, metals and polymers deform plastically, while
glasses and ceramics are normally brittle and exhibit little evidence
for plastic flow. Plasticity affects the real area of contact for two
solid bodies pressed together. In turn, the real area of contact
affects adhesive forces, friction forces, and the propensity for
adhesive wear to occur.

In a wide variety of situations, glasses and ceramics are not in
contact with themselves but rather in contact with other materials and
frequently metals. It is important to understand which of the
materials in contact is contributing to friction and wear and by what
mechanism,

The load or force with which two glass surfaces are pressed into
contact affects the real contact area and corresponding friction
force. In figure 41 the friction force for glass sliding on glass is
presented as a function of load in two environments, air saturated
with water vapor and a vacuum of 10-10 torr. Friction is
proportional to load in both environments. This basic law of friction
was first recognized by Leonardo de Vinci (1452-1519).
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Figure 41, - Friction force as function of load for glass sliding on
glass. Sliding velocity, JU centimeters per minute, load, 100
grams; temperature, 23 (.

GIT =

e
|

TRaw

CTION FORCE

s
g A
NIEL e o P | i TSN P S—

0 m " o0 L 1000 120
LOAD, GRAM

el

Figure 42, - Friction force as function of load for aluminum sliding
on glass. Sliding velocity, 30 centimeters per minute; load, 100
grams; temperature, 23 C.
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In figure 42, friction force is plotted as a function of load for
aluminum s1iding on glass in vacuum. The curve can be superimposed
over the one cbtained in vacuum in figure 41, The friction force at
any particular load is essentially the same for glass sliding on glass
and aluminum sliding on glass. Similar results have been obtained
with other metals, such as iron sliding on glass. This is explained
by examining the surfaces after sliding., When sliding on metal, the
glass undergoes wear just as it does when sliding on glass.
Microscopic examination of the metal surface indicates transfer of
glass into the metal surface. Thus, in a vacuum, the metal surface
becomes charged with glass and ultimately glass is sliding on glass.
This is because initially the metal adheres to the glass. With
tangential motion, fracture takes place in the weakest zone, Both the
adhesive bond and the shear strength of aluminum are greater than the
force necessary to fracture glass. Thus, glass transfers to the
metal., What would appear to be an abrasive wear process from an
examination of only the glass surface is in fact an adhesive wear
process. Besides the load e!fect, other mechanical parameters, such
as sliding velocity, affect friction behavior,

Most materials are extremely sensitive in their adhesion,
friction, and wear behavior to the environment (refs. 16 and 33 to
36). Glasses are no exception. At a 1000-gram load the friction
force of glass on glass in vacuum is one-half the value obtained in
saturated air (fig. 41).

The results in figure 41 are unusual, however., For most
materials, adhesion, friction, and wear are greater in a vacuum
environment; this is the case with metals, carbons, and ceramics.

The anomalous behavior of glass with respect to friction can be
explained on the basis of increased adhesion of glass in the presence
of water vapor. The adhesion force for glass in the presence of water
is more than three times that for glass in the presence of octane
(ref. 33).

Metals in sliding contact with glass in moist air are observed to
transfer to glass. Friction coefficients are then typically from 0.5
to 0.7, depending on the shear properties of the metal involved. In
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vacuum, glass traasfers to the metal, and friction coefficients are
approximately 0.5. Thus, while the friction coefficients are not

markedly different in the two cases, the mechanism is. The difference
lies in the fracture properties of glass, which are stronyly affected
by water (ref, 37). Water impedes fracture and is a manifestation of
the Joffe effect in an amorphous solid. From the trarsfer
characteristics observed with metals sliding on glass, it must be
concluded that the strength of glass under these circumstances is less
in the absence of water vapor.
The marked difference in elastic anu plastic deformation of
: ceramics and metals can result in plowing being the principal
: contributor to measured friction forces. This demonstrated by
’ figure 43, A spherical rider of sapphire was slid on a single-crystal
! copper flat., Then, a single-crystal copper rider was slid over a
sapphire flat, The coefficient of friction for the sapphire sliding
on copper was 1.5, and for with copper sliding on sapphire, it was
0.2. In both instances, adhe.ion of copper to sapphire occurred. The
differences in friction coefficient are due tc the =2ffects of plowing.
Surface cnemistry also plays a role., Various metals were slid
over a sapphire flat with the saophire basal plane parallel to the
sliding interface. With metals that form stable oxides, such as

copper, nickel, rhenium, cobalt and beryllium, adhesion of the metal
occurred to the surface oxygen ions of the sapphire.

With these metals fracture tork place along the sapphire basal
cleavage plane. This resulted in plucking out of large particles.
This indicates that the strength aleng the basal plane was less than
the bond strength and the metal coherence. The friction coefficient
for all of the metals with sapphire was essentially the same, 0.2,
this was dictated by the cleavage strength of the sapphire (fig. 44),
r Metals examined in sliding contact with polycrystalline aluminum
oxide showed friction coefficients greater than those obtained when
metals slid on sapphire, exceptions being rhenium and lanthanum. The

T — R ———— ——y T

reason was that shear took place in the surface layers of the metal
rather than fracture occurring in the aluminum oxide, as was observed
with the single-crystal sapphire experiments. Metal transferred to
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the polycrystalline aluminum oxide disk surface. The shear properties
of the metal were therefore determining the friction force.

Differences in the friction coefficients for hexagonal and cubic
metals in figure 44 occurred because of the differences in the slip
and shear behavior of the metals. In general, hexagonal metals have
fewer operable slip systems, shear more readily, and do not work
harden rapidly; as a consequence, they exhibit lower friction
coefficients than cubic metals., Titanium shows complex slip, making
it behave more like a cubic than a hexagonal metal, which accounts for
its striking friction behavior.

If a metal does not form a stable oxide, the observed friction
coefficient is lower. With both gold and silver (fig. 45) the
friction coefficient of sapphire in vacuum was 0.1 or one-half that
obtained with the oxide-forming metals. The sapphire surface after
sliding revealed no evidence of fracture. The lack of strong
interfacial bonding between these metals and sapphire resulted in
shearing of the bonds. From a practical point of view, this is the
most desirable area for shear, since both friction and wear are least.

The crystallographic nature of the metal exerts a marked
influence on friction beyond simply the crystal structure discussed in
reference to figure 44, Even with a single metal, changes in surface
orientation with sliding and the accompanying changes in associated
slip systems affect friction.

From the foregoing it is apparent that adhesive wear, which is
one of the most severe types of wear encountered with metals, also
occurs with ceramics and is most pronounced where metals are in
contact with glasses or ionic solids. In air, metal is generally
observed to transfer to the glass. In vacuum, where the surficial
strength of the glass appears to be reduced, glass transfers to metal
with the result that glass is siiding essentially on glass.

The adhesive wear behavior of ionic solids in contact with metals
is strongly dependent on the particular ionic solid involved and on
its form. With sapphire, for example, adhesion to metals resulted in
fracture along basal planes in the sapphire and wear to the sapphire.
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With polycrvstalline aluminum oxide, shear took place in the metal and
the metal underwent wear.

The adhesive bonding of the metals to aluminum oxide can be
related to the orbited energies of the metals and aluminum oxide. For
the sake of simplicity, it is easier to consider the aluminum oxide 1in
the form of sapphire. One may consider the binding electrons involved
acress an interface for metals in contact with sapphire as being that
oy the antibonding electrons (as has been done K. Johnson of MIT).

The orbital energies for the metals, iron, nickel, copper, and
silver are presented together with that for sapphire in figure 46,
From a consideration of the data in figure 46 one would anticipate
stronger bonding of iron to aluminum oxide than of copper to aluminum
oxide. The friction data in figure 44 indicate a higher coefficient
of friction for aluminum oxide in the polycrystalline form with iron
than with copper. This may result from two effects: first, the
higher shear strength of iron, and second, the stronger adhesion
reculting from .-ss involvement of antibonding electrons (as indicated
in fig. 46 for iron).

A comparison of the friction results (fig. 44) for copper in
contact with sapphire and those (fig. 45) for silver in contact with
sapphire indicates that the friction coefficient for copper is twice
that for silver, Figure 44 shows that the strong interfacial bonding
fracture occurs in the sapphire, as already stated, and figure 45
shows that it occurs for silver at the interface. Thus, the bonding
is weaker for ilver to sapphire, and this is consistent with the
orbital energies and antibonding of figure 46. Silver has less
antibonding energy than copper.

McTAL TO POL YMER
Adhesion
The adhesion of polymers to metal surfaces is of interest with

respect to both two-body and single-body adhesion - that is, where the
polymer is the adhesive. Polytetrafiuoroethylene (PTFE) has an
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extremely low-surface energy, is difficult to get to adhere to metal
surfaces, and is, therefore, an ideal polymer to measure adhesion to
metals,

The field ion microscope (FIM) is a powerful tcol for studying
the adhesion process, particularly of polymers to metals.

A combination of high magnification and a resolution of 2 to 3 A
permits the adhesion process to be studied in atomic detail.

A series of PTFE-tungsten contacts was made with atomically clean
tungsten contacting PTFE at loads between 20 ana 30 grams, and the
force of adhesion was measured. Figure 15 is a FIM picture of a clean
tungsten tip. Figure 47 is a FIM picture taken after contact for a
few seconds with PTFE. Many extra image points are apparent on the
post-contact micrograph, particularly on the (110) plane shown in this
figure. Adsorbed or adhered atoms can be observed because the
geometry of the extra atoms on the surface of the flat creates points
of localized field enhancement resulting in increased probability of
ionization and hence greater brightness. Thus, clusters visible in
the figure are fragments of PTFE which adhered to the tungsten surface
after separation occurred. The othev bright image spots also
represent PTFE on the metal surface but their clusterlike nature
cannot be resolved. The fragments of PTFE have the appearance of the
end of a PTFE chain that is normal to the (110) plane. The fact that
the fragments are stable at the very high electric field required for
helium-ion imaging implies that the bond between the PTFE and tungsten
is very strong, otherwise, field desorntion of the adhered PTFE would
occur,

To obtain a measure of the bending between the PTFE and tungsten,
the forces of adhesion were measured in terms of an adhesion
coefficient for a number of contacts over varying periods of contact
time. The results are summarized in figure 48. For short contact
times the forces of adhesion were immeasurably small. After
2 minutes, however, the force of adhesion increased markedly. At
contact times of 4 to 6 minutes, adhesion coefficients approching
those for clean metals in contact were obtained.
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A negligible adhesive force was obtained when a second contact
was made with a previously contacted tip. This indicates that the
adhesive polymer to metal bond is stronger than the cohesive polymer
bond. Polymer radicals can be expected to occur as a result of the
breaking of chains by vhe chemical interaction of polymer and metal.
Thus, for PTFE contacting a clean tungsten surface, the possibility of
reactive valence states of carbon atoms in PTFE bonding to tungsten
exists,

A heavily loaded tungsten-PTFL (approximately three times more
luad, ~1 mg) contact gave the rather surprising result that extensive
deformation of the tungsten occurred. The deformation extended far
into the bulk of the material,

Mechanical contacts with a polyimide polymer contacting tungsten
tips were made in vacuum of 1072 torr with both light and heavy
loads. At light loads the results obtained were analogous to those
obtained with PTFE. Random distribution of bright spots were visible,
indicative of polymer fragments adhering to the tungsten. The spots
(polymer fragments) were particularly heavily clustered on the (110)
surface, as was observed with PTFE.

From the data in figures 47 and 48, it is obvious that, with a
low-surface energy polymer such as PTFE, strong adhesive bonding to
metal surfaces can occur when the metal surface is clean and contact
pressure is very high., Surface analytical tools such as those
described earlier are very useful in identifying the degree of surface
cleanliness.

Strong adhesive bond forces can develop between polymer and metal
surfaces even when the metal surface is not atomically clean. The
application of compressive surface forces can act to bring about
strong adhesive bonding. The pressing of polymeric materials between
metal foils can cause strong adhesive bonding of polymers to metals
with normal oxides present on the metal surfaces.

When high-density polyethylene is pressed against aluminum foil,
ESCA or XPS analysis of the surface reveals transfer of the
polyethylene to the aluminum surface. This transfer is demonstrated
by the data in figure 49, In the figure there are two XPS spectra.
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The upper one is for the aluminum surface before being pressed by the
high-density polyethylene, and the lower spectrum is for that same
surface after it was peeled away from the high-density polyethylene.

The main points that emerge from these studies are that the oxide
layer in commercially produced foil is typically ~20 A thick and that
a tenaciously held hydrocarbon-type layer is present at the surface
that is not readily removed by either degreasing treatment or by
heating under very high vacuum conditions. XPS, therefore, provides a
convenient tool for investigating the nature of the peeled surfaces.
Figure 49 shows the Ols' cls' and Alzp levels for the surface of
the ,aluminum foil used for pressing the polyethylene sample b of
figure 11(b). (It should be stated that no trace of A‘Zp core
levels could be detected on sample b.,) The most significant feature
is that both the aluminum ano oxygen core levels are of appreciable
intensity in the peeled foil, and this can only be interpreted on the
basis that failure occurs very close to the aluminum surface. From
the relative increase in the intensity of the peak due to the Cls
levels (taken in conjunction with an escape depth of 10 A for
electrons with kinetic energy of ~%8 eV), a reasonable estimate for
the thickness of polywer adhering to the peeled foil would be =10 A,

The adhezion of PTFE to tungsten in the atomically clean state
has already been discussed. It has been found that a rubbing action
between a metal ard PTFt surface results in the adhesive transfer of
polymer (PTFE) to the metal. With the polyethylene in contact with
aluminum foils, adhesion of polymer to metal was achieved in the
presence of surface oxides because of compressive loading, a
mechanical activation of the adhesion process. A similar effect can
be brought about by tangential motion of PTFE on the metal surface
(11].

In figure 50 the PTFE film thickness is observed to increase with
increased rubbing speed., An XPS analysis of the PTFE film transferred
to the nickel surface revealed that the PTFE adhered to the nickel as
a film and that the film was of the same composition as the bulk PTFE
polymer., A small amount (<1 percent) of nickel fluoride (Nif,) was
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present on the surface of the nickel, reflecting a chemical reaction
to a limited extent of the PTFE with the nickel surface.

Static and Dynamic Friction Contact

Aug” - emission spectroscopy (AES) provides a technigue for
determining the chemical composition of a surface for elements heavier
than helium with a high degree of sensitivity (i1.e., 1/100th of a
monolayer). AES was used in conjunction with a vacuum friction
apparatus to provide an instantaneous chemical analysis of a metal
surface during both static and dynamic contact with PTFE, The
experimental apparatus is shown in figure 51, and further details on
the technique and equipment are available in the literature (ref. 38).

Transfer of PTFE to atomically clean metals by static contact was
observed for all metals brought into contact with PTFE. These
ingluded iron, tungsten, aluminum, and gold. An Auger spectroscopy
analysis showed the transfer of PTFE to these surface.

The possibility that the transfer of PTFE to metal might be
adversely affected by the presence of an oxide film on the metal was
investigated by two methods. In the first method, high-purity oxygen
was admitted to the chamher after the disk surface had been sputter
cleaned with the oxygen being chemisorbed on the surface to monolayer
coverage. 5Static contact was then initiated, and again transfar of
FTFE was observed. Thus, the presence of a monolayer of chemisorbed
oxygen does not prevent the transfer observed.

The second method involved using a preoxidized aluminum disk.

It is known that the natural oxide layer on aluminum is many layers
thick. Removing the normally present adsorbed carbon dioxide and
carbon monoxide by a short sputtering (20 min) exposed the “clean"
aluminum oxide layer. Static contact was again initiated, and again
PTFE was found on the surface. Thus, PTFE transfers to the oxide of
aluminum as well as to the clean metal. This implies that the
chemical activity of the substrate was not an important factor in the
transfer observed in these static contact experiments.
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Figure 52 shows the curve of friction coefficient as a function
of number of passes of the disk for PTFE sliding on atomicaily clean
tungsten and aluminum. The value of 0.08 obtained for PTFE on
tungsten is consistent with the values usually reported for PTFE
sliding on metals in air. The friction for PTFE on aluminum, however,
rose drastically from 0,08 at the start to over 0.5 in less than one
complete revolution. Severe "machining" of the aluminum disk
occurred: metal cut from the weak track was seen at the rider-disk
contact zone and chips of aluminum were seen covering the surface.

The severe scoring of the alumirum occurred in both the presence and
absence of an oxide film.

The results of the study with PTFE polymer in contact with
tungsten indicate that polymer transfers to a clean metal surface on
simple touch contact. The transferred polymer at the high field for
helium ion imaging implies that the bond of the polymer to the metal
surface is chemical in nature. With PTFE it is hypothesized that the
bonding is that of carbon to the metal surface because the carbon to
carbon bond is the weakest bond in the PTFE structure and the one most
frequently seen broken on polymer scission. Furthermore, the carbon
could readily interact with the clean tungsten to form bonds stable at
the imaging and field evaporation voltages applied in the field ion
microscope.

The chemical bonding of the polymers to the clean metal surface
necessitates breaking bonds in the organic molecule. Subsequently,
metal to carbon, fluorine, or oxygen bonds form., Breaking organic
bonds by metal surfaces is observed with hydrocarbons contacting
metals in the field of catalysis. The tendency for such reactions
should be increased when the metal surface is atomically clean because
of the enhanced surface activity of the metal.

The effect of loading in the transfer of polymers was examined.
Larger amounts of polymers were observed with an increase in load.

The polymer appears to remain on the tungsten surface in longer chain
fragments. This indicates that fracture occurred deeper in the
polymer body than was observed at light loads. When field evaporation
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was conducted, the polymer chain length that adhered to the tungsten
could be reduced to that observed with light loads.

It is of interest also to note that preferred orientation of the
polymer chains toward the zone of contact has occurred. This resulted
when the tungsten was pressed into the polymer under load. Adhesion
of polymer occurred to the tungsten surface. Polymer bonds were
broken in the bulk and the relative tangential motion of the polymer
body aiong the radius of the tungsten tip resulted in texturing
(preferred orientation of chain fragments).

Polymers and polymer composites are being used increasingly in
place of metals in many industries (ref. 39). Consequently, the
friction and wear benavior of polymers and those properties which
influence friction and wear are increasing in importance. Properties
of polymers investigated in relation to their effect on polymer
friction and wear have included film forming tendencies (ref. 40),
polar nature (ref. 41), deformation behavior (ref. 42), bulk
mechanical properties (ref. 43), molecular structure (ref. 44),
transfer behavior (45), and crystalline transitions (ref. 406).

Most polymeric materials used in components of lubrication
systems can and do vary in molecular weight. Furthermore, the
molecular weight distribution can be different for different lots of
the same material. It would therefore be desirable to know what
effect, if any, molecular weight has on the friction and wear behavior
of polymers.

Experiments were conducted to examine the effect of molecular
weight on the friction and wear behavior of a polymer (polyethylene
oxide) in contact with itself and iron for a range of molecular
weights (from 100,000 to 5,000,000). Friction and wear experiments
were conducted with a hemispherical rider sliding in reciprocal motion
on a flat disk surface. Reciprocal sliding was at velocities of 0.1
and 5 centimeters per minute, loads of 25 to 250 grams, and a
temperature of 23° C in a dry (<20 ppm H,0) argon atmosphere.

when in contact with iron in one set of experiments, the rider
was iron and the flat was polymer, and in the second set of
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experiments, the rider was polymer and the flat was iron, The results
obtained 1n these experiments are presented in figure 53.

txamining figure 53 reveals that with all three specimen
combinations the friction coetticient decreased with the increasing
molecular weight of the polyethylene oxide., The greatest reduction
occurred with the lower molecular weights, It is apparent from figure
53 that, with polyethylene oxide, tnhe higher the molecular weight, the
lower the friction., A similar behavior may exist for other polymers.

The friction coefficient for the polymer sliging on itself in
fiqure b3 1s higher than it is tor the polymer 1in contact with iron.
Examinations of the wear surfuces revealed some difterences in wear
behavior.

With the polyethylene oxide sliding on itself a number of events
are seen to take place in the contact zone of the surface. In some
regions a surface glaze appeared, and this indicated some localized
surface melting of the polymer during sliding. This 1s localized, and
it aoes not occur over the entire contact region. Two forms of
polymer removal are also observed. In the first, ribbons of polymer
material were generated from the surface. These ribbons stand above
the flat surface of the polymer., CLavities or pits are also observed
in the rubbing surtace. It appears that particles of polymer are
removed from the bulk.,

In contrast, where the polymer 1s in sliding contact with both
iron riders and iron flats, & high degree of localized surface melting
of the polymer occurs. Surface melting occurred over most of the
contact zone.

Likewise, with the polymer rider sliding against the iron flat
surface, melting of the polymer occurs. When the polymer was in
sliding contact with the iron, there was no evidence of polymer ribbon
formation or plucking out of polymer from the bulk as was observed
with the polymer sliding con itself.

The differences in friction behavior seen in figure 53 may be
explained by the differences in the surface generated. Where iron
contacts polymer and melting occurs, lower friction would be observed
than when plucking out of the polyner takes place. Thus, lower
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Figure 53. - Average coefficient of friction for polyethylene oxide
polymer sliding on itself and iron as function of molecular weight.
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friction might reasonably be anticipated with the polymer in contact
with iron, as shown by the data in figure 53.

METAL 10 CARBON

Graphitized Carbon

Graphite and carbon-graphite bodies are widely used in the field
of lubrication, Graphite is used as a solia lubricant (refs. 47 to
49). Carbon-graphite bodies are used as components in such devices as
mechanical seals (ref. 50) and electrical brushes (refs. 24 and 51).
Thus, the fundamental adhesion, friction, and wear behavior of these
materials are of interest.

It has been demonstrated in many problem areas that the metal
surfaces against which carbon materials run can exert a considerable
influence on the friction and wear. It was decided, therefore, to
explore the role ot varied mating metals for 100-percent
electrographitized carbon sliding in vacuum. The results obtained in
these experiments can be seen in fiqure 54, The lowest coefficients
of friction were obtained tor the carbon sliding on electrolytic iron
and electrolytic copper. The best wear results, however, were
obtained with 100-percent electrographitized carbon sliding on 440-(
stainless steel, The greatest wear to carbon surfaces was nbtained
with gold plate and electrolytic silver as mating surfaces. This is
significant because it was with these two metals that no visual
evidence of a transferred carbon film to the metal surface was

obtained. All the other metal surfaces are "oxide formers," and, with

all of them, carbon transfer tilms were present. Such transfer films
have been shown to be essential for effective lubrication by graphite
materials (ref. 52). Although these experiments were conducted in
vacuum, residual metal oxides present on the surface have low enough
evaporation rates to be retained on the metal surface.
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Mechanism of Adsorption

There exist two possible types of bonding of carbon to the
me: 1: first, direct bonding with the formation of metal carbides
(ref. 53), and second, the chemisorption of carbon and carbon oxides
to the metal oxides. The formation of metal carbides requires
intimate contact of carbon and metal. This is not possible at
ordinary temperatures and pressures because metal and carbon oxides
are presernt on both surfaces and the oxides are thermodynamically more
stable than the carbides. The chemisorption of carbon and carbon
oxides to metal oxides is more likely than direct bonding (ref. 54).
Chemisorption proceeds without extremely high temperatures or
pressures. In addition, numerous references in the literature
indicate the presence of adsorbed films on both carbons and metals
(refs. 22 and 55 to 02).

The chemisorption of carbon (C) to the metal oxide (0-M) may be
achieved with the formation of a complex with carbon being bonded to a
metal oxide (-C-C-0-M). If the bonds between carbon and oxygen and
between carbon and the metal are resonating double or triple bonds
similar to those in the carbonyls, the bond energy binding the carbon
to the surf.ce is considerably higher. This type of attachment may
occur for nascent surfaces generated in the process of sliding.

when oxygen is chemisorbed on the carbon surface, as is generally
the case, the adsorption may occur by the mechanism considered in
references 57 and 6Z2. The adsorption of a carbon monoxide type
structure (resulting from the chemisorption of a single oxygen atom on
carbon within the carbon surface) on an oxygenated surface (metal
oxide) may occur in the following manner:

0 0 0 00 0 Cb3 0 0O
co
—-
Z %
Metal disk surface From carbon body Metal disk surface
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The adsorption of a carbon dioxide type of <tructure (resulting
from the chemisorption of two cxygen atoms on a carbon atom within the
carbon surface) on an oxygenated surface (metal oxide) may occur in
the following manner:

o 0o 0 o0 O 0 C3 o 0 0
€0z ! ! ! ! l

-
WA /7
Metal disk surface From carbon body Metal disk surface

The chemisorption of a carbon monoxide type of structure results
in the formation of a carbonate with a new site on the metal surface
exposed for further reaction of the metal with oxygen or other gases.
The chemisorption of a carbon dioxide type of structure also involves
the formation of a carbonate on the metal surface, with the adsorption
of a carbon dioxide type of structure, howcver, no additional sites on
the metal surface are exposea for reaction or adsorption.

Adsorption of the carbon monoxide type of structure from the
carbon body may occur on metal oxides in a reversible manner. With
this reversible adsorption, the carbon monoxide type of structure can
be desorbed. Often, however, depending or. the surface to which the
carbon monoxide is adsorbed, desorption only occurs by removing oxygen
from the metal oxide - that is, by the desorption of carbon dioxide.
The latter type of reaction is irreversible and can leave a nascent
metal surface.

Removing these chemisorbed structures from metals like copper,
nickel, cobalt, iron, and chromium can involve energy levels of 20 to
100 kilocalories per mole (ref. 63). The wide range of adsorption
energies results from the type of bond, which depends on the nature of
both the metal anc the adsorbing species. Once all the active oxygen
sites on the metal surface have been occupied by carbon atoms or

carbon complexes, a carbon film can be established on the metal
surface and the sliding process can become one of carbon sliding on
carbon rather than carbon on metal.
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Pyrolytic Graphite |
Pyrolytic graphite prepared by the high temperature decomposition
of hydrocarbons affords a source of high purity carbon in graphite
form, Orientation effects can readily be studied with this material. j
Furtnermore, it has many properties which make it an ideal material
: for use in lubrication systems.
} Generally, as already indicated, th2 solid-state contact of

carbon-graphite bodies i1s not against itself in lubricating devices
| but rather against metals. The interactions of metals with graphite
i carbon of differing orientations and the effect of surface films on

those interactions are, therefore, important.

Studies with pyrolytic graphite were to determine the effect of
(1) orientation, (¢) reactivity of the metal, and (J) the ettect of

l

surface tilms on the friction and wear of metals in contact with

pyrolvtic graphite. Low energy electron diffraction (LLLD), Auger

emission spectroscopy analysis, scanning electron microscopy (SEM),

and energy dispersive X-ray analysis (EUXA) were used to characterize
! and monitor surface changes. Gold was the metal selected for study.
; It does not reach chemically with carbon.
| The pyrolytic graphite used was electronic grade prepared from
| vapor deposition. It was prepared from the decomposition of methane
: at 2100° C and was then compression annealed at 3000° C under a |
| pressure of 200 kilograms per square centimeter. It was machined into 1
: cylincers 8.0 millimeters in diameter by 5.0 millimeters in length
E with the basal orientation parallel to the cylinder axis (prismatic
| orientation) or perpendicular to the axis (basal orientation) as
b desired. A fresh surface was prepared by polishing with €00 grit |
abrasive paper., A basal surface was also prepared by cleavage with a
razor blade. |

The metal pin specimens contacting tne pyrolytic graphite were 4

single crystal gold. The pins were cylindrical with a Z-millimeter
diameter and a 2.0-millimeter radius on the end (the contacting
surface). The gold was 99.99 percent pure. With gold the (111) plane
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was parallel to the contacting interface to within 2°, Tne metal
crystal contacting radius was electropolished prior to use.

An apparatus used in this kind of investigation was a vacuum
system with the capability of measuring auue.ion, load, and friction,
and also performing Auger and LEED surface analysis. A diagram of the
apparatus for measuring aghesion, loading, and triction is shown in
figure 55,

A gimbal mounted beam projects into the vacuum system, The beam
contains twc flats machined normal to each c'“er with strain gages
mounted thereon. The gold, iron, and tantalum single-crystal pin
specimens are mounted on the end of the beam. A load is applied by
moving the beam toward the disk., Load 1s measured by the strain
gage. Adhesive forces are measured by moving the beam in the
direction opposite to which the load was applied (see fig. 55).

Tangential motion of the pin along the disk curface 1s
accomplished through the gimbal assembly. Friction force is measured
by the strain gage rormal ty tnat used to measure load. In the
present study, full-scale deflection on a conventional stri, chart
recorder resulted from a 10-gram load.

Multiple wear tracks could be yenerated on the disk surface by
translating the beam containing the pin. Pin sliding was in the
vertical direction in figure 55.

In addition to the friction apparatus, the experimental chamber
also had a LEED diffraction system and an Auger spectrometer. The
electron beam of both could be focused on any disk site.

The vacuum system was a conventional vacsorb and ion pumped
system capable ot readily achieving pressures of 1078 newton per
square meter as measured by a nude i1onization gage. Sublimation
pumping was also used.

It has been generally accepted for some time that the surface of
graphite contains adsorbed oxygen which can only be removed as (0 and
0, by heating to 1000° C in vacuum (see refs., 64 and 65 for
summaries). Most of these studies concluded that oxygen was present
on the graphite surface from indirect measurements such as mass
spectrometry. The XPS studies of references 66 and 67 indicate
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chemisorption of oxygen to the surface of graphite with the amount
adsorbed being sensitive to both oxygen pressure and the temperature.

Auger spectroscopic analyses of the basal and prismatic
orientations of pyrolytic graphite were conducted., The results are
presented in :gure 5o, With both wpectra the only Auger peak
detected was that of carbon. The carbon Auger peak occurs at
272 electron volts and the oxygen at 511 electron volts. If oxygen
were present on either surface, a peak would occur to the right of the
carbor peak 1in figure 50,

It should be indicated that Auger spectroscopy analysis 1s
sensitive to oxycen surface coverage Lo as low as 0.0l monolayer
(ref. o8). Thus, if oxygen 14 present on either the prismatic
or basal orientation of pyrolytic graphite, it is less than
0.1 monolayer. These results are consistent with the observations of
Hart et al, (ref. 69) who found an absence of oxygen chemisorption to
graphite.

Sliding friction experiments were conducted with gold as a metal
in contact with graphite,

Lold

Gold was selected as a pn material because it 1S nonreactive
with carbon and can be easily cleancd. The gold pin was heated to
700° C for 1 hour and then cooled to room temperzcure in vacuum to
anneal 1t and remove any adsorbed film., It was .li0 on the two
orientations of pyrolytic graphite in separate experiments.
Experiments were conducted at 23° ( for various loads and at
temperatures to 700° C. The friction results are presented in
figure 57,

In figure 57(a) the coefticient of friction is unaffected by
load, but it is nigher “or the prismatic orientation at all loads.
The friction coefficiert on the basal orientation exceeds 0.4, and for
the prismatic orientation it 1s 0.0, SEM photographs of the two
surfaces after sliding are presented in figure 58,
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(b) PRISMATIC ORIENTATION

Figure 58. - Scanning electron micrographs of basal and prismatic
orientations of graphite after sliding of gold pin across surface of
both orientations. Slidin? vglocity, 0.7 millimeter per minute,
load, 10 grams; pressure, 0-© newton per square meter,
temperature, 23 C.

i
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Figure 58(a) indicates the basal orientation of pyrolytic
graphite after sliding. There was an absence of gold. = the
prismatic orientation, however, small spheres of transferred gold were
observed (see fig. 58(b)). Note the exposed edges of the graphite
prismatic orientation in figure 58(b).

The prismatic orientation of graphite is from 500 to 10J times
more chemically active than iy the basal orientation (ref. 70). It
has been indicated that the surface energy for the basal o~ientation
of graphite is only a few hundred ergs per square centimeter while
that for the prismatic orientation 1s 5000 ergs per square centimeter
(ref. 71). when the basal orientation of graphite is decorated with
gold to study vacancy loops, the gold is found to migrate on the
surface to steps (ref. 72). The steps are higher energy sites
(exposure of prismatic planes), and therefore the migration indicates
stronger binding interaction of the gold with the prismatic planes
than with the basai planes.

The difference in friction coetficients with the two orientations
of pyrolytic graphite in figure 57(a) and the transfer of gold to the
prismatic orientation must be related to binding energies. The reec 0
for this relationship is that metal transfer to this orientation do:»s
not occur in the presence of physically adsorbed films,

The friction behavior of gold 1n contact with the two
orientations of pyrolytic graphite at various temperatures is
presented in figure 57(b). The friction coefficient for the basal
orientation continuously decreases with increases in temperature while
the friction for the prismatic orientation increases with increases in
temperature. The friction coefficient for the basal orientation at
700° C is less than half the vaiue at 23° (, while for the prismatic
orientation the friction has increased twofold over the same
temperature range.

Diamond

Another form of carbon which is of interest to the tribologist is
diamond. Diamond, the hardest known material, is generally used for
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machining nonferrous alloys, as abrasive materials (such as |
presintered carbides and ceramics), graphite, fiberglass, and rubber.
It is also widely used in the e¢lectronics and jewelry industries for
very light turning operations on piecious metals,
To gain a fundamental understanding of the material removal
process with diamond, it is extremely important to consider its basic
material and tribological properties. Those properties that determine

.-

and influence material removal should be considered.

It is extremely difficult to expose (111) diamond faces by
cleavage in the vacuum chamber for study in situ, and no entirely
satisfactory cleaning procedure has yet been established for diamond.
It has been suggested by Lurie and wilson (ref. 73), on the basis of
Auger electron spectroscopic and electron energy-loss measurements,
that, when diamonds are bombarded with argon ions, their surfaces

D
|
i
| become graphitized. Thomas and Evans (reft. ,4), however, believed
l that this treatment merely cleaned the suiface. If Lurie and Wilson's |
conclusions were true, surface graphitization of diamond would
profoundly influence the tribological properties of the ion-bombarded
} diamond surface.
| The main features in the vicinity of the carbon Auger peaks of |
E the Auger spectra from diamond are shown in figure 59. An Auger

emission spectroscopy spectrum of the single-crystal diamond (111)

plane obtained before argon ion bombardment is shown in figure 5Y(a).
The crystal was in the as-received state after 1t had been baked out
in the vacuum system., A carbon contamination peak is evident, and the
spectrum is similar to that ot an amorphous carbon. The surface was |
next argon icn bombarded at a 3-kilovolt potential under a pressure of
approximately 7;(10'4 pascal for 15, 30, 45, and 60 minutes. The
spectrum of the surface after 15 minutes has three peaks; this is

| characteristic of graphite. The spectra of the surface after 30, 45,
and 60 minutes have four peaks, this is characteristic of diamond as
has been demonstrated and as indicated in reference 76. The peaks
have been labelled AO to A,, where A is used to denote an

Auger peak. The energies of the peaks in this experiment were 267 to
269 for AO' 252 to 254 electron volits for Ay, 230 electron volts
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for Az. and 230 to ¢3¢ electron volts for Ay, The Auger
spectrum of figure 59(d) 1s essentially the same as that obtained by
Lurie for a clean surface (ret, 7v),

Thus, for tne adhesion and friction experiments reported herein,
the surtaces of the diamond were argon ion bombarded for 45 to
60 minutes under a pressure of approximately 7x10‘4 pascal. After
this treatment the Auger spectra ot the surfaces were very similar to
that shown in figure 59(d).

In the 1940's Pauling (ref. /v) recognized difterences in the
amount of a d-bond character associated with transition metals. Since
the d-valence bands are not completely filled in the transition
metals, the filling of d-electron band 1s responsible for physical and
chemical properties such as adhesive energy, shear modulus, chemical
stability, and magnetic properties. The greater the amount or
percentage of d-bond character that the metal possesses, the less
active 1ts surtace should be. The adhesion and friction of metals in
contact with themselves can ve related to the chemical activity of the
metal surfaces (ref. 77). 1lhe more active the metal, the higher the
coetficient of triction. The d-valence bond character of the metal
influences the coefficient ot friction for metals in contact with
silicon carbide, or manganese - zinc ferrite, Just as it does for
metals in contact with themsclves (ret. 78).

The data in tigure o0 indicate the coefficients of friction for
some of the transition metals in contact with a single-crystal diamond
(111) surtace as a function of the d-bona character of the metal. The
data indicate a decrease in friction with an increase in d-bond
character. Titanium and zirconiun, which are chemically very active,
when in contact with diamong exhibit very strong interfacial adhesive
bonding to diamond. In contrast, rhodium and rhenium, which have a
very high percentage of d-bond character, have relatively low
coefficients ot friction. Figure 60 also presents the friction data
for a diamona surface in sliging contact with a yttrium surface.
Yttrium gives a higher coefticient of friction than that estimated
trom data of other metals. 1lhis may be due to the effect of oxygen.
An argon-sputter-cleaned yttrium surtace seems to be covered by an
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oxide surtace layer. It is very aifficult to remove the oxige surtace
layer from yttrium by argon sputter cleaning for 30 to 60 minutes.
The eftects of oxygen 1in increasing the friction is related to the
relative chemical ther.nodynamic properties and bonding of carbon to
oxygen. The greater the degree of bonding across the interface, the
higher the coefficient of friction., In the case of yttrium, oxygen on
the surtace tends to strongly chemically bond the yttrium to the
diamond surface (ref. 79).

All the metals examined transferred to the surface of diamond 1n
sliding. This reflects the strength of the diamond covalent bond.
All of the metals have lower cohesive energies than the interfacial
carbon to metal adhesive bond or the carbon to carbon covalent bona.

SURFACE METALLURGICAL PROPERTIES AFFECTING
ADHESION, FRICTION, AND WEAR

SURFACL ENERGY

If one cleaves a crystalline solid along 1ts cleavage plane, two
highly chemically active surtaces are generated. The cleavage process
causes the fracture of cohesive bonds across the cleavage intertace,
and these fractured bonds leave the surface in a highly energetic
state. The energy of the surface is dependent on both the elemental
nature of the bonds broken and the coordaination number ot the atoms in
the resultant two surtace layers. As a result, surface energy 1s a
function ot the material (ref. 80) as well as the surface orientation
(refs. 81 to 86).

There 1s no question but that surface energy 1s important in the
tribological behavior of materials. It influences adhesive bonds for
solids in contact and hence triction and adhesive wear. In addition,
it determines the nature of the interaction of lubricants with
solids. The lubricant may either (1) physically adsorb,

(2) chemisorb, or (3) undergo decomposition, as has been observed for
some hydrocarbons with a clean metal surface (ref. 87). Surface
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energy has been used in the formulation of an adhesive wear mechanism
(ref, 30).

while surface energy can be very helpful in understanding the
adhesion friction, wear, and lubrication behavior of materials, its
present usefulness is very limited. The principle restriction has
been the inability to obtain accurate experimental surface energy
values.

An examination of the surface energy literature reveals wide
disparities in reported values for any one material. Table [V
indicates the minimum and maximum surface energy values that can be
found in the literature for some of the elemental metals. These data
were taken from a summary by Wawra (ref. 80).

while the broad range of values obtained are of concern, the fact
that, for example, the minimum to maximum for some metals such as iron
and chromium fall within the range found for tungsten are of even
greater concern. It would be difficult, based on reported
experimental data, to identify differences in the surface energy for
iron, chromium, and tungsten.

As has already been indicated, the surface energy of solids such
as metals is sensitive to crystallographic orientation. Most
researchers conversant in the subject of surface energy readily agree
that this is the case. Differences arise, however, when actual
results are compared. The research results of three different
investigators who have measured the surface energies for various
planes of face-centered-cubic metals are presented in table V. The
results are presentea as the ratio of the surface energies for the
various planes over that for the (111) surface.

The results of table V indicate that not only does the value vary
with the investigator but more importantly the relative order of the
metals as well (ref. 88).

One of the most significant reasons for the wide disparity in the
surface energy values reported by various investigators has been
inadequate control over the impurities in the materials. Small
surface concentrations of such contaminants on hydrocarbon can have a
pronounced effect (ref. 17). Small concentration of impurities in the
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TABLE 1V, - VARIATION IN VALUES OF

REPORTED SURFACE ENERGIES

tlement | Surface energy, ergs/cme¢ Temperature,
Max imum Minimum
Cu 4258 950 -¢73
Ag 2493 600 =273
Au 2540 590 -Z73
ke 5267 1980 -273
T 2730 1330 25,-273
Cr 4061 1515 =273
W 9410 1497 3370
TABLE V. - STRUCTURAL DEPENDENCE
OF SURFACE ENERGY ON FACE-
CENTERED-CUBIC METALS
Plane | Face-centered-cubic metals
Au,Ag,Cu,Ni Au Ni
(a) (b) (c)
(111) 1.00 1.00 1.00
{100) 1.047 1.072 .95
(311) 1.119 1.065 | 1.0V
(110) 1.15 1.047 1.01
(210) 1.16 1.055 | 1.00

dReference 84,
breference 86.
CrReference 83.
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bulk as well can markedly alter the measured surface energy of a
material, This is indicated by the oata in figure ol for sultur n
iron. With an increase in concentration of sulfur, there is an
accompanying decrease in surface energy (fig. ol).

Extremely small concentrations of bulk contaminant in a metal
such as iron can have a pronounced effect in contaminating a surface.
For example, as little as 8 ppm of carbon in iron ditfuses to the
surface, segregates there, and contaminates it (ref, 17). Ths
segregation undoubtedly atfects measured surface energies.

The use of high purity materials and the caretul characterization
of sol1d surfaces should result in the future acquisition of
meaningful surtace energy values. Surface analytical tools are
currently being used tor the needed surface characterization. Une
which has proven especially useful in this regard is the field ion
microscope (refs., 85, 89, and W). When used ir conjunction with the
atom probe, i1ts contribution 1s enchanced. Alone it gives the atom by
aton structural arrangement on a solid surface, but with the atom
probe, it gives an atom by atom chemical analysis.

The significant reduction in the energy of the iron surface
(fig. 61) with the presence of as little as U.5-weight-precent sulfur
is extremely significant, Iron-base alloys nearly all contain as bulk
contaminants small amounts of carbon and/or sulfur. Both of these
elements can segregate on the surface of the iron as the sulfur does
(see fig. bl). wWhat effect does such surface segregation from the
bulk to the surface with the corresponding reduction in surface e.ergy
have on tribological behavior?

A number of years ago the author prepared some simple binary
alloys of iron with sulfur and examined their friction and wear
behavior in a vacuum environment. The object was to see what effect
(if any) the sulfur would have on friction and wear behavior. The
alloys contained up to 0.45-weight-percent sulfur. Friction and wear
data for these alloys are presented in figure 6Z.

In figure b6¢ the addition of as little as 0.05weight-percent
sulfur reduced friction from complete seizure to a value of 0.3.
Further additions of sulfur to the iron did not further reduce
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friction, The surtace, as was learned by the author with tne use of
Auger emission spectroscopy, was already completely protected with a
layer of sulfur at 0.U5 weight percent. The wear of the iron,
however, continued to decrease with increases in the sulfur content
(fig. 62).

The friction and wear data of figure 6/ were obtained with a
rider sliding on a disk, The results for the disks and riders after
sliding are presented in figure 63, The iron surfaces show evidence
of adhesion and adhesive transfer, The surfaces of the sulfur
containing alloy, however, indicate a relatively smooth sliding
surfaces. Thus, the presence of sulfur has a very definite effect on
friction and wear behavior.

AMURPHOUS METALS

In 1960 1t was shown that amorphous solid phases could be formed
by very rapid quenching of certain alloy compositions from the melt.
This discovery launched a new field of research activity such that now
there are well over 200 alioy systems that have been identified as
being capable of quenching into the amorphous state (ref. 9l). These
alloys are referred to as metallic glasses (refs. 92 ana 93).

From a tribological point of view, these amorphous alloys or
metallic glasses have some very interesting properties. They are as
hard as standard steels, yet they, unlike silicate glasses, possess
substantial plasticity, are among the strongest known engineering
materials, and are tough (resist the propagation of cracks through
them). Their tribological behavior has not yet been studied.

Studies were conducted to determine the influence of the
amorphous state of certain metal’'‘. alloys on tribological
characteristics. Sliding friction experiments were conducted with
three ferrous-base metallic glass compositions (both lubricated and
unlubricated) in vacuum and argon. Riders of aluminum oxide, copper,
and 52100 bearing steel were made to slide on the metallic glass
surfaces under loads of 0.0l to (.25 newton and over a range of
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Figure 63. - Influence of sulfur on fron on sliding behavior in vacuum.

Ambient pressure, 10-4 torr.
TABLE VI, - PROPERTIES OF METALL IC GLASSESA
Alloy comsosiiion [ Crystallization | Density, | Hardness, | Ult imate Bend
temperature, | g/cmd GPa tensile | ductilityb
» strength,
GPa
 Fe_ o, 4 7 1
"o?t“la“ld"z KV .56 10 1.8 1
» { J3
“thlj.bb‘.i.bLZ 480 7.3 10.3 r 9x10
| ’“Q."‘33"°4313 410 8.02 10.5 1.38 1
-
dReterence Y2,
D¢ = t/(a-t):
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shiaing velocities of 0.2 to 10 centimeters per minute, The vacuum
experiments were conducted over a temperature range of 25" to 800° C.
i Three metallic glass compositions were examined, These
compositions and some of their properties are presented in table V],
t The alloys were forls (0.05 mm thick) used 1n the cast condirtion
except for heat treatments, The riders that were mage to slige on the
l foils were single-crystal aluminum oxide (sapphire), 99,999 percent
: copper, and 52100 bearing steel,
r Friction experiments were conducted in argon and in a lU'8
pascal vacuum, The coefficients of friction reported herein were
obtained by averaging three to five measurements, The standary
: geviations of the data are within #4 percent ot the average value,
| In an argon atmosphere, the foils of the metallic glasses anu the
' rider specimen surfaces were scrubbed with levigated alumina and then
‘ rinsed with tap water, distilled water, and finally entyl alcohol,
After drying the surface with argon gas, the foils were placed in the
experimental apparatus. The specimen surtaces were brought into

I
‘ contact and loaded, and then the triction experiment was started.
} With those experiments conducted 1n the vacuum chambers, APS data
i were obtained on the specimen surface before ang after sputter
% cleaning, The specimens were heated to the various experimental
temperatures by resistance heating, and the temperature of each
specimen was monitored with a thermocouple,

Table VII summarizes the surface conditions of the foils analyzed
} by XPS. Generally the XPS results indicate tnhat the surtace of the
as-received Feb7C018814511 foil consists of a layer of oxides
ot iron, cobalt, voron, ana silicon as well as a simple, adsorbed film
of oxygen and carbon, The argon-sputter-cleaned surtace consists of
iron, cobalt, boron, silicon, and carbon, The surface heatea to
350° C consists primarily ot a layer of the alloy, boric oxide, and
silicon oxide,

The XPS spectra ottained from the FeBIBIJ.bS'J.bCz forl
surface are summarized in table VII. The surface conditions of the
foi1l are basically the same as those of the Fe°7C018814$i1
already mentioned., Generally the surface of the as-received
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F981813‘5513.5L2 foil contains a layer of the oxides of iron,

boron, silicon, and carbon as well as a simple, adsorbed film of
oxygen and carbon. The argon-sputter-cleaned surface consists of the
alloy and a small amount of oxides. The surface heated to 350° C
contains primarily the metallic elemental constituents boric oxide and
silicon oxide.

In situ friction experiments were conducted in a UHV system with
the surface-treated foil specimens over a temperature range of room to
350° C. To obtain consistent experimental conditions, the time in
contact hefoi . sliding was 30 seconds. Both the load and friction
force were continuously monitored during a friction experiment,
Sliding velocity was 3x1073 meter per minute with a total sliding
distance of 2x10™3 to 3x1073

Experiments were conducted with the foils having the composition

meter.

Feb7C018814$i1 and Fe81813.55i3.bL2 in contact with a.

alumincm oxide spherical rider at tempereatures to 35 ( with a
pressure of 1078 pascal. The coefficient of friction as a function

of temperature for the foils is presented in figure 64. The foils and
riders were sputter cleaned at room temperature before heating. The
coefficient of friction generally increases with increasing
temperature from about 1.4 for Feb7C°18814$11 and 1.0 for
Fe81813.55i3.5L2 at room temperature to 2.2 and 1.7 at

350° C. Although the coefficient of friction remained low below

250° C, it increased rapidly with increasing temperature in the range
of 250° to 35° (. The rapid increase in friction at temperatures
from 250° to 350° ( may be attributed to an increase in adhesion
resulting from (1) crystallization of the foil and (¢) the segregation
of boric oxide and silicon oxide to the surface of the alloy.

The experiments herein started with a nearly amorphcus surface
containing some very small crystallites. Crystallization occurs for
the foil with increasing temperatures. Crystallized foils are less
resistant to adhesion and plastic flow than are the amorphous
surfaces. The general increase in friction at elevated temperatures
is then due to the increased adhesion and plastic flow in the contact
area.
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As already mentioned, at 350° C the foil surface was contaminated
with boric oxide ang silicon dioxide which had migrated from the bulk
of the foil specimen to the surface. The oxiage to oxide (A1203
rider) interactions produce stronger bondings than do the oxide to
metal interactions (refs. 94 and 79). The increase in friction at
elevated temperatures is due to the increased adhesion - that is, the
increased bonding associated with oxidation of the foil surface.

Sliding friction experiments were also conducted in argon with
normal residual surface oxides present on the amorphous foil having
the composition Feb7C018814Si1 over a range of loads. The
results obtained in these experiments are presented in figure 05

At a very light load of 0.01 newton, the coefficient of friction
was extremely high. The friction coefficient decreased with
increasing load to a value of 0,35 at a load of 0.02 newton and
remained there,

To determine the effect of the presence and absence of
crystallinity on friction behaviors, foils were heated to 650° C for
2 hours in a vacuum furnace, cooled to room temperature, cleaned, and
then examined in friction experiments. The results are presented in
figure 65 together with those already described for the metal in the
amorphous state.

At ali loads the friction coefficient for the alloy in the
amorphous state is less than 1t 1s for the same alloy in the
crystalline state (fig. 65). Thus, the absence of crystallinity
results 1n lower friction properties,

There was a complete absence of any visible wear track on the
amorphous foil., A visible wear track was present on the crystallized
surface. The amount of surface oxide was greater in the wear track of
the crystalline sample. This is as might be anticipated, since the
crystalline surface would be a higher energy surface.

To establish the exact crystalline state of the foils used in the
experiments of figure 65, transmission electron diffraction patterns
were obtainea on the as-received foils and the foils after having been
subjected to the heat treatment above the recrystallization
temperature.
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The pattern of as-received foil indicated that the foil was not
completely amorphous but contained grains of an extremely small size,
approximately a few nonometers. The annealed foil had a general grain
size after recrystallization of 0.3 to 1.0 micrometer.

The alloy composition shown in figure 65 is a metallic glass, and
an obvious question would be how it compares in friction
characteristics to conventionally used alloys. Friction experiments
were conducted with 304 stainless steel foils under the identical
conditions to those used in figure 65. From the data obtained, there
appears to be very little difference in friction behavior of the two
alloys. The wear results were, however, markedly different., There
was essentially no detectable wear on the surface of the amorphous
alloy. There was, however, considerable wear to the 304
stainless-steel surface. There was considerable plastic flow and
oxide debris generated on the 304 stainless steel. Lumps of metal
appeared in the wear track. Thus, while very little difference in
triction coefficient was observed for the two alloys, marked
differences in wear were found.

GRAIN BOUNDARIES

when going from the amorghous state of material to the
crystalline state, there are, unless the material is a single crystal,
grain bounderies. These boundaries are high energy sites which
contribute to the overall surface energy and correspondingly to
tribological behavior.

To examine this effect, it was decided to conduct friction
experiments in vacuum with an oriented single crystal of sapphire
sliding on a large-grained tu.gsten disk with known grain
orientations. Data for sapphire in the literature indicate a
dependence of wear of various surfaces on crystallographic orientation
(refs. 95 to 98). wWith large grains in a polycrystalline matrix, the
influence of crossing grain boundaries on slip behavior can be
determined. This situation does not exist in single crystals.
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The large-grain tungsten used in this investigation was prepared
by electron beam melting. A chemical analysis of the material used
indicated 5 ppm carbon, 3 ppm oxygen, less than 3 ppm nitrogen, and
small percentages (less than 2 ppm) of the metallic elements calcium,
chromium, cobalt, copper, iron, and nickel. The specimen was cut,
finish ground, and lapped before electropolishing., The specimen was
then electropolished in a sodium hydroxide solution to remove the
worked layer. After electropolishing, the specimen was mounted in a
fixture and Laue patterns of the various grains were obtained. The
orientations obtained are shown in figure bb(a), and their positions
on the unit triangle are shown in figure b66b(b). The actual specimen
is shown by the photograph at the top of figure bb(a), the
diagrammatic sketch below the photograph indicates the orientations.
In addition to crystallographic planes, directions are indicated in
figure 66(a). Planes are given in parentheses and directions in
brackets.

The single crystals of sapphire used in this study consisted of
1.0-centimeter-diameter balls. The balls were initially oriented with
polarized light to locate the optical axis, and then X-ray
determinations were made for plane and direction. The balls were
locked on a stainless-steel holder similar to that described in
refererce 98. The orientations were then rechecked.

After the specimens were mounted in the vacuum system, the system
was evacuated, and the tungsten disk specimen was electron bombarded
for 4 hours to remove adsorbed gases and surface oxides. The disk
temperature at this time was 500° C. The specimens were cooled to
room temperature before friction experiments.

In working with various crystallographic planes, marked
differences in oxidation rates do occur. Reference 99 shows this
difference for tungsten. With repeated passes over the same track,
these differences in oxidation rate could influence friction
properties. The (100) surface of tungsten oxidizes more rapidly than
the (111) and (110) surfaces.

Friction data for the (0001) plane, [1010] direction of sapphire
sliding on the large grains of a tungsten disk specimen in a vacuum of
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Figure 66. - Coefficient of friction of sapphire (1010) plane sliding
in [0001] direction on polycrystalline tungsten. Load, 500 grams;
sliding velocity, 0.013 centimeter per second.
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second are presented in figure b6(c). Light loads and low speeds were

torr, a load of 50C grams, and speed of 0.0l13 centimeter per

used to avoid high interface temperatures, which can cause surface
recrystallization. The friction data are plotted as & function of
arbitrary angular position. The crystallographic planes and the
directions for each grain are indicated at the top of the figure and
the position at which the grain boundaries in the tungsten disk
surface were crossed by the sapphire slider are indicated by vertical
lines.

The most obvious result of figure ob(c) is the marked change in
friction properties with a change in slip systems in moving from one
grain to another. Furthermore, on any particular plane a change 1in
direction results in a change in friccion,

The effect of plane on friction can be seer from an examination
of friction on various planes in a particular crystallocraphic
direction of figure vb(c). Changing direction on a particular plane
does appreciably influence friction, for example, on the (100) plane
moving from the [110] to the [100] direction gave a coefficient of
friction of 1.23 while moving in the [100]) direction decreased the
coefficient to about 0.8. This difference is significant,

It is interesting to note that for the (100), (110), and (023)
planes the maximum in friction is observed in the [110] direction. On
both (110) planes, the maximum in friction (1.3 to 1.35) was in the
[110] direction and a minimum (0.7 to 0.75) was about 45° to 50" from
the [110] direction (fig. b6(c)).

Hardness measurements were made on the (100) plane of tungsten in
two crystallographic directions, [100]) and [110]. Hardness is lowest
in the [110] direction and maximum in the [100] direction. When the
friction data from the (100) plane of figure 66(c) are compared to the
hardness data, a correlation between hardness and coefficient of
friction is readily seen. An increase in hardness is accompanied by a
decrease in friction coefficient. Figure 6b(c) shows that for the
(110) plane friction was high in the [110] direction and near the
minimum in the [100].
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Resolved shear-stress calculations and yield-strength data
obtained from reference 100 were oxamined for the (110) plane n the
body-centered-cubic system., If the shear stress to yield pressure
relation is used, a maximum n triction should be anticipated at about
22.5" trom either the [100] or the [110) direction. This probability
could explain, in part, the pulses in friction noted between the [1i0]
and the [100) direction, Hardness data obtained on the (11U) plane 1in
the [100]) and [110] directions show a marked increase in hardness in
the [100] direction over the hardness values obtained in the [110]
direction, These results are in agreement with friction data and
further indicate the anisotropic behavior of tungsten.

In vacuum, the adhesion of tungsten to sapphire can markedly
influence the friction data obtained, because a thin transfer film of
tungsten (to sapphire) could be sliding on itself. In air, however,
an appreciable thickness of tungsten oxide is present, and this oxide
inhibits metal transfer to sapphire and thereby reduces friction
coefficients, Furthermore, various crystal planes of tungsten exhibit
different oxidation rates, which could also intluence the observed
friction results,

A fraction experiment was conducted 1n air with the sapphire
(1010) plane sliding n the (0001 ] direction on the large-grain
tungsten disk specimen, The results obtained are presented in figure
bb(d). The most marked effect, as might be anticipated, is a general
reduction 1n the friction coetficient on all crystallographic planes
of tungsten. It 1s interesting to note, for example, that, on the
(100) plane, the difference n friction between the [110] and (100 |
directions represents a change in friction coefficient trom 0.6 to
0.3. For the same plane and in the same directions 1n vacuum with
surfaces cleaned by electron bombardment, the friction decreased from
0.96 to 0.24. The triction in these two directions differed by a
factor of ¢ in air and 4 in vacuum; this indicates that the oxide
plays a role other than a simple equivalent reduction of adhesion of
the tungsten to sapphire in different crystallographic directions.

A similar effect is noted for the (110) plane.
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The friction characteristics observed in this investigation
indicate a marked dependence of friction on crystallographic direction
and orientation. With the aluminum oxide rider specimen sliding on
the (100) plane of tungsten, a minimum in friction was noted when
sliding in the [100] direction and a maximum when sliding in the [110)]
direction. Any examination of the (100) plane of the body-centered-
cubic crystal indicates that the atomic density is greatest in the
[100] direction and least in the [110) direction on the (100) plane.
Hardness measurements also indicate this same dependence on direction.

Further evidence for possible dependence of friction coefficient
on atomic density is gained from an examination of tne friction data
on the (110) planes in the [110) and [100] directions. On the (110)
plane the coefficient of friction is greatest in the [110] direction
and least in the [100]) airection or approaching the [100] direction.
Again in the body-centered-cubic system, atomic density would be least
in the [110] direction and grestest in the [100] direction.

In summary, the tungsten studies reported herein indicate that
marked changes were observed in friction characteristics as grain
boundaries of tungsten were crossed. These changes are due to the
changes in crystalloaraphic slip systems in moving out of a grain,
across the boundary, and into another grain,

Friction studies with metals other than tungsten also indicate a
grain boundary effect. The effect is not only observea to influence
friction but surface fracture and wear as well. Studies with a
polycrystalline slider moving across a copper bicrystal (one grain the
(111) and the other the (¢10) orientation) resulted in differences in
friction not only on the surface of the grains but also in the grain
boundary region as was observed with tungsten. This effect is shown
by the data in figure 67.

In figure 67(a), in sliding from the (210) grain to the (111)
grain, friction is higher on the (210) plane and in the grain boundary
region than it is on the (111) plane. Grain boundary effects can be
seen much more readily when sliding is initiated on the (111) surface
as indicated in figure 67(b). There is a pronounced increase in the
friction for the slider - grain boundary interface. The grain
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boundary is atomically less dense than the grain surfaces on either
side of that boundary.

Examination with scanning electron microscopy of the (111) and
(210) grain surfaces after sliding and a single pass of the slider
across the surface revealed severe surface disturbance as a result of
the contact as indicated by the micrographs in figure 68, The
micrographs for contacted surface area on both grains are at the same
magnification,

Frecture tracks are observed on both grain surfaces in
figure 68, These cracks are surface initiated. The wear face of the
cracks is extremely smooth, which indicates crack initiation along
slip bands. As indicated in the micrographs, the cracks are much
larger on the (210) surface than on the (111) surface. Sectioning the
wear track and measuring the crack angle of orientation relative Lo
the surface orientation indicate that the fracture cracks do form
along slip bands in the copper grains.

A wake of metal just ahead of the fracture crack stands above the
surface of the grain., This occurs for both grain surfaces, but again,
the amount of metal standing above the surface 1s greater for the
(210) than for the (111) grain. |

The metal to metal interfacial adhesion mechanism responsible for
the manifested friction behavior shown in figur> 67 and the surface
conditions shown in figure 68 can best be explained with the aid of
figure 69, This figure schematically reveals the surface events.

When the copper slider 1s first brought into touch contact with

either grain surface and a load is applied, deformation ot surface
asperities results in penetration of surface contaminating films and
metal to metal interface formation with strong adhesive bonding.

As tangential motion begins, fracture must occur in the weakest
interfacial region. The weakest region is not at the interface but
rather in the cohesive bonds betwecen adjacent slip planes in the
individual copper grains. Thus, with tangential force atomic bonds in
the copper slip plane fracture, resulting in the formation of a
surface initiated crack (fig. 69).
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With a continued application of a tangential force, at some point
the applied force 1s sufficient to exceed that of the interfacial
slider to grain bond and fracture of that interfacial bonding occurs.,
The slider moves on until adhesion again occurs,

After the interfacial slider to grain bond has fractured, a wake
or curl of metal remains above the plane of the grain surface
(fig. ©9). Subsequent passes result in shearing the test surface
protuberance of metal with the resulting formation of a wear
particle. Thus, for polycrystalline copper in contact with a single
crystal (grain) of copper, the interface develops bonds which offer
greater resistance to fracture than cohesive bonds along slip planes
in the copper single crystal (grain).

ORIENTATION

Polycrystalline materials are used in most mechanical
applications where adhesion, friction, and wear might be involved.
This does not, however, necessarily preclude the use of materials in
single-crystal form, It 1s certainly recognized that grain boundaries
influence the behavior of materials, single~crystal observations
cannot be extrapolated directly to polycrystalline materials. Graiwn
boundaries influence deformation in a number of ways: they act as
barriers to the motion of slip dislocations, they have higher surface
energies than crystallite faces, and they are sites on the surface for
accelerated reaction and diffusion rates as has been already
discussed, The effect of boundaries can be more fully understood if
the building block of polycrystalline structures - numely, the single
crystal - is better understood. One of the first matters of
consideration with single crystals is that of or‘entation. What
effect, for example, does changing the crystallographic orientation at
the surface have on adhesion and friction behavior? Single-crystal
experiments were conducted to gain an insight into orientation effects
on adhesion and friction behavior.

The term matched planes and directions is used heivin to describe
the relative orientations of crystal faces in adhesion and friction
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experiments, It represents, n essence, the matching of the direction
on one surface with that on another crystal face of the same
orfentation, All sliding friction experiments were condgucted in the
preferred crystallographic slip direction for the particular plane
under consideration, Furthermore, where dissimilar metals were in
contact, the greatest atomic density plane was used, even where
differences in crystal structure existed.

In the initial adhesion experiments, a load was applied normal to
tne planar surfaces in contact., The adhesion coefficient is, then,
the force required to separate the specimens divided by the applied
force or load. The friction coefficients reported are all dynamic
values obtained during sliding. After sliding was stopped, the force
to separate the two crystal surfaces in contact was measured. Ihis
force divided by the applied load during contact sliding is termed
aghesion* coefficient, The asterisk is used to differentiate this
value from those obtained in standard adhesion measurements.

There are a number of terms that have been used in the
literature, particularly in regard to friction, to describe solid
solubility of metal couples. Therefore, to avoid confusion, the
following terms are used herein: (1) complete solubility, (<) partial
solubility, and (3) insolubility. Complete solubility characterizes
those systems where the Hume-Rothery rules of electronegativity,
valence, atomic size factor, and crystal structure are obeyed
(100-percent solubility). An exampie of such a system is the
copper-nickel of this investigation., Partial solubility refers to
those systems where solubility may not cover the entire phase diagram
(less than 100 percent)., In these systems one or more of the
Hume-Rothery rules may not be obeyed. The copper-cobalt system of this
study is such a system., These metals differ in crystal structure
below 400° C. Insoluble couples are those where no phase diagram
exists and whose solubility, if any, is considered normally to be
insignificant. In this investigation, the copper-tungsten couple
represents such a system.

The cohesion of polycrystalline copper has been examined
(refs. 101 to 103). The data reported in references 101 and 103 were

135

L —————



obtained in vacuum, Single-crystal-copper cohesion has been examined

in a hydrogen atmosphere (refs. 104 and 105). The results obtained in
hydrogen indicated that the friction coefficient for the (100) planes

of copper in sliding contact exhibited markedly higher coefficients of
friction than the (111) planes of copper in sliding contact.

Adhesion and friction coefficients were measured in vacuum at
10'11 torr for copper contacting copper. Three single-crystal
orientations of copper were examined: The (100) plane contacting the
(100) plane, the (110) plane contacting the (110) plane, and the (111)
plane contacting the (111) plane. In all experiments the planes and
directions were matched. In these experiments a load of 50 grams was
used. This particular load was selected because earlier experiments
showeu that recrystallization of copper occurred in sliding contact at
higher loads (ref. 106). For reference purposes, adhesion data were
also obtained for polycrystalline copper. Examination of the data in
column 3 of table VIII indicates that adhesion coeificients (breakaway
load/applied load) of copper are dependent on crystal orientation.

The highest atomic density (111) plane exhibits the lowest coefficient
of adhesion.

It is of interest to note that adhesion coefficients decrease as
the modulus of elasticity and the surface energies on these planes
increase. The decrease in coefficient of adhesion with increase in
elastic modulus might be related in part to differences in true
contact area for the crystals at the interface. Since plastic
deformation is also occurring at the interface, the deformation
behavior of *:.> different crystal orientations must be considered.

An examination of stress-strain curves for single crystals of copper
indicate that, for a given stress, the amount of strain for the (1l1)
plane s less than that for the (110) and (100, orientations of
copper. These effects would indicate that, for a given load, the true
area of contact for the (1l11) orientation might be less than that for
the (110) ana (100) orientations.

The resulting contact area is the sum of elasticity and
plasticity at the interface (ref. 13). The influence of elasticity
and plasticity varies with orientation (ref. 107). Since the yield

136




point also varies with orientation, the amount of plastic shown for a
given stress is greater for the (100) plane. The amount of elast
recovery for the (111) plane 1s greater, that is, the percent of
elastic deformation to total deformation is greater for the denser
(111) plane., It has been shown in reference 3b that, for metals such
as qgold and silver, a temperature 0.4 of that of the melting point
must be reached vbefore elastic recovery does nat exert a noted
influence on adhesion and the materials are plastic enough to insure
strong adhesion,

since two crystals of the same orientation are brought i1n contact
under load, if atomic bonding occurs across the intertace, then the
interface may be considered to represent an interface that is
analogous to a grain boundary. In these experiments all possible
attempts were made to match planes and directions. In any such
attempts 1t 1s assumed that some mismatch of orientations exists and
that pertect matching occurs only accidently. Any bonding that occurs
across the interface involves some elastic displacement of atoms near
the surface. The interface then represents atomically displaced atoms
connecting the individual crystals, that is, they represent a
transitional region serving to link the two specimens much as in a
grain boundary. The greater the mismatch, the further into the parent
crystals elastic stress may be expected to occur.

An examination of the surface energies in table VIII, which are
calculated values taken from reference 107, indicates that tnhe surface
energies are greatest on the (111) plane and least on the (109)
plane. The adhesion data obtained would then appear to be in conflict
with the surface energy theory of adhesion and friction (ref. 39). It
should be indicated, however, that when two surfaces are brought into
contact the interface formed has its own interfacial energy. This
energy is analogous to the energies associated with grain bounaaries.
Each crystal surface has its own characteristic energy, and when two
crystel surfaces are brought together an interfacial energy is
develcped, The energy of this interface depends to a large extent on
the dogree of mismatch of the two crystallites. The greater the
mismatch, the greater the energy. For two crystals in contact, the
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boundary enerqy must be considered, since with adhesion a new
intertacial surtace is created.

tach adhesion coefficient value reported in column 3 of
table VIII represerts a lO-second contact time under load. At room
temperature, diftfusion effects may not be expected to greatly
influence measured adhesion coeffici nts. At larger periods of time,
with plastic materials such as metal, creep may be expected to
influence this true contact area under a given load. The effect of
contact time on the adhesion coefficient is shown in figure /0 for the
Lhree single-crystal orientations of copper. A marked increase in the
coefficient of adhesion occurred with time. Thus, with single
crystals of copper, creep at the interface (with a corresponding
relaxation of elastic strains) appears to influence the measured
adhesion coefficients.

The adhesion coefficient of table VIII (column 3) for
polycrystalline copper is interesting. Tne adhesion value obtained
was 1.00, or very near that of the (100) plane ot copper. Since the
modulus of elasticity is nearly twice that of the (100) plane and the
data of reference 108 indicate that a polycrystalline material is more
resistant to plastic ceformation than single crystals, the real area
of contact on load removal might be anticipated to be markedly less
for polycrystalline material. However, while the area of contact
under a given load may be less than that of the (100) plane, the
tensile strength of junctions formed is greater. With deformation of
polycrystals, grain boundaries act 2., barriers to the motion of slip
plane dislocations, and a nigh degree of strain hardening of junctions
formed nust occur. This is even greater than that observed with
single crystals oriented such that a high concentration of
Lomer-Lottrell locks may be generated. Thus, while a smaller, true
contact area may be anticipated for polycrystals for a given load, the
tensile strength of junctions formed is greater than observea with
single crystals. This may account for the similarity in the two
adhesion coefficients.

After completing adhesion measurements, the crystals of
table VIII were slid a distance of 0.735 centimeter and the friction
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coetticients observed during shiding are reported n table VIl
(column 4), ALl the copper speciunens exhibited triction coetticients
in excess of 40.0 with the noted exception of the (111) plane, which
had a friction coefficient of J/1.0. Those specimens having friction
coetficrents 1n excess of 40.0 (the lwmit ot the indicator) exceeded
1t in the tirst tew tenths of o centimeter of sliding,

Ihe coetticients of adhewion were again measured inmediately
after sliding. The measured coetficients of adhesion are also
presented in table VIII (column 5)., In all cases a drastic increase
in the adhesion coefficient was observed after sliding, This ncrease
may be attributed to two factors associated with the sliding ot clean
metals in contact. First, a marked increase in the true contact area
occurs with sliding, and secondly, the area in contact represents
metal that has work hardened in the process of sliding. Thus, not
only has the area of contact increased with sliding but also the
tensile strength of the junctions has increased.

The adhesion and friction coefficients observed in table VIII for
polycrystalline copper are markedly greater than those observed in
reference 10Y. Some explanation is, therefore, n order. In
reference 119, the load employed was 1000 grams and the speed was
198 centimeters per second. At this high load and speed,
recrystallization of copper at the interface 1s known to occur
(ref. 106). Thus, the type and nature of the surface under the two
sets of experimental conditions were markedly different at the higher
loads and spez2ds. At the higher loads and speeds of the study
reported herein, however, such effects were not noted. It is quite
natural, theretore, to expect differences in the friction and edhesion
results when the intertace is different.

The results of table VIII indicate that differences in the
adhesion coefficients exist for different crystallographic planes of
copper., Furthermore, the results show that sliding markedly increases
the adhesion of two surfaces in contact. The only triction
coefficient that could be measured was that for the (1l11) plane, the
orientation exh*biting the lowest adhesion coeftticient. If the others
could have been measured, a correlation of friction with orientation
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might have been observed as was the correlation of adhesion with
orientation,

Adhesion and traction measurements were made with the (loo),
(110), and (111) planes contacting a (100) plane. In all three
experiments, sliding was in the (11U ) direction, The results obtained
are presented in table IX, The data indicate, as might be
anticipated, that pairs of matched planes exhibit higher adhesion
coefficients before sliding than do pairs of unmatched planes across

the interface or boundary differ. In all three experiments, the

friction coefficient during sliding was in excess ot 40.U,

A subgect of much interest, related to adhesion and orientation,
is that of the relative importance of solid solubility (refs. 1lUJ,
110, and 111) and crystal structure (ref. 103) on the adhesion ot
metal couples. Four experiments were selected to determine the
influence of solubility and crystal structure on adhesion anu
friction. In all of these experiments the (111) plane ot copper was
the rider surface. The results of the cohesion experiments for (111)
copper on (111) copper represent the first set ot results as they were
presented n table VIII. The second set of experiments represent the
(111) ot copper on the (111) of nickel with sliding in the preferred
ship direction. Both nickel and copper have a face-centered-cubic
structure and are completely soluble (100 percent).

The data of table X indicate that the adhesive forces ot copper
to nickel are less than the cohesive forces of copper to copper. The
sliding friction coefficient was also less. These results might be
anticipated since a difference (2 percent) in lattice parameters tor
the two crystal faces exists. Therefore, bonding across the intertace
could be expected to involve considerably more lattice strain than for
matched copper poles.

The third set of experiments involved the contact of the (111)
plane of copper on the (0001) basal plane of cobalt. Sliding was in
the (1120] direction on cobalt. It is interesting to note that while
cobalt is next to nickel in the periodic table and many of its
properties are similar, they differ in crystal structure. (obalt and
copper are partially soluble. An examination of the data in table X
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TABLE X,

- CUEFFICIENTS OF AUMESION AND FRICTIUN FUK

VARTOUS SINGLE-CRYSTAL ORIENTATIONS OF COPPLK

(10-11 torr, 20° C, 50 g)

Matched planes Adhesion Loefficient of Adhesion
coefficient friction@ coefficient
betore auring after
sliding sliding slhiding
(100)/(1ou) 1.02 >40.0 >13U
(110)/(100) .25 * 32.5
(111)/(100) . 20 40,0
e ——— e ——————————————

d5110na velocity, 0.001 em/sec, [110) dwrectaon,
sliding distance, 0.735 cn,

TABLE X. = CUEFFICIENT OF ADHESION ANU FKRICTION FOR VARIUUS SINGLE-

(RYSTAL METAL CUUPLES IN VACUUM (10-11 torr, S0 g)

Metal couples Adhesion Fraction Aghesion Solu- (rystal
anc orienta- before coetfricrente coefficient | able structures
tions slhaing durang after
shiaing sliding
— -4 1 e e e e et
Cu(lil) U, 3t 1.0 10.% $ Fol.L,
‘U\lll‘ '.L.L
Cu(lll) 1 Ve 4.0 Z.0 S EsCat
Ni(111)L 110 L
Cu(lll)[110] AU .0 9 S F.C.C.
Co(000T) 1120 Hex
&u(lll)élu | <0.05 1.40 . INS F.C.C.
W(1l0)[111] F.C.C.

as)iding velocity, 0.001 cm/sec, sliding distance, U.735 am.
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indicates that, while both cobualt and nickel are soluble n copper,
significantly lower friction and adhesion were obtained with copper
contacting cobalt that has only partral solubility., This ditference
may be related 1nopart to crystal structure,  Lopper dand tungsten are
msoluble and theretore adhesion ot copper to tungsten shoulu not
occur, txperiments were conducted to determine it adhesion would
occur and what effect sliding has on adhesion, The results are
presented in table X.

In table X the initial coefficient ot adhesion for copper to
tungsten was less than 0.05 - that is, less than that which could be
detected with the system. Wwith sliging, the friction coetficient was
1.40 and was relatively constant over the entire sliding period,

With copper contacting tungsten, a continuous decrease n
adhesion coefficient was observed with subsequent breaks. This
decrease reflects the nature ot the interfacial bond. The work of
reference llc¢ indicates a possible surface interaction in vacuum with

copper contacting the (110) face of tungsten.

TEXTURING

The mechanical processing of metal surfaces results most
frequently in the development of texturing (preferred orientation of
grains) n the superficial layer. The preferred orientations or
surface textures that develop depend greatly on the method of
mechanical finishing, For example, with a particular metal or alloy,
rolling may give a different texture tnan forging. tven 1f a surface
does not exhibit texturing on components prior to their use in
lubrication systems, the sliding, rubbing, or rolling process involved
in these systems can cause the development of surface textures.

A Timited amount of research has been conducted to determine the
influence of texturing on friction and wear dand the role playea in the
dynamic contact of lubrication system components in the development of
textures. Wilman and coworkers (refs. 113 ana 114) examined the
development of textures during abrasion. More recently, the texturing
of cobalt and cobalt alloys has been examined during the rubbing
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process (ref, 115), A systematic study is, however, still lacking,

A study was therefore conducted to determine the influence of sliding
on the development ot surface textures in elemental metals., Three
metals were selected for study as representatives of each ot the major
crystal systems 1n which alloys used in lubrication system. are
generally found. Iron was selected as representative ot
body-centered-cubic metal behavior, copper and nickel as
representative of the tace-centered-cubic system, and cobalt as the
close-packed-hexagonal representative, Fraiction experiments in ary
sliding were conducted with each metal shiding on tselt, wear
surfaces were then examined by X-ray analysis to determine the degree
and type of texturing.

[he copper disk and rider specimens used were YY,99b-percent
copper, The rron specimens were prepared trom 99.95-percent iron.
Lobalt disks and riuers were prepared from Y9.9*-percent cobalt., The
nickel was 99,99 percent pure,

The disk specimens were prepared by lapping, daramond polishing,
and finishing with 0.3 micrometer of alumina. The riders were given a
O,475-centimeter radius and then tinished with (40, 320, 400 and
00U grit metallurgical papers. They were finally polished with
2.0 macrometers of alumina,

The traiction experiments were conducted 1 g typrcal pain on disk
friction apoaratus such as that shown in tigure /i. The basic
components of the apparatus are a ob.cb-centimeter disk specimen
(1.2 cm thick) and a rider specimen with a 0.4/75-centimeter radius.
The disk specimen is rotated by a variable speed electric motor.
Speed can be varied from 300 to 5¢50 centimeters per minute. The
rider specimen 1s contained n an arm which has incorporated in it a
strain-qgage assembly for recording friction force. The rider 1s
dead-weight loaded against the disk. The disk and riger were ot the
same materials in edach experiment.

The apparatus 1s covered with 4 clear plastic box 1n which a
positive argon pressure can be maintained. while the argon purge was

not intended to exclude oxygen and water vapor totally, it was
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intended Lo minimize the concentration of these gdses and Lo maiwntain
a relataively constant environment from experiment to experiment,

The X=ray instrument contained a chromium targeted tube.
Kadratiron was filtered with a vanadium oxide falm,  Samples (disk
specimens) were mounted 1o special )1g on g standard gonmometer base
In an orienter goniostat, The sampie could be manually rotated about
1t own axis while counts were taner S0 that the intensities are
averages over a number of equally <paced points around the disk,

A pin hole collimator was useu because the wedr track was
normally only a few millimeters wide. The medirum resolution (MR)
soller slits were used at the detector, but no vertical slit was used,
the entire filter mounting fixture was removed to give the widest
possible angle of acceptance at the detector,

The schematic arrangement of the X-ray bean relative to the disk
is shown in figure 7Z. The primary beam (source) 15 directed into the
wear track. The reflected beam 1s collected with a counter. The wedr
track can be tilted n two directions (¢ and ) as ndicated n
figure /2. The texture of the wear surtace can be determined by
rotating in the ¢- and g-directions,

with the sample properly aligned, a randomly oriented, lapped
copper disa specimen gave a (l111) intensity that decreased by less
than 10 percent as the disk was tilted 60" from the normal (vertical)
position, This was done to show that the specimens prior to sliding
were truly randomly oriented.

STiding friction experiments were conducted in argon with copper
sliding on copper at three difterent loads of the rider against the
disk. The sliding velocity was 5.18 centimeters per second, and
sliding continued until the rider had achieved 100U passes against the
disk surtace. The resulting wear tracks generated on the copper disk
surface were then examined with X-ra» analysis. The (1ll) plane
intensity is plotted as a function of polar angle (1ts position
relative to the sliding direcvion) in figu.r 7

An examination of figure 73 indicates that the maximum (111)
intensity is achieved when tne polar angle ¢ is nearly normal. Titis




indicates that, as a result ot shaing, texturing ot the mitirally
random oriented surface layers has occurred, Figure /5 n combination
with the pole figure (polar plot) ot tigure 74 established that the
(ill) planes or preferred siip plancs in the tace-centered-cubic meta!
copper are oriented nearly parallel (withan 10°) to the slhiding
direction with the tilt of the planes in the direction ot sliding,
The elongation of the contour: perpendicular to the sliding direction
1s a consequence of curvature across the width of the wear trace and
scoring of one wear trace., Such wrreqularities produce a rotation of
the (111) about an axis parallel to the sliding girection,

In tigure 74 the small circle 1 the upper halt ot the pole

figure indicates maximum (111) wntensities,  The tact that the small

circle 1s not in the center of the pole tigure ngicates that the
(111) orientation is tilted out of normal to the slhiding direction,
Its position in the upper halt of the pole tigure is 10°, The dashed
line 1ndicates the area scanned.

The data of figure /3 obtained at three ditferent loads . cate
that the kind and degree of texturing 1s the same at all three "¢ ds
investigated. The data points for all three load conditions can be
plotted on a single curve, A curve obtained in an experiment
conducted at a SU-gram load showed significantly less texture, but the

wear track was very narrow. This indicates that the x-ray beam may

have sampled regions on either side of the wear track, and this could
have affected the results,

The (111) planes in copper, being the highest atomic density
planes, have the lowest surface energy. Also, since the distance
between these planes s great, easy slip and shear result, [t wouldg,
therefore, be anticipated that the orientation of these planes near
parallel to the sliding direction would result in a minimum in
friction. friction experiments substantiate this (refs. 1lo and lo).

To determine if surtace films (oxides and adsorbed layers) exert
an influence on the texturing behavior of copper, sliding experiments
were conductec in air. The results of these experiments were compared
to those obtained in argon. In tigure /5, the data point obtained in
air at 1000 pasces coincides with the one obtained in argon, which
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Figure 73. - X-ray analysis of copper wear track (lll1) intensity as
function of polar angle ¢. Copper sliding on copper in argon at
three loads; tota®! of 1C00 passes at sliding speed of 5.18

centimeters per second and ambient temperature of 23° C; specimen
rotated relative to sliding direction,

Figure 74, - X-ray (111) pole figure for surface texture developed on
copper disk surface as result of sliging, Sliding continued for
total of 1000 passes at slicing velocity ot 5,18 Jcentimeters per
second; load, 200 grams; ambient temperature, ¢3° C. Solid lines
are texture contours. numbers are counts per 1Y seconds; dashed
lines represent boundary of projected area which was scanned,
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Figure 75. - Texture peak intensity in copper wear track as function

of number of passes across surface in both air ana argon. Sliding
velocity, 5.18 cent meters per second, load, 30U grams, ambient
temperature, 23" C.
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ndicates that the absence of oxygen to replenish worn away surface
oxi1des does not affect the texturing of copper. This result may be
due to the relatively weak nature of the copper oxide,

The effect of repeated passes over the same surface on ine
texturing ot copper in argon 15 also denonstrated by the data in
fioure /5, At repeated passes to <400, there appears to be very
little intluence of the number of passes on texturing., At 6000
passes, a slight decrease in the degree ot surface texture appears
to have occurred., 1This slight decrease may be due to surface
recrystallization resulting vrom frictional heating.

To determine if, in fact, recrystallization were occurring, some
copper disk specimens were annealed after sliding. Ann_aling at
400° ¢ for 1 1/2 hours is sufficient for recrystallization of copper
(ref, 117).

OUne disk was annealed after sliding for 400 passes. The vefore
annealing curve was virtually the same as the curves ot figure /3,
indicating that the texture 1s fully developed, After annealing, the
height of the texture peak relative to its minima decreased n da way
identical to the decrease that occurred atter 6000 passes.

Another disk was annealed after sliding for 000U passes. In this
case, annealing produced no change in the height of the texture peak
relative to its minima.

The results of this study show that the fully developed texture
in copper is reduced by sliding in the same way that i1t 1s reduced by
recrystallization and that once it has been reduced by sliding no
further decrease occurs on annealing. This is consistent with the
hypothesis that extended sliding results in recrystallization.

With iron, a body-centered-cubic metal, not only the preferred
plane but the slip direction can be identified. The tr:angular symbols
in figure 7o indicate where peaks would occur it the sample were «
single crystal with its (110) face parallel to the surface and its
(111) direction in the sliding cirection. Except for the 10 tilt in
the direction of sliding, the wear surface has this texture.

Experimental results with copper indicated that the environment
exerted essentially no influence on texture results up to 1000
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Figure 76. - X-ray pole fig e for iron wear track after 1200 passes
of iron rider over iron disk surface. Sliding velocity, 5.18

centimeters per second; loac, 500 grams; in air at 23° C.

151




e maiantia e 0 L R e e e e i lamadl s Lt o o

passes,  Swuntlar environmental determnatirons were made tor ron as

were made for copper. Friction experimental results obtained 1n an

arqon environment are compared with experimental results obtainead n
air n taqure /7,

Fiqure 77 shows a plot of the (110) texture peak intensities as a
function of the number ot passes. In air the degree ot texturing
developed with sliding 1s greater than that observed in arqon, The
reduction of oxygen and water vapor results in less texturing in all
probability because ot a lack of replenishment of residudal surtace
oxide, As the residual surtace oxide 1S worn away in argon, it 1s not
replaced, and the amount of adhesion and adhesive transter increases.
with aghesive transter, large particles are removed trom the disk
surtace. Subsurtace fracture must occur to give rise to the
generation of these particles. Thus, 1t orientation subsurtace 1s
random, this random orientation is exposed to the X-ray beam
decreasing the total amount of texture observed. The net effect is a
decrease 1n peak intensity,

It would appear that the atorementioned nypothesis 1s supported
by the data in figure 7/7. In this figure the texture (110) peak
intensity decreases with an increase n the number of passes in
argon. In awr this decrease 1s not observed.

Goddard et al. (ret., 114) observed the development ot a basal
texture (CU01) on the surtace ot cobalt, a close-packed-hexagonal
metal, 1 shiding friction studies. This is the texture which might
be anticipated. In the present investigation, texturing was not
observed in cobalt in repeated sliding experments. It must be
indicated that the loads employed in this study were considerably less
than those cbtained by Goddard et al. (ref. 114). Since there are
notably tewer slip systems in the hexagonal metals (such as cobalt)
than n the cubic metals, texturing could be expected to be very

sensitive to load and more likely to occur at higher Joads.
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RECRYSTACL IZATION

Polycrystalline materials are aggregates ot individual
crystallites. The grain boundaries serve as atomic bridges to lina
the lattice of one crystallite with that ot an adjacent crystallite.
ihe greater the mismatch in aujacert orientations, the greater the
number of atoms serving to link the two orientations., Grain
boundaries 1n addition to having rRead-Shockley dislocations of their
own serve as a barrier to the motion of dislocations of the
crystallites. Such a structure could be expected to offter greater
resistance to shear and higher friction coefticients than single
crystais.,

Data obtained for single and polycrystalline iron at various
loads in sliding contact with polycrystalline aluminum oxide are
presented in figure /8. Aluminum oxide was selected as a mating
surface because adhesion of the iron to aluminum oxide occurs with
shear subsequently taking place in the iron. The resuits 1nuicdate
marked differences in friction for the two forms of iron. As load is
increased, the interface temperature increases ana recrystallization
occurs on the iron surface. This condition represents an increase in
friction for the single crystal. Although the surface at the
interface 1s textured, it contains grain boundaries which act as
barriers to dislocation motion. It represents a decrease in friction
for the polycrystalline metal because recrystallization 1s followed by
texturing, which reduces shear stress. At higher loads the friction
coefficients should be the same because the interfacial surface films
are the same.

Similar results to those obtained with iron were obtained with
the boay-centered-cubic, face-centered-cubic, and close-packed-
hexagonal metals. In general, recrystallization in the process of
sliding occurs at reiatively modest conditions ot load and speed. The
sliding velocity in figure /9y was only U.U0l centimeter per second.
The only means used to provide changes n interface frictional energy
was that of changing load. At a load of 3500 grams, recrystallization
of a metal such as tungsten could be achieved with relative ease,
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Figure 79. - X-ray diffraction pattern obtained from (110) aluminum
single crystal before and after erosion.
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indicating the extreme amount ot energy involved n the sliding
frictiron process,

The recrystallization temperatures ot metals are markedly
dependent on the amount of prior detormation that occurred for the
metals., Severe deformation of metals can readily reduce the
recrystallization temperatures by tu percent, To gain some insight
into a possible correlation between recrystallization temperatures for
metals and their sliding friction behavior, the recrystallization
temperature obtained for various metals trom the literature together
with friction coefficients obtaineud in the sliding triction studies
are presented in table XI.

Table X1 gives approximate recrystallization temperatures for the
various metals examined in this investigation as well as those of
titanium (examined in ref, 118). The approximate load at which the
friction was equivalent for the single-crystal ana the polycrystalline
metallic forms of each of the various metals correlates with the
recrystallization temperatures for these metals, that 1s, the higher
the recrystallization temperature, the greater the load necessary to
achieve surface recrystallization and to produce a markeg change in
friction properties. These results are extemely interesting in light
ot the fact that marked difterences exist in the thermal conductivity
characteristics of the various metals and in their abilities to aetorn.

It 1s well knewn that heat dissipation at the sliding interface
1s extremely important in the removal of frictional heat gencerated in
the process of sliding., It might be anticipated that good thermal
conductivity metals, such as copper, would exhibit a greater tendency
to carry away frictional heat from the sliding interface. 1Ihis then
results in a higher load required for recrystallization than for a
metal, such as nickel, which does not have the good thermal condi'ction
characteristics of copper. An examiration of table X1 indicates that,
while a 250° ( temperature difference exists in the recrystallization
temperatures for these two metals, a difference of only 100 grams in
load necessary for recrystallization exists. This difference

indicates that the loads for recrystallization are closer than might




TABLE XI. - RECRYSTALL IZATION TEMPERATURES AND LOADS AT

WhICh EQUIVALENT FRICTIUN CUEFFICIENTS wERE OBTAINEV

FOR SINGLE-CRYSTAL AND POLYCRYSTALL INE METALS

Metal Experimental load at which Approximated
friction 15 approximately recrystallization
equivalent for single-crystal tenperature,
and polycrystalline metal, y
Q
Copper <00 100
Nickel 30U 350
Iron 400 450
Titanium 500 700
Beryllium £00 You
Tungsten 3500 1¢u0

dThese temperatures from references 118, 119, andg 1c<U
are only approximate because amount of detormation
influerces these values.
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be anticipated from the marked aifference i1n recrystallization
temperatures,  lungsten has a recrystallization temperature ot
approximately 12007 (. At 3500 grams recrystallization was the Same
for the three forms of tungsten., Beryllium has a recrystallization
temperature of 900° C. The sameness in friction and load tor
producing recrystallization o shaing fraction and the difference in
recrystallization temperature between beryllium and tungsten may be
accounted for by the differences in crystal structure for beryllium
and tungsten, Single-crystal beryllium has a markedly lower tendency
to work harden thae tungsten (ret. 119). A lesser tendency to work
harden influences recrystallization n metals (ref., 1c0).
Furthermore, differences in friction coefficients for the two metals
are accompranied by aitferences in the heat generated at the interface,

From the results obtained in many >liding trictiocn experiments,
recrystallization and texturing must be coasidered n interpretation
ot fraction data. The recrystallization and texturing process
markedly influences the friction properties for metals in slhiding
contact.,

Marked differences exist in the friction characteristics for
single-crystal and polycrystalline torms of metals, with the
single-crystal forms exhibiting lower triction coeftficients in every
case. These results seem to indicate that large-grained structures
might exhibit lower friction than fine-grained metallic structures.
With recrystallization and texturing, the friction cocfficients pbecome
essentially the same for polycrystalline and single-crystal forms of
the same metal,

This recrystallization of metal surtaces was also demonstrateu by
the erosion behavior of aluminum single crystals. with erosion, there
1s not the rubbing of surtaces under load, but there 1s the
transmission of enerqgy by solid particles impinging a surface. [Three
aluminum single-crystal samples with three different orientations,
(100), (110) and (111), were prepared from the same stock and then
erosion tested for ¢ minutes. It might have been expected that the
different atomic planes with different atomic densities and cohesive

forces would cause different erosion resistances. However, the
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results listed in table XII clearly snow that the eruvsion rate 1s the
same, within experimental error, for all three orientations. This s
due to the tormation of a detormed recrystallized surface layer with
which the erodant particles interact and which is identical for all
the three crystals, The existence of such a detormed recrystallized
layer 1s demonstrated by the X-ray back-reflection photographs
obtained trom the (110) sample betcore and after erosion (fig. /7v).

The impact of the eroding particle< resulted 1n the destruction of tue
surface microstructure and the trar<formation to a polycrystalline
surface as a result ot recrystallization., The enerqy ot the wmpacting
particles is sufticient to cause recrystallization. Thus, all crystal
surfaces are essentially polycrystalline and theretore give tnhe same
erosion resistance.

LRYSTAL STRUCTURE

[he effect of crystal structure on the frictional behavior of
metals can be seen by comparing two metals that are quite swlar n
physical and chenical properties because of their relative positions
in the perioaic table or elements. Two such elements are rhodiun and
ruthenium, atomic numbers 45 and 44, respectively., Their basic
properties are similar, but they differ in crystal structure: rhodium
has a tace-centered-cubic structure, and ruthenium a close-packed-
hexagonal structure. The difference in their fraction properties is
shown in figure 80. Polycrystalline rhodium, when sliding on itself
in vacuum, has a very high friction coefficient and pronounced
stick-slip wmotion as indicated by the cross-hatched area of fiqure U
(representing the extremes in values obtained). In contrast to
rhodium, ruthenium exhibits a markedly lower friction coefficient
which remains relatively unchanged at temperatures to 500° C (fig. 80).

Similar differences in friction behavior have been noted with the
Group VIII elements iridium (atomic number /77) and osmium (atomic
number 76). Osmium, a ciose-packed-hexagonal metal, exhibits lower
friction than iridium, a face-centered-cubic element.
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Since the crystal structure of a4 material appears to intluence
friction behavior, then a metal which 1s allotropic should retlect n
friction results the etfect ¢t crystal transformation, Friction

studies with cobalt show that 1t does. The data in figure 8l are for

polycrystalline cobalt sliding on 1tselt in vacuum at various

temperatures., The crystal structure ot cobalt at room temperature 1s

close packed nexagonal, It transtorms a face-centered-cubic structure

at 417" (. The data in figure ol indicate that tne friction
coefticient 1s low (0.36) at temperatures up to s20° L oat which point
the friction begins to increase markedly until, at 550° C, complete

welding ot the specimens has occurred, If the weld at the interface

1S broken arnd the specimens cooled to room temperature, the traction
returns to near the original value (fig. 81).

wear 15 also intluenced markedly by the crystal structure of

cobalt, In the hexagonal form below 320° C (tig. 80) the wear is

100 times less than that at 400° L when crystal transformation to the

face-centered-cubic form has occurred, The wear 15 adhesive in nature,

Tin 15 used 'n the tield of lubrication to reduce friction and

wear 1n mechanical components, It 1s employed as a thin surtace film

because of 1ts low shear strength (ref, 1l¢l). It also has been used

in alloys for bearings for over 50 years (refs. lcc to 124). For

example, babbitt-metal bearing linings are frequently tin-base
alloys. These materials must frequently operate over a broad
temperature range. Depsite the extensive use of tin 1in lubrication,
very little tundamental research has been conducted relative to the

influence of various physical properties on the traiction anu wear of
tin,

Tin 1s polymorphic. It exists as the so-called gray tin at

temperatures below 13° ( and as white tin above this temperature

(ref, 125), Gray tin has a diamond type of crystal structure with

each tin atom tetrahedrally coordinated by four other tin atoms.

wWhite tin has a body-centered-tetragonal structure and appears as a

distorted diamond structure. The bonding of a tin atom is to four of

its neighbors at the corners of a flattened tetrahedron. Gray tin has

a more symmetrical structure than white tin, This difference is
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thought to be due to an electron-zone overlap present n white tin
which does not cxast an the more symmetrical gray twn (ret, 170,

Gray tin atoms can be pictured as stacking sheets composed of
continuously linked, "puckered" hexagonal rings of tin atoms parallel
to the (111) planes of the crystal,  Shear takes place wlony these
planes,

white tin, with 1ts tetragonal structure, slips on (l1lU) planes
in the (001 direction at low temperatures., At nigher temperatures,
slip takes place on the (110) planes, but the airection (111 1s the
preferred slip directron (ret, l¢/7). The critical resolved shear
stress necessary tor slhip in white tin (110) [OQUIJ 18 less than that
for nickel, It 15, however, greater than that necessary to initiate
slip 'n the noble metals copper, silver, ana gold (ret, 1),

With respect to strain herdening (below the recrystallization
temperature ), tin behaves more like the hexagonal metals (such as
cadmium) than like the tace-centered-cubic metals, which strain harden
very readily, For both the (100) and (110) orientations of tin,
crystals can be <trained as much as 500 percent with only about a
factor of ¢ increase n shear stress, Face-centered-cubic me%ils
(such as copper) experience a tactor of 500 Increase n shear stress
with as little as a bU-percent increase in stro‘n (ret, 1¢7).

The friction coetricient as a tunction of temperature was
measured with sliding in two crystalloaraphic directions on the tin
(110) crystal surface., txperiments were started at the higher
temperatures because of the possibility that recrystaliization would
occur with the cooling of the crystals below the crystal
transtormation at 13° C. The results obtained are preser “d in figure
8<.

An examination of figure &/ indicates that when siiding was in
the [001), or low-temperature-preferred, slip direction essentially no
change n friction coefficient was detected over the temperature range
of 15° to -100° (. Thus, the transformation had no etfect on the
friction coefficient when sliding was in the (OUl, direction,

when sliding was initiated in the (111), or high-temperature-
preferred, slip direction, the friction coefficient was markedly less
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than was ~bserved in the (001, slip direction at all temperatures. An
increase in friction coefticient was cbserved when reducing the
temperature beyond the crystal transformation at 13° C. Thus,
friction was sensitive to the transtormation when sliding was in the
(111] direction.

A recrystallization ot the tin crystals was anticipated with
passage through the crystal transftormation at 13° (. With repeated
experiments, no evidence ot recrystallization with transtormation was
observed,

It is of interest to note in figure 82 that the friction
coefficient for the body-centered-tetragonal structure of tin was
lower than that observed for the diamond structure. The opposite
result was anticipated. Adhesive bonding of tin to iren occurred for
both crystalline forms. Wwith <liding, however, shear wds more
effectively accomplished with the body-centered-tetragonal structure.
Thus, shear strength and resistance to shear were less for the
tetragonal structure. Furthermore, the (110) plane of tin is the
preferred slip plane with (001 and (111) being the preferred slip
directions., Thus, shear resistance is at a minimum for these
orientations (.ef. 128).

The width of the wear track generated on the tin crystal surface
varied with ioad and temperature. The variation of wear track width
with load at -100" C is presented in figure 83. As the load was
increased, the track widened. For a SU-gram load the wear track width
was more than twice as wide as it was for a l0-gram load.

The variation of track width with changes in temperature is
presented in figure 84, At a tixed load of 10 grams, there was no
marked change in track width with temperature from -100° to 15° C.
Above 15° (, which was above the crysta) transformation temperature,
the track width increased linearly with terperature. Below the
transformation temperatu e, tin is a semiconductor and relative
brittle. Thus, changes in temperature are not expected to exert much
intluence on surface deformation. Above the transformation
temperature, however, tin is a metal and ductile and deforms with load




i
r

Trach av®h T

‘ 0
08¢
‘ 0
|
("
4 N =
0. | | | | i
0 0 b} ] 40 % o0

Load g

Fiqure 83, - Track width on tin single-crystal surface as function of
load. Shiding velocity, 0.7 millimeter per minute, pressure, lo-b

newton per s

ire meter (ll"lU torr); temperature, -100° C, rider,

iren (110), sing'e pass,

Track ai@h mm

10/
08}
L X ()

| 0 o )/Y

(@]
(@]
m»
Tin crystal

[ transtormation

02l | ! | t | | o
1% 100 -50 0 50 100 1%

Temperature °C

Figure 84, - Track width on tin single-crystal surface as function of

temperature.

Shiding velocity, 0.7 millimeter per minute, load,

10 grams, pressure, 1lU=8 newtor per square meter (10'10 torr),
rider, iron (11i0); single pass.

lob




’

moa plastic manner,  Thus, track width ancreases with an increase an
temperature,

Shiding on the tin single-crystal surtace at 23" C resulted in
recrystalbization in the wear track. Grain boundaries were present in
the wear track, [in recrystallizes at -4° (. ~Thaing and
assocrated stramn supply (he necessary enerqy tor re.rystallization,
The recrystallization wes contined to the wear track.

Fraction experiments were conducted with polycrystalline tin and
alloys ot tin. Binary tin alloys containing l-atomic-percent bismuth,
copper, or aluminum were examined, Coetticients ot friction were
measured over the temperature range ot -100° to 150° C. The results
obtained n these experiments are presented n figure 8,

An exanination ot tigure ob andicates that there was a change n
the triction coefticient ot polycrystalline tain at the transtormation
temperature. Just as shown by the single-crystal results n tigure U
for the (110) [111) orienvation, traiction increased with
transtormation trom the body-centered-tetragonal to the diramond
structure., The fraction coettaicient ot polycrystalline tin was, at
all temperatures, higher than those observed tor the single-crystai
orientations in tiqure 8. This observation 1s consistent with the
friction results tor hexagonal metals in their single-crystal and
polycrystalline torms,

Brsmuth added to tin completely eliminated the crystal
transformation in tin (fig. 65). No change in the traction
coefficient was observed as the alloy passed through the crystal
transtormation region.

Aluminum and copper both ancreased the kinetics ot the otherwise
sluggish transtormation frem the body-centered-tetragonal torm to the
diamond torm of tin. With both copper and aluminum a marked change 1in
friction coetficient was observed as these alloys passed through the
crystal transtormatien, The presence ot aluminum in tin produced d
nearly twofold decrease 1n the friction coetticient with the
transtormation from the diamond form of tin to the body-centered-

tetragonal form, Thus, the data in tigure 8b i1ndicate that the
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effects of the crystal transtormation wn tin on the friction

coefficient can be controllea by proper alloying.
URDER-DISORDER

The arrangement of atoms 1s not only important to pure metals, as
discussed earlier, but it 1s also important to the friction behavior
of alloys. It has been found that certain intermetallic compounds
exhibit ditterent distributions of atoms A in a lattice of B atoms.
when A atoms take up reqular sites such that they are uniformly
distributed throughout the lattice, as shown in figure bo for LuJAu,
the structure 1s said to be ordered. The effect ot this orderly
arrangement of atoms on friction and elasticity and hardness related
to friction is shown in figure &/, triction 1s lowest when the alloy
1s in the ordered state. Transtormation to the disordered atomic
state results in a decrease 1. hardness and elasticity and an increase
in the friction coetficient.

The copper-gola alloy CuAu also undergoes a transformation from
the ordered to the disordered state. The transformation occurs at
410° (. Friction experiments were conducted with the Cunu alloy
sliding on 440-C stainless steel in vacuum. Wwith the alloy n the
ordered state, a triction coetticient of 0.3¢ was obtained. An
increase in sliding velocity (and hence nterface temperature) showed
a change in friction properties., At about 350 centimeters per second
a marked increase was observed. At higher sliding velocities, the
friction again began to decrease. This decrease may reflect a general
de rease in mechanical properties with increasing temperature.

A samilar etfect was noted with LujAu at these higher velocities.
The sharp increase n friction coefficient is believeu to reflect the
transformation from the ordered to the disordered state for CuAu.

In order to substantiate turther the influence of ordering on
CuAu, a specimen was deliberately disordered before a friction
experiment was performed. With Luilu 1n the disordered state and
sliding on 440-C stainless steel, a triction coefficient ot about

1.2 was obtained over the entire range of sliding velocities

io8
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Figure 87. - Hardness, Young's modulus, and coefficient of friction for
CuzAu (75 at. % copper - 25 at. % gold) sliding on 440-C stainless
steg] at various temperatures. Load, 1000 grams, ambient pressure,
10-7 torr.
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investigated, There were no changes such as reflected when ordering
was present,

Exaniination ot fraction coefticients from the ordered to the
disordered state in the transtormation region did not reflect an
increase in fraction to 1.2, the value observed when the structure was
deliberately disordered before the experiment., This may be due to
incomplete transformation from the ordered to the disordered state,
when CuAu transforms from the ordered to the disordered state,
long-range order is destroyed, but short-range order still persists
above the transformation temperature, This may not be observed for
Lu3Au because of an abrupt change n properties with transformation.

A friction experiment was also conducted with CuAu sliding on
440-C stainless steel in vacuum at various ambient temperatures, the
results are presented in figure b8, At a constant velocity of
198 centimeters per second the friction at 20° C was the same as that
obtained in tiqure &7 for Luhu. A slight decrease in friction was
observed, then a marked increase at Z80° C to 1.27. This change in
friction is again believed to reflect the transformation from the
ordered to the disordered state,

Hardness data at various temperatures were also obtained tor
CuAu, and these results are also presented in figure st. [n the
temperature reqgion for transformation a decrease in hardness was
observed. These results are similar to those obtained with Lu3Au
and indicate the influen-e of the order-disorder transformation on
properties other than friction.

DEGREE OF METALLIC NATURE

Pauling in 1948 fcrmulated a resonating-valence-bond theory ot
metals and intermetallic compounds in which numerical values could be
placed on the bonding character of the various transition elements
(ref. 76). while there have been critics of this theory, it appears
to be the most plausible in explaining the interfacial interactions of
transition metals in contact with themselves and other metals.
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when two metal surtaces are placed 1n contact in the atomcally
clean state, the intermetallic bonas that form are going to depend
heavily on the character of the bonding in each of the metals., Une
might predict trom Pauling's theory that those metals with strong «
character would be less liwkely to wnteract, forming strong interfacial
bonds with other metals, than those metals which do not have this
strong character,

Adhesion and friction experiments have been conducted with
transition metals both in bulk and tmin=t1lm torm, Results for bulk
metal triction measurements are presented 1n figure 6Y, The surtace
In contact with each of the transition metals in tigure &Y was a gold
(111) surtace. The data in figure &9 ndicate a decrease in friction
with an increase n the d character ot the metallic bond. Similar
results were obtained in adhesion experiments.,

when thin thvims (000 R) of some of the transition metals
exanmined in figure 89 were placed on a quartz substrate by sputter
deposition and examined n adhesion and friction experiments, adhesion
and fraction to iron decreased with increasing d-bond character. With
iron and those metals having stronger d-bond character (e.q.,
platinum), the interface between the transition metal and the quartz
substrate was wedaker thdn that between the gold and the transition
metal, and with tangential motion the metal t1lm separatea trom the
quartz substrate. With iron an abrupt decrease occurred in friction,
and with all the metals which separated from the qudrtz the friction
was essentially the same as that for gold 1n contact with qguartz.

Metals are not always in contact with other metals, frequently,
they are in solid-state contact with nonmetals. Uoes the d-valence
bond chdaracter concept as developed by Pauling still nhold when the
transition metals slide on various nonmetals?

Shiding friction experiments were conducted with ferrite in
contact with a number of transition metals. The friction traces with
metal-territe couples are generally characterized by smoothly
t luctuating behavior with no evidence of stick-slip, but the traces
under high loads are characterized by stick-siip behavior. With the
more chemically active metal titanium marked stick-slip behavior
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Figure 89, - Coefficient of friction as function of percent d-bond |
character for various metals. Sliding velocity, 0.7 millimeter per
minute, load, 1 gram; temperature, 23 (,; and pressure, 10-8 torr.
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appears at a load of 0.Z newton, whereds with the less chemically
actave metal rhodium stick=ship behavior appears under higher loads of
0.3 newton or more, lThe coetticrents ot traction tor various metals
shiding on territe were unattected by load 1n the range of U.US to
U.b newton,

The coettrcients of friction tor various metals with ferrite are
presented 1n tigure YU as a tunctiron ot the d-bondg character of the
transition metal, There appears to be good agreement tetween the
coefficient of triction and the chemical activity of the transition
metals, Trtanmum, which has a strong chemaical attainity for the ron
and oxyqen n o ferrite, exhibits a considerably nigner coetticient of
traiction in contact with territe than does rhodium, which has @ lesser
affinity tor these two elements,

The d-valence bond character of the transition metals ntluences
the coetficient of traction tor metals n contact with siiicon carbide
Just as 1t does tor metals wnocontact with themselves and ferrite
(ret. 1Y), Unly the slope of the curve 15 observed to change,

The gata n tigure Y1 narcate the coetticients of tractien for
some of the transitiron metals n contact with a single-crystal dramond
(I11) surtace as a tunction ot the d-bond character ot the metal,

The data indicate a decrease 1 fraction with an increase in d-bond
character. Ditanmium and zirconium, which are chemically very active
when 1n contact with diamond, exhibit very strong interfaciel aghesive
bonding to dramond. In contrast, rhodium and rhenium, which have a
very high percentage of d-bond character, have relatively low
coefficients of friction, Figure Yl also presents the friction data
for a diamond surface 1 sliding contact with a yttrium surface.
Yttrium gives a higher coefficient of friction than that estimated
from the data of other metals. This may be due to the effect of
oxygen. An argon-sputter-cleaned yttrium surface seems to be covered
by an oxide surtace layer., It is very difficult to remove the oxide
surface layer from yttrium by arqgon-sputter cleaning for 30 to

60 minutes., The etfects of oxygen in increasing the friction is
related to the relative chemical thermodynamic properties and bonding
of carbon to oxygen, The greater the degree of bonding across the
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Figure Y90. - Coefficient of friction as function of percent d-bond
character of various metals in sliding contact with single-crystal
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intertace, the haigher the coettaicient of traction, o the case ot
yttraum, oxygen on the surtace tends to strongly chemically bond tne

yttrium to the dramond surface,

SHEAK STRENGIHS AND FRICTION PROPERTIES

A clean metal an o shiding contact with a clean nonmetal or the
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metal 1tselt tails erther 1n tension or 1n snear because the
Iintertacial bonds are generally stronger than the cohesive bonds n
the conesively weaker metal, The tairled metal subsequently transters
to nonimetal lic material or the other contacting metal, [n adhesion,
tensile fracture 1s usually 1nvolved; o shiding triction, the netal
shear strength 1s extremely inportant. The relationship between the
1deal anu actual shear strengths and the friction properties of metals
In contact with metals and nonmetals 15 now arscussed.,  The 1deal
shedar strength foay of & 5011d subjected to a swple shear mode ot
deformation s estimated (ret, 130). The actual shear strengths tor
the metals are taken from the data of bradgman (ret, 1sl). The
nonmetals examinead included single-crystal dramond, pyrolytic boron
mitrioc, single-crystal silicon carbige, and single-crystal
manganese - z2inc territe,

with regard to the adhesion and triction ot metals an contact
with nonmetals or themselves, pure metals, nigh purity nonmetals, and
a good experimental vacuum system (10‘“ Pa) were used to ensure a
high degree of purity ana cleaniness, well-detined mechanical,
physical, and chemical behavior, and environment, and to tacilitate
the determination of the etfect of material benhavior. The mecals,
nonmetals, apparatus, and experimental procedures related to the
results reported herein have already beern described n reterence leYy,

The generally acceptea thinking with respect to tracture of
solids 15 that ot the 1deal elastic solia or one which exhibits
elastic response to a loaag until such time as atonic separation takes
place on a plane by overcoming the interatomic torces. At the

atomstic level fracture occurs when bonds between atoums are broken
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across a fracture plane and a new surface 15 created. This can occur
by breaking bonds perpendicular to the fracture plane (fig, Y/(a)) or
by shearing bonds across the fracture plane (fig. 94(b)). Such
behavior 1s expected in the case of an ideal crystalline solid which
| contains no defects of any kind. At this level the fracture criteria |

are simple, fracture occurs when the local stress builds up erther to
the theoretical cohesive strength or to the theoretical shear J
strength, The theoretical cohesive strength is discussed in
reference 13,
The calculation of the theoretical cohesive strength of an 1deal
b elastic solid 1s based on the proposition that all the energy ot

separation 1s available for the creation of two new surfaces, the only

expenditure 1n creating these two surfaces 15 dassumed to be the

’ surface energy., It atoms A and A' in figure Y(a) are pulled
apart, the stress required to separate the plane 15 the theoretical
strength Omax® 4Nd when that 15 reached, the bonds are broken, The
theoretical strength (the 1deal uniraxial tensile strength) 1s then

i given by the well-known equairon

|

‘! “max * (.Jl ()

’ where t is the appropriate Young's modulus, y the surface energy

. per unit area, and d tne interplanar spacing of the planes

> perpendicular to the tensile axis (refs. 133 to 13b). In this

[ equation the 1deal strength of the solid 1s directly related to other

macroscopic physical properties, Ihne foregoing approach 1s equally
applicable to any solid. Ftrenkel uied a samilar method to estimate

the 1deal shear strength Onax Of @ solid subjected to a swmple

T shear mode of deformation (refs. 7 or 13). It is assumed that, for
any solid, the shear stress to shear any plane a distance x over its
neighbor was given by

T =K sin 1%5 ()
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Fiqure 92. - fracture vieweu at atomistic level in terms of bre-xking of

atomic bonds.
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where b 15 the appropriate repedt distance in the directiron ot
shear. The planes are dassumed to be undistorted by the shear. K 1S

chosen to give the correct shear modulus G. It can then be shown that ‘

~ Gb

X max  Znd

(3)

where d is the interplanar spacing of the shearing planes.

The values tor the 1deal shear strength were obtained from
equation (3). It 1s assumed that the slip occurred on the slip plane
in the slip direction.

This type of analysis of the 1deal shear strength generally
produces a correlation with friction properties ot metals in contact
with nonmetals ani themselves (fig. Y3). The coefficient of friction
data used tor various clean metals 1n contact with clean diamond,
pyrolytic boron nitride, silicon carbide, manganese - zinc ferrite,
and metals themselves were from retferences 129 and 137 to 139,

Figures Y3 to Y6 present the coefficients of ftriction as
functions of the ideal shear strength for metals in contact with
various nonmetals. The data ot these fiqures inaicate a decrease 1n

friction with an increase n the i1deal shear strength of the metal

bond.

The shear strength values tor the body-centered-cubic metals are
, average values calculated from the values of the shear strength tor
three dominant slip systems. Those for the hexagonal metals are
average values calculated from the values of the shear strength for
two dominant slip systems - that is, {1010} (1120) and {0uUl} (1120).
There appears to be particularly good agreement between the friction
of metals in contact with silicon carbide and the 1deal shear strength
(fig. 93).
p Thus, the physical properties and the crystallographic system

play imperranc roles in adhesion and friction o. metals contacting

nonmetals or metals contacting themselves. These simple calculations
of the ideal strength and the correlation between the friction and the
strength can be criticized on a variety of grounds. The extent of
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slip in a crystal depends on the magnitude of the shearing stresses
produced by the applied forces and the orientation ot the crystal with
respect to these applied forces. This variation can be rationalized
by the concept of the crystal's resolved shear stress for slip.
Depsite the foregoing, the results ot the relationship between the
coefficient of friction and the idecl strength may lead to an
appreciation for the role of the physical properties of materials in
determining the tribological properties and the mechanical behavior ot
metals.

A good correlation between the coefficient of friction and the
shear modulus was also found with metals contacting nonmetals and
metals. The correlations are very similar to those between the
coetficient of friction and the shear strenoth (fig. 93).

SURFACE SEGREGATION

Many friction, wear, and lubrication studies are performed on
materials that are either alloys or have rclatively hign bulk
concentrations of contaminants such as carbon. The assumption is
often made that bulk properties reflect surface effects. In the past
15 years, the ability to characterize surfaces has advanced greatly.
LEED {low-energy electron diffraction) (ret. 140) has been used to
examine changes in the surface structure of single crystals. AES
(Auger emission spectroscopy) (refs. 141 and b8) has been used to
determine surface composition both qualitatively and quantitatively.
The ability now exists to examine to what degree bulk composition
reflects surface structure and composition.

Results are presented herein on some alloys systems - single
crystals of Cu - l-atomic-percent Al, Cu - 5-atomic-percent Al,

Cu - lO-atomic-percent Al, and Cu - l-atomic-percent Sn and
polycrystalline Fe - l0-atomic-percent Al. AES, ! cED, adhesion, and
friction experiments were performed on samples of the alloys indicated
in addition to performing sputtering studies. The results of the
studies demonstrate that bulk conditions do not reflect surface
conditions in that in each case the minor constituent segregated at
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the surface, In addition, fraction and adhesion data ndicate effects
that are much larger than would be expected from bulk cencentrations,
A model tor the surface seqgregation mechanism is also discussed in
references 108 and 142 to 145,

The copper-aluminum crystals studied were cylinders varying from
0.6 to U.8 centimeter (both in radius and height). The copper-tin
crystals were rectangular prisms l.J by 0.85 by 0.5 centimeter. Both
crystals were oriented in the (111) direction. The copper-aluminum
Cryctals were substitutional solid solutions having 1-, 5-, and
l0-atomic-percent aluminum in copper. The copper-tin crystal was 4
solid solution with 1 atomic percent tin in copper. The crystals,
triple-zone refined, contained no more than 10 ppm mpurities. Pure
aluminum and copper crystals were used as standards for the AES
studies. The crystals were polished to 600 grit on metallurgical
papers and then electropolished in orthophosphoric acid.

The iron-aluminum alloys studied were polycrystalline solid
solutions made by vacuum melting from $9.99 percent “ron and 99.9Y
percenct aluminum, The iron alloys were machined into disks and pins
used in the friction experiments, These samples were given a final
polish with aluminga in water.

A disk of iron - lO-atomic-percent aluminum was used for the ALS
studies. This sample was electropolished in orthophosphoric acid
before mounting in the vacuum syswiem. High-pui'ity research grade
argon was used for sputtering the crystals.

The apparatus used for the ALS-LEcD and adhesion studies is
described in references 156 to 158. The specimen studied could be
rotated 360° to allow AES, LELD, and adhesive contact analyses as well
as ion-bombardment cleaning. The vacuum system consisted of sorption
pumps, an ion pump, and a sublimation pump, which enabled obtaining
system pressures of 2:(10'10 torr when data were taken.

Friction experiments on the iron-aluminum alloys were performed
in the rider-disk apparatus described in reference 143. Riders and
disks were formed from the same material. A plexiglass box containing

the frict.on apparatus was continuously purged at a positive pressure
with dry arcuw
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The surtaces ot all samples used in the ALSAEED studies were
cleaned by first outgassing at 500" C until the cystem pressure
reached the lU'lO torr range <nd then by alternately sputtering and
heating until the principal ympurity peaks - carbon, sulfur, and
oxygen - were removed from the ALS spectrum.

To demonstrate surface segregation, the same procedure was used
for all the alloys. The alloys were first sputtered for iong times to
remove many layers. An ALS trace was taken after sputtering. The
crysta's were then heated at temperatures from 100° to 700° C, and
after heating the crystals were allowed to cool to room temperature.
AES traces were then taken in regions which displayed the peaks of
interest.

The adhesion experiments were performed by making contacts
between the crystal ot interest and a gold crystal oriented in the
(111) direction. For the copper-aluminum alloys, the crystals were
cleaned, and then the amount ot force necessary to break the bond
resulting from a “O-milligram load was determined. With the copper -
i -atomic-percent ti. alloy the amount of force necessary to break the
bond formed was determined after sputtering ant after heating.

Friction coefficients were determined for the iron - l0-atomic-

percent aluminum alloy and pure iron with the rider-disk apparatus.

The experiments were performed with varying percentages of stearic
acid in hexadacane as a lubricant. The load used was <50 grams, and
the sliding velocity was 3.8 centimeters per second.

The results of the surtace segregation studies are shown in table
XIIIl for all the ..loy systems studied. The alloys all show surface
‘ concentrations much higher than bulk concentration. Surface
segregation occurred readily at 200° C in the copper systems. The
iron system was checked only at 500° C, but it should behave similarly
at 200" (. In interpreting these results, sever2] assumptions were
made. First, atter sputtering and removing many layers (>1350) the
peak to peak amplitude of the minor constituent Auger peak 1S assumed
to reflect bulk concentration. Wehner (ref. 140) points out that this
is a reasonable assumption. [Ihe peck to peak amplitude of the minor
constituent Auger peak after heatinc is assumed to be linearly related
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TABLE XIII. - MAXIMUM (OVERAGE OF MINOR CONSTITUENT ON ALLOY SURFALES

Alloy Ratio of surface con- | Atomic size from lattice nearest
centration to bulk neighbor distance
concentration

Cu-1 at. % Al 6.5 Cu - 2.56 & (f.c.c.)

Cu-5 at. % Al 4.5 Al - 2.862 A (f.c.c.)

Cu-10 at. % Al 3.1 Sn - 3.022 A (tetragonal)

Cu-1 at. % Sn 15.0%2 Fe - 2.481 A (b.c.c.)

Fe-10 at. % Al 8.0

Note: Atomic size gives a rough measure of the amount that the alloy

atom strains the parent lattice.
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to the post-sputtering amplitude., This gave a way of calibrating the

concentration 1n the surtace region, A discussion of the use of Auger

spectroscopy for quantitative analysis can be found in the literature

(refs. 141 and 08). |
LEttD gave an independent means for checking surface changes.

Figure 94 gives LEED patterns and their interpretation fe- the

copper-aluminum (Lu-Al) system. The Cu - l-atomic-percent Al crystal

(not shown) had no additional spots in its pattern. The Lu -

S>-atomic-percent Al crystal had faint extra spots indicating a

partially formed layer (ref. 147). The copper - l-percent tin crystal

gave the same LEED pattern as the higher concentration copper-aluminum
crystals., LEED patterns give the correct symmetrics for a surtace,
but distances appear as reciprocals.

Interpretation of the LttD patterns (fig. 94(c)) n terms of the
real crystal structure suggests that the minor constituent pops out
onto the surface and diffuses to preferred locations. The LEED
results agree with the AES results tor surface coverage with the
Cu - l0-atomic-percent Al sample. Assuming only two layers are being
sampled by AtS following segregation and only one layer betore LtED
observations would predict a conzentration of 0.33 for the top layer

e — R R R T T S R AL LS. A Sy -

and 0.1 for the next layer giving a total of 4.3 times, which agrees
well with the maximum coverage observed by AES. The Cu - l-atomic-
] percent Sn crystal had the same LEEU pactern with well-definea spots.
Since the iron sample was polycrystalline, no well-defined LEED
pattern could be discerned. The results of controlled sputtering
studies on the (u - l0-atomic-percent Al crystals also set two layers
as an upper bound on the region of increased concentration.

Figure 95 shows the results of sputtering, heating to the
indicated temperature for 30 minutes, and then cooling to room
temperature before taking an Auger trace on the copper-aluminum

| alloys. Two features can be observed in these curves: first, the
surface concentration depends on bulk concentration, and second, the

» concentration saturates with temperature.

These and the previous observations lead to an interpretation of
the results as being segregated at the surface. An analogy between
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surface segregation and grain boundary segregation can be readily
made. As McClean (ref. 108) describes for the grain boundary case,
when the solute atom is large compared to the space available in the
solvent, lattice strain results. This strain can be relieved by
having the solvent ocLupy a less strained position in the grain
boundary or on the surface in this case. In addition, there is
another contribution to reducing the energy from valence interactions
with the excess electronic charge in the grain boundary or on the
surface. It should be pointed out that segregation of the minor
component is the equilibrium condition (i.e., the condition of lowest
free energy) and should be expected as the normal state of the
surface. Sputtering in the experimernts creates a nonequilibrium
condition, However, at room temperature, diffusion 1s slow and,
consequently, the approach to equilibrium is slow. Heating allows the
surface to approach equilibrium rapidly. Heating and stresses
experienced in friction experiments could also act as mechanisms
promoting the rapid approach to equilibrium,

McClean has an expression based on a statistical thermodynamic
argument that descr.les the equilibrium grain boundary or surface
concentretion as a function of bulk concentration, temperature, and
retrieval energy:

L ewRT
Cy = 2 q7RT (1)
1 Co* Lo
where
Cd fractional grain boundary or surface concentration of the
solute
Co fractional bulk concentration of the solute
Q retrieval energy gained by segregation
R gas constant
T temperature

The data in figure 94 are interpreted as representing the room
temperature equilibrium concentrations. The saturation at high
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temperature reflects the fact that for T > 300° C, (g™ L, and,
consequently, no change 1s observed in what is precipitated onto the
surface in the ccoling process by heating or higher temperatures.

The ( calculated for the three copper-aluminum samples

( 1150 :328 cal/mole for (u - l-atomic-percent Al, 1040 :ﬁ?g cal/mole
for 5-atomic-percent Al, and 1190 :288 cal/mole for l0-atomic-
percent Al) are in resonable agreement with each other. These values
are smaller than the strain energy in the bulk, but this is to be
expected, The aluminum in iron and the copper-tin samples show much
higher surface concentrations than copper-aluminum. This result might
be expected on the basis of this model since the copper-tin and the
iron-aluminum misfits are larger and bulk elastic properties are
different from copper-aluminum, consequently, a higher strain energy
and hence higher surtface concentration for a given temperature might
be expected,

An important point to be made from the results of these studies
is that in performing adhesion and friction experiments the surface
conditions may vary radically trom bulk concentration, since most
materials used are either ailoys or have bulk contaminants such as
carbon or sulfur. In addition, surface chemistry may be radically
affected by these surface conditions and surface reaction may not be
at all what would be expected if bulk concentrations are assumed.

Figure 96 summarizes the results of adhesion experiments on a set
of copper-aluminum alloys and a copper-tin alloy with a gold (111)
single crystal. In the case of copper-aluminum, small percentages of
aluminum in these alloys radically affect the adhesive properties as
compared with pure copper, in fact, the bonding force rapidly
approaches that observed with pure aluminum-gold.

For the copper-tin specimen (fig. 96), a somewhat different
experiment was performed. The¢ adhesive behavior following sputtering
and heating was observed. As can be seen, after heating the adhesive
bonding force is reduced. This behavior can readily be explained by
using the results of the surface segregation experiments. As shown
there, the solute is popping out onto the surface and presenting a
substantially different surface to the gold crystal. One would a
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priori expect that the affects on adhesion would only retlect bulk
concentration if surface segregation did not occur. Large changes in
surface properties with adsorption are well known, For example, the
work function of tungsten changes radically with cesium adsorption
(ref. 148). At 0.7 monolayer the work function drops trom 5 to

1.47 electron volts. At 1 monolayer it 1s Z.18 electron volts,
approximately the work function of pure cesium., Therefore, i1t is not
surprising that 1f indeed the solute atom were popping out onto the
surface, large changes in adhesive bLehavior would be expected.

Friction experiments showed that surtace segregation has
practical relevance. Friction experiments were performed on a number
of polycrystalline iron-aluminum (Fe-Al) alloys. The results on
Fe - l0-atomic-percent Al upon which ALS surface segregation
experiments were performed are presented as typical examples ot the
results, Figure Y7 shows the variation of friction coefficient for a
surface lubricated with hexadecane containing varying percentages of
stearic acid. The dry friction coefficients are much higher than for
pure iron as would be expected from both the ALS results on
iron-aluminum and the adhesive behavior. The lubricated friction
benavior with stearic acid present also varied greatly from pure iron,
this indicates that changes in surtace chemistry occurred with the
Fe - lO-atomic-percent Al alloy.

Therefore, even in the friction process where the surtace layer
could be worn away, surface segregation can be occurring to replenish
the worn layer and can be producing marked changes. As stated
earlier, lattice stress along with thermal effects could be sufficient
to promote surtace segregation.

Alteration in both adhesive and friction properties of alloys or
materials containing contaminants may occur much in excess of what
wou'ld be expected on the basis of bulk concentration. This effect has
been seen with copper-aluminum, copper-tin, and iron-aluminum alloys.
AES and LEED can be used to supplement experimental observation in
practical fric* on studies and aid n the interpretation of results.

AES and LEED have shown that conclusions based only on bulk
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composition of materials can lead to a misinterpretation of
experimental results.

METAL ALLOY EFFECTS

In practical lubrication systems the mechanical components in
solid-state contact are most frequently alloys rather than elemental
metals. The composition of these alloy surfaces are important in
considering the chemi.a® interactions of such solids with other
solids, with gases, and with lubricants. Even where elemental metals
are used, the surfaces of these metals may have compositions entirely
different from the bulk which results from impurity segregation.

The field of tribology contains a number of excellent texts.

Many of these books do not, however, discuss the real nature of the
surface to be lubricated (see, e.g., refs. 36 and 149 to 151). Much
attention is given to the chemistry of the lubricant but little to the
chemistry of the alloy surface to be lubricated. In fairness to the
authors of these texts the identification of these surfaces with
surface tools just began to emerge at the time these texts were
written, Future texts on the subject should, however, not neglect the
importance of the metal or alloy surface chemistry and the interaction
of the lubricant with that surface chemistry.

With elemental metals, the effect of small concentrations of
impurities such as parts per million carbon in iron have been shown to
affect surface chemistry. This was discussed earlier in this thesis.
Similar effects have been observed with other impurity elements in a
number of different metals.

The presence of small concentrations of alloying elements can
alter environmental surface interactions. Certain alloying elements
may react more readily with the oxygen present in the environment than
would other elements. These differences in reactivity of various
elements with oxygen can alter friction and wear behavior.

In figure 98 the friction coefficient is plotted as a function of
oxygen exposure for iron and for an Fe - 3.5-percent Si alloy. Prior
to the admissior of oxygen, the friction coefficient is extremely high
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for the alloy, and the pure iron seizes completely. As the surfaces
are exposed to oxygen, the fraction for both the alloy and the
elemental iron decrease, This decrease occurs, however, much more
rapidly for the alloy than tor the iron, The difference is due to the
segregated silicon and 1ts interaction with oxygen at the surtace.

The sliding process is capable of generating sufficient frictional
heating to cause the silicon to segregate at the alloy surface. Auger
analysis confirmed its presence. The alloying element silicon has
markedly changed surface chemistry.

Cast irons, because of their good resistance to wear, have been
used in a wide variety of rechanical systems for many years. They
have been used in piston rings, bearings, brakes, seals, and so forth,

fhe wear resitance of cast irons depends very heavily on the
elements and structures present, The influence of alloying elements
on wear behavior of cast irons was recognized very early (ref. 152).
Disagreement, however, has existed as to the specific role ot certain
elements in affcerding wear resistance (ref. 125, p. 222).

In general, i1t 1s thought that wear decreases with increased
pearlite and graphite content (ref. 35, p. 318). Furthermore, those
elements which tend to increase hardness of the cast iron increase
resistance to wear (ref. 153).

Friction and wear experiments were conaucted in argon with the
gray cast irons., Tho results obtained are presented in figure 99.
Both friction and wear were reduced with increasing carbon content ot
the gray cast iron. A Z-percent increase in carbon content resulted
in a fourtold decrease in the friction coefficient, Furthermore, a
linear reduction in wear track widtin occurred with increasng carbon
content. Surface profilometer examinations of the wear tracks
indicated that wear occurred to the cast iron. The wear profile deptn
was not hemispherical as might be observed when the flat undergoes
plastic deformation but was generally equidistant in depth from the
surface along with width of the track.

The load applied to the steel ball to obtain the results of
figure 99 was 50 grams. To determine the effect of load on friction
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and wear, experiments were conducted at various loads from 50 to

250 grams for a gray cast iron having 4,32-percent carbon. The
friction coefficient decreased with increasing load to 150 grams and
then remained unchanged with turther increases in load. (onsidering
that sliding was conducted under dry, unlubricated conditions, the
friction is extremely low at the higher loads, 0.15.

The wear of the gray cast iron is a direct linear function of the
track width. The greater ...e load, the greater is the wear.

Figure 100 is a photomicrograph of the wear scar on the
3.02-percent gray cast iron structure. The graphite flakes have been
smeared out over the surface as a result of the rubbing process.

'n reference 154 the observation was made that wear to cast iron was
affected by the size and distribution of graphite flakes. Wear was
found to be related to total carbon content, and the greater the
carbon content, the greater the fraction of contact surface area
covered by smeared graphite. This would seem to indicate that a
relationship exists between graphite content and wear for cast iron,

In an ordinary air environment, the surface layers on the surface
of cast iron have been found to be a mixture of graphite and iron
oxide (Fej0,) (ret. 155). With the argon environment used herein,
the surface present in the wear track shown in figure 100 must be
considered to be essentially graphite with a minimal amount of normal
residual surface oxide.

The results obtained in figures 99 and 100 were for flake
graphite in gray cast iron. Studies have been conducted on spheroidal
graphite in cast iron (ref. 150). While the author of reference 174
did not specifically examine the eftect of carbon content on friction
and wear, he did conclude that the wear characteristics of spheroidal
graphite and flake graphite cast irons were similar. It might,
therefore, be reasonable to assume that caibon content in spheroidal
graphite in cast iron may have a similar effect on friction and wear
as that observed for a gray cast iron,

The conclusion that graphite in gray cast iron is lubricating can
be strengthened if the surface of the gray cast iron can be shown to
be sensitive to moisture. Since the araphite in gray cast iron is

196




CS-78-706 0.005cm

Figure 100. - Wear track on 3.02-percent carbon in gray cast iron

having been in sliding contact with a 52100 steel ball for 1 hour.

Sliding velocity, 5 centimeters per minute; load, 50 grams; argon
atmosphere; temperature, 23 C.
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lubricating the surface, the friction behavior of that surface should
be sensitive to moisture., This must be so because the friction
behavior of graphite, as 1s well known, 1s very sensitive to moisture.

Friction and wear experiments were conducted with 4, 3/-percent
carbon in gray cast iron in an argon environment containing various
percentages of relative humidity from zero to operating under water.

Friction data indicated that the friction coefficient of gray
cast iron is sensitive to moisture, The fraction coefficient
decreased with increasing relative humidity to 5) percent and then
increase. thereafter. This decrease with an increase in relative
humidity to 2 percent is consistent with the friction behavior of
graphite.

At BO-percent relative humidity and under water, the wear surface
contained in addition to graphite iron oxide (lejuj), 1t was
identitied from its characteristic color. The presence of this oxide
was not observed in the wear track at 50-percent relative humidity and
less. Iron oxide (ke,0;) is abrasive, and this fact may account
for the increase n friction observed at the higher amounts of
humidity. It can also explain the increase in wear observed in water.

The graghite flakes present in the gray cast iron take some time
to become smeared out over the surface when sliding or rubbing is
initiated on a virgin surface. As a consequence, friction 1s
initially high and decreases with time, After some time, an
equilibrium condition 1s reached where the surface is fairly uniformly
covered with graphite and friction reaches a constant value of 0./Z.

[f the decrease in friction coefficient with an increase in
relative humidity is related to a sensitivity of the graphite rather
than the iron surtace to moisture, then a decrease in friction with
sliding time should be observed similar to that seen in dry sliding.
Iron does not exhibit this time-dependent sensitivity. The results
obtained for S0-percent relative humidity indicate that there is a
t ime-dependent sensitivity, Thus, it is the graphite sensitivity to
moisture which affects the friction behavior ot gray cast iron.

0ils will readily chemisorb to metal surfaces while the bonding
of graphite to metal is poor. It is possible, therefore, that the
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graphite films on the surface of gray cast iron might be readily
displaced by a lubricating oil. Friction and wear experiments were
therefore conducted with gray cast iron in the presence of 9oil,

The results of these experiments showed that, even when gray cast iron
is lubricated with a mineral oil, graphite smears out in the wear
contact zone. The amount of graphite is less and the film is thinner
but is nonetheless present.

The atomic size and concentration of the alloying elements are
extremely important for the abrasive-wear and friction behavior of
iron-base binary alloys in contact with silicon carbide. The
coefficient of friction and abrasive wear volume generally decrease
with increasing solute concentration (ref. 157). There is a
correlation between the solute to iron atomic radius ratio and the
coefficient of friction. There is also a good relation between wear
and the change in solute concentration. Friction and wear decrease as
the solute to iron atomic radius ratio either increases or decreases
from unity. Of further interest are the effects of atomic size and
concentration of alloying element on the adhesive wear and friction of
alloys.

Friction experiments were conducted with silicon carbide in
sliding contact with simple binary alloys of iron. Friction was
measured for a 4-atomic-percent concentration of alloying element in
iron and for an alloy composition representing the maximum solubility
of the alloying element in iron.

Figure 101 presents the average coefficients of friction for the
various alloys of iron as functions of solute to iron atomic radius
ratio. In figure 10l(a) the solute concentrations are all about
4 atomic percent., In figure 101(b) the coefficients ot friction are
plotted for the maximum solute concentration of each alloy. The
maximum solute concentrations are up to approximately 16 atomic
percent.

There appears to be good agreement between the adhesion and
friction and the solute to iron atomic radius ratio. The correlation
of the coefficient of friction and solute to iron atomic radius ratio
is separated into two cases: first, the case for alloying with
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manganese and nickel, which have smaller atomic radii than ‘ron, and,
second, the case for alloying with chromium, rhodium, tungsten, and
titanium, which have larger atomic radii than iron. The coefficients
of friction increase generally as the solute to iron atomic radius
ratio increases or decreases from unity., The increasing rate of the
coefficients of friction for alloying elements tiiat have smaller
atomic radii than iron are much greater than that for alloying
elements that have larger atomic radii than iron. The atomic size
ratio values reported here are from reference 1538. The correlation
indicates that the atomic size of the solute is an important factor in
controlling the adhesion and friction in iron-base binary alloys as
well as the abrasive wear and friction reported by the present authors
(ref. 175) and the alloy hardening reported by Stephens and Witzke
(ref. 176).

A more detailed examination of figures 101(a) and (b) indicates
that the correlations for manganese and nickel are better than those
for titanium, tungsten, rhodium, and chromium, The coefficient of
friction for rhodium is relatively low, while that for titanium is
relatively high. The relative chemical activity of the transition
metals (metals with partially filled d shell) as a group can be
ascertained from their percent d-bond character, after Pauling.

It has already been determined that the coefficient of friction for
silicon carbide in contact with various transition metals was related
to the d-bond character - that is, chemical activity of the metal
(ref. 159). The more active the metal, the higher the coefficient of
friction. The greater the recirprocal percent d-bond character, the
more active the netai and the higher the coefficient of friction
(ref. 159).

Rhodium-iron alloys in contact with silicon carbide showed
relatively low friction. On the other hand, titanium-iron alloys
showed relatively high friction. The results seem to be related to
the chemical activity of alloying elements; that is, rhodium is less
active, and titanium is more active. The good correlation for
manganese, nickel, and chromium is due to the reciprocal percent
d-bond character for those being the almost same value for each.
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The results presc.ied herein indicate that real tribolooical
surfaces are markedly diftereni than previously thought, Surface
analyses indicate that more than simply surface topography 1s
significant in solid to solid contact., Surface chemistry, physics,
and metallurgy are extremely important., It has been indicated herein
that, for example, small concentrations of contaminants in metals and
alloys of the order of pa:ts per million can segregate to the surface
of a solid and markedly alter its adhesion, friction, and wear
behavior,

The electronic nature of a metallic surface and the physics of
the surface n‘luence the adnesive interactions of metals. In a
consideration of both the lermi surface and valency bond character,
tribological relationshins zie onserved.

A host of metallurgical effects are observed to effect adhesion,
fr ' tion, and wear., These are presented in greater detail shortly.

The advent of the space aqe and the use of vacuum systems to
study material behavior in the absence of normal environmental
constituents has clearly established that the environment is an
integral part of every lubrication system and must be considered in
any fundamental study of tribological behavior. Fractions of a
mono’iyer are sufficient to affect adhesion and friction forces. Both
oxygen and water vapor of the environment alter the friction and wear
behavior of surfaces in sliding. Dissolved gases in oils come from
the environment and alter tribological performance. Furthermore, even
solid-film lubricants are affected in their performed by environmental
components. Molybdenum disulfide lubricates more effectively in the
absence of moisture than in its pressure, just contrary to that
observed with graphite.

Returning to the subject of metallurgical properties and their
effect on tribological characteristics, crystal structure and
orientation exert a strong influence on friction and wear behavior.
Hexagonal metals have superior friction and wear properties to cubic
metals, both body centered and face centered cudbic. High atomic
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agensity, low surface energy planes 1n metal systems exhibit lower
friction, wear, and adhesive behavior than do planes of lesser density
and higher energy. Likewise, the adhesive and friction forces are
lower in the high atomic density or preferred slip directions of
crystal faces.

Texturing a metal surface generally results in changes in
friction and wear behavior of metals with the resulting texture in
sliding to be that of the high atomic density plane orienting itseit
nearly parallel to the sliding surface. Friction also changes with
recrystallizaticn,

Urdering simple binary alloy systems has an effect on friction,
Friction is lower for the alloy systems in the ordered than in the
disordered state,

Crystallinity 1tself has an eftect on tribological response.
Experiments with amorphous metal alloys (metallic glasses) reveal that
friction and wear are lower in the amorphous state than in the
crystallire state, This observation is consistent with lower energy
surfaces exhibiting better tribological properties (i.e., lower
friction and wear).

Friction characteristics can be related to fundamental physical
and chemical properties of elemental metals. Both i1deal tensile and
shear strength of metals correlate with observed friction behavior,
The d valence bond character of elemental metals relates to observed
adhesion and triction, The greater the deyree of bond saturation, the
lower the adhec<ion and friction,

with metal alloys, abrasive wear resistance and friction can be
related directly to the lattice ratios of the alloying element to the
solvent element., When the lattice radius ratio of the solvent to the
solute element 1s unity, friction and wear are minimal. Deviation of
the ratio in either direction from unity results in higher friction
ana wear,

Surface segregation of alloy constituents to the surface results
in changes in adhesion, friction, and wear behavior. Some alloying
elements increase these properties while others reduce them. Very
small amounts of alloying element profoundly influence tribological
characteristics.
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