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EFFECT OF VARIOUS MATERIAL PROPERITES ON THE
ADHESIVE STAGE OF FRETTING
by
Donald H. Buckley
NASA Lewis Rasearch Center
Cleveland, Ohio, USA

SUMMARY

Various properties of metals and alloys have been studied with respect to their effect on the initial stage of
the fretting process, namely adhesion. Crystallographic orientation, erystal structure, interfacial binding enor-
gles of dissimiliar metal, segregation of alloy constituents and the nature and structure of surface films have all
been found te influence adhesion. High atomic density, low surface enerpy grain orientations exhibit lower ad-
hesion than other orientations. Hexegonal metals in general manifest less adhesive wear than cubic metal.
Knowledge of interfacial surfsce binding energies can assist in predictin: sdhesive trensfer and wear. Selective
surface segregation of alloy constituerts can accomplish both a reduction in adhesion atid improved surface oxi-
dation characteristics. Equivalent surface coverages of various adsorbed species indicate that some are markedly
more effective in inhibiting adhesion than others.

INTRODUCTION

(8} The first or

It is generally accepted that the fretting of maivripl surirces involves three forms of wear
initial step in the process is the development of adhesive wear particles. With metals and alloys this is followed
by oxidation of the adhesive wear particles and corrosive wear can then result. The third step of the fretting
pracess involves sbrasive wear of the parent surface when the oxidized adhesive wenr particles are harder than

the parent surface from which they came or the mating surface.

The importance of adhesion in the fretting process was recognized thirty-five years ago. Tomlinson et al(u
in a clpssical paper on the subject of fretting put forth the concept that the slip in the fretting process was the
result of the breeking of atomic bonds and that the atirition of surfaces was in some way caused by the severance
of cohesive bonds. Through the years others have recognized the importance of adhesion in i'retting(a 16,6,7,8) .

it would appear to be a reasonable assumption that if in fact the adhesion of suriaces across on interfoce and

the subsequent formation of adhesive wear particles initiate the chain of events which result in fretting or fretiing .

corrosion then understanding and controlling this first step could do much in the mitigation of fretting, There
are for example, physical, metallurgical, crystallographic and chemical properties of metals and alloys which in-
fluence adhesion, the precursor to adhesive wear.

The chjective of this paper is to examine some of the basic properties of metals and alloys which exert anin-
fluence upon the adhesion and adhesive wear involved in the fretting process. The properties to be examined in
relation to their effect on ndhesism include, 1) orientation, 2) erystallography, 3) dissimiliar materials in contact,
4) alloying and 5) surface fikn effects. Only metal to metal contacts will be considered os these are the most fre-
quently encountered in mechanical devices involving fretting. .

ORIENTATION EFFECTS

Engineering surfaces are generally metals and slloys in the polycrystalline state. - The surfnee of such mate-
rials consist of many different grains each with an orientation different from that of its nearest neighbor and sep-
arated by a grain bnundary. Each orientation haos its own adhesive behavior. The effect of orientation on adhe-
sion is demonstrated for various orientation of copper in contact with itself in Table I. Frietion dota are also pre-
sented in Table I. .

With tangential motion or rubbing the real contact aven for the clean metsl surfoces in increnses. Thus, In
"Table I the adhesion coefficient before sliding is markedly less than after gliding for all these orientations.

The adhesion properties of copper s indicated in the data of Toble [ are very distinotly snisotropic. Similiar
data have been obtained for 2 number of different metals. They all indicate similior anisolropie adhesion behav-




ior®, Even tungsten, one of the least anisotropic metals exhibits anisotropic adhesion hehavior.

In examining the literature one is led to believe that somehow the element of fretting effects the fatipue life of
mechenical components and the term fretting fotigiie has been applied to the process (10-12) . Fatigue as a wear
mechanism required repeated stress cyclesus) . Fretting ean be initiated in the adhesive phase with a single
pass across g surfsce.

Some simple sHding friction experiments were conducted with a polyerystalline copper rider sliding across
the surface of & bierystal of copper a4 . One grain of the bicrystal was of the (111} orientation while the second
was a (210) plane, With a single pass of the rider across the surface fracture eracks developed in the surface of
both grains of the bicrystal, These surface cracks are shown in the scanning electron micrographs of Figure 1.
The erack is much larger in size on the (210) grain than on the (111) grain indieating that surface damage in ad-

dition to adhesion is anisotropic. The fracture cracks developed at room temperature within the copper.

The surface eracks are presented for the (210) grain at a higher magnification in Figure 2. Close examination
of these cracks indicates that the wall of the crack is very smooth. Further, the materisl at the lending edge of
the erack has been curled up above the plane of the bicrystal surface. The measured angle between the crack
and the orientation of the surface plane indieate that the fracture crack oceurs along slip bands,

The mechanism responsible for the eracks shown in Figure 2 is presented in Figure 3. Adhesion of the rider
to the bierystal occurs. With tangential motion froeture ocours along slip bands as the tangential force parts
atomic planes. At some applied tanpential force, the applied force exceeds the adhesive bonding force and the
rider breaks awsy from the bierystol surface Ieaving a curl of metal projecting sbhove the surface. A second pass
shears off the curl and a wear particle has been generated, Thus, with & single stress cycle frocture occurs as
may be seen with repeated cycles in fatigue end with two passes the first step in the fretting process, adhesive
wenr has occurred,

CRYSTALLOGRAPHIC EFFECTS

Nearly gll of the metals and alloys used in engineering systems erystallize in one of three crystal forms, body
centered cubie, face centered cubie or hexagonal. Crystal strueture exerts an influence on adhesion.

When equivalent atomic planes of the face centered cubic metal copper and compared with planes of the hex-
agonel metal cobalt differences in both adhasion and friction are cbeerved as indicated in the data of Table II.
Cobalt exhibits both lower adhesive and friction forges.

THe most effective demonstration of the influence of crystel structure on adhesion is to examine a single metal
which is allomorphic, that is erystallizes in two different erystalline states. Cobalt is such a metal, Tt exists in
the hexagonsl state at a temperature to 417° C where it transforms to a face centered cubie structure.

Friction data for cobalt in sliding contact with itself in vacuum at various temperatures is presented in Fig-
ure 4. Since the surfaces do not oxidize I a vacuum environment the friction results of Figure 4 reflect adhesive l
behavior. Friction coefficient is relatively low for cobalt sliding on itself while the metal is in the hexagonal form, i
As the erystul transformation temperature is approached the frietion coefficient begins to increase. It continues
to increase through the transformation until complete seizure of the metal occurs. If the specimens were broken
apurt and allowed to cosl to room temperature the metsl reverts to the hexagonal erystal form and low frietion is
agr.n obtained.

Adhesive wear increases one hundred fold with crystal transformation as indicoted in the data of Figure 4,
Ihe greater the amount of adhesive wear the greater would be the fretting if the specimens were in en oxidizing
environment. Thus, a one hundréd’ fold reduction in fretting couid be uccnmpiished by the utilizotion of the prop- P
er arystal structure; ' o I

Hexogonal metals in general exhibit lower adhesive wenr characteristies than either bddy or fece centered
cubic metals. This difference is related te the number of operable slip systems in the erystal systems. The body
eeptered cubic metals have forty-eight possible slip modes, the face centered cubie twelve while the close packed

: hexugozi’al metals exhibit only threg Opérab]t_a slip systems. A notable exception among the hexagonal metals is ti-
tanium.,

ra

" Titanium because of its lattce ép’acing (c/u ratio) exlhibits nine-op ershle slip systems. The adhesion, frie-
tion and adhesive wear behavior of tita_niu_m can be nl_terel:l by gelective nlloying to modify lattice ratio and thercby
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reduce the number of slip systems to three and the mode to basal slip as in close-packed hexagonsl metals. When
this is accomplished marked reductions in adhesive wear for titanium result 9 .

The marked effect of erystal structure on adhesive wear can be seen for the allomorphic metal lanthanum in
Figure 5. In Figure 5(a) lanthanum was sliding in its cubie form on 440-C bearing steel. The white ring of ma-
terial on the 440-C disk surface represents lanthenum transferred to the 440-C surface. The transfer is heavy
with large globules of Ianth um having trensferred. When sliding is conducted with lanthapum in the hexagonal
form a very thin smooth fi.i. of lanthanum transfers to the steel surface as indicated in Figure 5(b). The trans-
fer film is Figure 5(b) has @ basal texture. This provides for basal shear, minimal transfer and limited adhesive
wenr. Again, in air the amount of fretting would be much more severe in Figure 5(a) and 5(b).

Hardness has been mentioned as being impnretant to the fretting process. It has been suggested that harder
materialg will fret less than softer ones 5 . The ulitization of the erystal structure concept indicates that this in
fact may not be true, at least with respeet to adhesive wear., Table III presents the wear for three materials.

In Table IIT. lathanum and samerium are both markedly softer than 440-C stainless steel. Both lanthanum
and samarium in their hexagonsl form exhibit less wear than the considersbly harder 440-C stoinless steel.
Further, the quantitstive differences for lanthanum transfer to 440-C stainless steel seen in Figure § is presented
in Table III.

DISSIMILIAR MATERIALS

The genersl design engineering concept for many years has been that dissimiliar metals should be employed
where two solids are in sliding or rubbing contact. Careful examination in recent years of dissimiliar metals in
contact with surface teols such as LEED, Auger Spectroscopy and scanning electron mieroscopy has revesled that
frequently one of the two metals in contzaet ultimately transfers to the other surface so that like material is sliding
on itself,

Theoretieal considerations for the binding of dissimiliar metals in contact using the electron theory of metallic
binding indicate that binding energies for dissimiliar metals in contact can be greater than the binding energy
for a metal to itself. This is demonstrated in the data presented in Table IV. The data of Table IV indicate that
a number of the dissimiliar couples have stronger binding energies than the metals do when bonding to themselves.
The exception in Table IV is aluminum, As indicated in Table IV the theoretical findings have been experimentally
verified.

In the adhesive binding of dissimiliar metals in contact frecture usually occurs in the gohesively wesker of
the two materiels in contact. Generally the adhesive bonding at the interface is stronger than the echesive bonding
in the cohesively weaker of the two materials s .

Many factors will influence the strength of adhesive bonding for dissimiliar metals in contact. One factor,
where the metals ara of the same crystal structure, to the degree of erystsl lattice mismatch. The greater the de- ¥
gree of lattice misfit the greater is the propensity for strong adhesive bonding. This effect is indicated in Table V R
for various metal single crystals of the (111) orientation in contact with a (111} orientation of 8 gold single crystal o
surface.

The data of 'I_'able V indicate that for gold, silver and sluminum where there is only adhesive bonding force
is large. Where, however, as with copper, the lattice misfit is large the adhesion force decreases spprecigbly .

In the data of Table V the gold transfers to the copper surface. The presence of gold on the copper suriace i ) .
was verified structurally with LEED (low energy electren diffraction) and chemically with Auger emission spec- : ; ’
troscopy analysis. o

The mechanism for adhesive bonding and fracture in the ébpper - gold couple is demonstiated in Figure 6
schematieally. The gold adheres to the copper epituxially. In order for this to gceur the iattice of the eohesively
wegker of the two mataripls must strain with adhesive bonding of the gold to copper. Gold being the cohesively Pl s
weaker of the two metals if's lnttice in the gurficial layers stroins to mateh that of the copper. When the adhesive : ‘4"_"‘
bond is pulled in tension, frecture cceurs in the weakest régiun. The three possible sites for such fracture to
oceur are, 1) in the copper, 2) at the interface and 3) in‘the gold. Fracture oceurs in the zold eohesive bonds
with gold adhering to the copper surface. ' ' :
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ALLOY EFFECTS

The practical problems of adhesion and fretting most frequently involve alloys rather than elementel metals.
Adhesion experiments were condueted with various binary copper alloys to determine the efiect of the alloying
elements on adhesien. The presence of small coneentrations of alloying elements in metals can markedly alter
their adhesion behavior. The effect of aluminum on the adhesion behavior of copper can be seen in the data of
Figure 7. The addition of as little as one atomic percent aluminum in copper produces a fivefold increase in ad-
hesive force, Further additions of aluminum do not increase the force sbove that messured with the one atomie
percent alioy .

It should be noted in Figure 7 thet the adhesion foree measured for the one atomic percent slloy is the same
as that measured for pure aluminum. LEED and Auger analysis of the ailoy surface indicated that aluminum seg-
regated out of the glloy and onto the surface. The manner in which the aluminum segregates in indicated in Fig-
ure §. Sinece the outermost or suriace layer of atoms was pure aluminum, the adhesive behavior of that surface
with other surfaces is the same as aluminum. Other alloy systems have been shown to exhibit s similar behavior.
Adhesion can be inereased or decreased depending on the alloying element. With copper the elements tin and in-
dium reduce adhesion and adhesive wear.

SURFACE FILMS

Nearly oll materials adsorbed to or rescted with solid surfaces tend to reduce adhesion and sdhesive wear.
One of the most effective lubricant for solids, particularly metals and alloys are naturally ccourring metal oxides.
If metal surfnces are carefully outgassed in a vacuum environment and the surfaces carefully cienned complete
seizure of the metals occur when the metals are placed into contact. Adhesion with friction coefficients in excess
of one hundred gre reedily measured. The presence of naturally ocourring oxides reduces the value to 0.5 to 1.5.
The use of eonventional lubriceting oils will reduce the value to 0.1. Thus, oxides are extremely good natural
lubricants.

There are suface films that are even more effective in reducing adhesion than surface oxides. Some controlled
experiments were conducted in which equivalent amounts of oxygen and sulfur were adsorbed to an iron (011)
surface, The adhesion  iron to itself in the presence of the two film materials was measured at various loads.
The results obtained arv presented in Figure 9.

In figure 9 both LEED and Auger spectroascopy analysis were used to ensure that the surface coverages for
oxygen ond sulfur were equivolent. A comparison of the date indicate that the sulfur is more effective in the re-
ducton of adhesion than is oxygen. Further, the data of figure 9 indicate that adhesion with sulfur is uneffected
by lozd. If the sulfide film is however, expoged to oxygen the oxygen will cumpletelj' displace the sulfur from the
surface with only oxygen remainingﬂ_m .

Hydroearboins, the most frequently used materials as lubricants, exhibit varying effectiveness in the redue-
tion of metallic adhesion. This is demonstrated by the data of Table VI where *he effectiveness of various hydro-
carbons in the reduction of the adhesion of iron are compared. The first obsel vation to be made from the data of
Table Vi ig that two carbon atom etharte is more effective in reducing adhesion than is single carbon atom methane.

~ The second obgervation to be made from the data of Table VI is that adhesion is related to the degree of hydro-
earbon bond saturation. A comparison of the adhesion data for ethane, éthylene and acetylene indieate that the
greater the degree of bond unsaturation the lower is the adhesive binding foree.

The third observation to be made from the data of Table V1 is that the sddition of very surfoce active elements ~
such as chlorine (vinyl chloride) and oxvgen (ethylene oxide) to the basic ethylene structure reduces adhesion
still further. It is of interest t¢ note that with athylene oxide a close pncked'monoluyer dovelops on the iron sur-
face which completely shields the iron. This is the only hydrocarbon in Table VI which in monolayer form com-
pletely masks the iron. It actordingly provides the maximum surface protection from adhesive bonding of iron
to itself. Thus, it represents an ideal surface structure.

DISCUSSION

Adnesion is fundamentally very important in the fretting prbces;s. It represents the initio] phase in the de~ .




velopment of the adhesive wear particle, which when oxidized is the manifestation of fretling. I the adhesion
process can be arrested, fretting can be reduced or eliminated. Various methods have been proposed to accom-
plish this objective. These include mechanical tightening, redesign, increasing load ., surfoce stressing, flame

spraying, material imposition and lubrication an .

In this paper an attempt was made to show that there are many basic properties, physical, metallurgical,
chemicnl and crystallographic of metals which can be exploited to reduce adhesion. For example, in practical
devices the proper surface texture (grain orientation) in polycrystailine metals ean be achieved to minimized ad-
hesion by mechanicel working. The erystal structure coneept can he utilized by the selection of hexagonn! base
alloys. Fretting does not readily occur with metals such as beryilium and cobalt in its hexagonal form. While
fretting may oceur with platinium that process has not been seen to cceur with the sister element to platinium in
the periodic table, hexagonal osmium.

The dissimiliar material concept can be effeetive in reducing fretting if transfer of a thin film of the lower
wenring materinl to opposite surface is achieved. For example, with cobalt in contact with steel a thin film of co-
balt will transfer to the steel surface resulting in minimal adhesive wear.

With metal alioys the segregation of alloy constituents to the surface can achieve a reduction in adhesion such
as observed with the addition of tin or indium to copper. Further, more dense, tenacious oxides con be formed
on metal surface and thus more impervious to penetration of metal asperities if metals such as aluminum are alloyed
with copper. Oxidation of copper alloys containing small emounts of aluminum result in the formation of aluminum
oxide surface films. These are certainly more impervious to penetration by @sperities than copper oxides, In ad-
dition they form thinner films so that when oxide penetration does occur and oxide debris is genersated there is
quantitatively less than would ececur with copper oxides, Protective orides would also kinetically form more rap-
idly with aluminum then with copper. This is important once nascent metal is exposed.

Surface films in equivalent surface coverages can effect adhesion of metals to varying degrees. Certain hy-
drocarbons are more effective than others in achieving reduetion in the adhesion of metals such as iron. Thus,
where the iubricetion approach is used to reduce adhesion proper selection of the species to be adsorbed or re-
aeted is important.

An interesting dichotomy exists with sdhesion and its relation to fretting. Strong adhesion across an interface
is desirable to minimize tangential displacements and the development of stip. It is for this reason that incressed
loading is effective in reducing fretting. Conversely, if relative motion cannot be prevented, as for example, in
aircraft splinas, then adhesion should be minimized.

Adhesive wear particles, the product of adhesion when repeafed oscillatery slip does oecur are particles in
a highly strained state. In general sirained metals are chemicslly much more reactive than the same metsl in the
annealed condition. Thus, in & vacuum environment, such as used herein these porticles con adhére to one an-
‘other. They also can ddhere singly or in aggregates to the parent surface from which they came. Once, however,
g film forming material is admitted into their enviranment they react very rapidly and the strface films formed
(e.g. oxides) impedes the self bonding of the particlies.

CONCLUSIONS

Adhesion which is the initial stoge in the development of fretting is infiuence by many basie properties of met-
als and elloys in contact. Some of the properties found to influence adhesion and adhesive wear include. 1 ori-
entation, 2} crystallography 2) interfacial bonding of dissimiliar couples, 4) alloying element and 4) the structure
and nature of surince films. ) .

In general high atomic density, low surface energy grain orientations exhibit lower adhesion and less adhe-
sive wear than do other orientations. Hexagonal metals and alloys manifest adhesive wear which is markedly less
" then is observed with cubie metals, Interfacinl bondng energies can assist in the prediction of metal transfer for
dissimilinr metal couples. Selective alloying end surface segregation of alloying elements can reduce adhesion
and provide more efiectively protective surface oxtdes. Certain surface films are much more effective, in equiv-
glent surface coverages. in reducing adhesion. Sulfur on iron for example is more eifective than oxygen.
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Table 1
COEFFICIENTS OF ADHESION AND FRICTION FOR VARIOUS

SINGLE CRYSTAL ORIENTATIONS OF COPPER

MATCHED ADHESION COEFFICIENT ADHESION*
PLANES COEFFICIENT | OF FRICTION? | COEFFICIENT
BEFORE (DURING AFTER
SLIDING SLIDING) SLIDING
(100)/(100) 1.02 >40. 0 | >130
(110)/(100) 0.25 >40.0 22.5
(111)/{100) 0.20 >40. 0 40.0

30,001 CM/SEC; [110] DIRECTION: SLIDING DISTANCE,
0.735 CM; 107! TORR; 20° C; 50 GM. CS-42785

Table 11
COEFFICIENTS OF ADHESION AND FRICTION FOR COPPER AND

COBALT SINGLE CRYSTALS IN VACUUM

METAL COUPLES ADHESTON FRICTION ADHESION®
(MATCHED COEFFICIENT | COEFFICIENT® AFTER

POLES) BEFORE |  (DURING SLIDING b
SLIDING SLIDING)

Cu(111)[110] N s
Cul111)7110] A LR T ;
Co{0001) [1120] | | | | |

. = 0. 0.3 | <0.05 .
Co(0001}[1120] <8-05 S .
| | 4

R

39,001 CM/SEC; SLIDING DISTANCE, 0.735 CM: 10"11 TORR;

50 GM. ~ Cs-42784



Table 11
WEAR FOR VARIQUS RIDER MATERIALS

SLIDING AGAINST 440-C S.S.; LOAD, 1000 g (9.8 N); 1077 TORR; 1 HR

RIDER MATERIAL { HARDNESS| CRYSTAL STRUCTURE | RIDER WEAR
(DPH) RATE,
: CM3/
CM SLIDING
LANTHANUM 40 HEXAGONAL 6, 08x10™10
FACE CENTERED CUBIC | 2. 83x107
SAMARIUM 45 | HEXAGONAL 9. Gox10~10
440-C STAINLESS | 600 | cuBIC 2. 09x10™9
STEEL
C5-70464
Table TV

ORDERING OF ADHESIVE BINDING ENERGIES

THEORETICAL | ORDERING BINDING | EXPERIMENTAL ORDERING!

ENERGY, -

ERGS/CMZ
Al-Al 525 1 Y
Al-Au 465 2
Al-Cu 455 3
Al-Ag 385 A b
Cu-Cu 375 5 .
Au-Au : 345 6 t
Cu-Ag 335 7
Ag-Ag 290 8

CS-65541

1y, H. BUCKLEY (VACUUM RESULTS).
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Table V

EFFECT CF LATTICE MISFIT ON ADHESION OF GOLD
TO VARIOUS FACE CENTERED CUBIC METALS

METAL LATTICE % MISEIT FORCE OF ADHESION
PARAMETER, | WITH(111) Au | OF Au (111) TO (111)
A METAL SURFACE,
(Or 10710 m) DYNE (OR 107 N)
Au 4,078 0 >400
Ag 4.086 .19 >A00
Al 4,049 71 >A00
Cu 3,615 11.1 80
CS5-70297
Table VI

EFFECT OF VARIOUS HYDROCARBONS
ON ADHESION OF CLEAN IRON

HYDROCARBON CHEMiSORBED TO IRON

ADHESIVE FORCE¥,

DYNES
CLEAN Fe >400
ETHANE CoHg 280
ETHYLENE HyC = CHy 170
“ACETYLENE HC = CH 80
VINYL CHLORIDE HyC = CHCI 30
ETHYLENE OXIDE HyC- 2 CH, Q0

PLANES

CS-54407 .

e e s e e e e e et e e
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Figure 1

WEAR TRACKS ON BICRYSTAL GRAINS
COPPER SLIDER; LOAD, 100 g; SLIDING SPEED, 1.4 MM/MIN
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C5-66592
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Figure 2
AREAS OF WEAR ON (2I10) COPPER GRAIN
50 g/MIN, 1.4 MM/MIN

Cs-69321



Figure 3

ORIGIN OF SURFACE FRACTURE AND FORMATION
OF WEAR PARTICLE

SLIP-BAND
FORMATION FRACTURE

T T
N i

N SUBSEQUENT PASSES
i SURFACE GENERATING WEAR
PROJECTION PARTICLE

o ot e k= g

CS-69318 \’ 8
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Figure 4

COEFFICIENT OF FRICTION FOR Co SLIDING ON Co IN
VACUUM AT VARIOUS TEMPERATURES
10°9 MM Hg, 1000 GM
@ DATA OBTAINED
AFTER SPECIMEN
COOLED TO 259 C
1.6}— COMPLETE
FALE CENTERED WELDING
CUBIC ON FACE
. CENTERED: CUBIC~"" B oo wean
RATE,
cM3ICM
COEFF .. OF SLIDING
OF 8 \ -9
. —3,50x10
FRUCTION HEXAGONAL ON
HEXAGONAL~
o ) SLIDING
& “‘-_3‘78x10‘11 VELOCITY,
| 198 CMISEC
| i I | | |
0 100 200 300 400 500 600

AMBIENT TEMP, °C

Figure 5

CS-33631

4L4LO—-C DISK, RIDER WAS LANTHANUM
LOAD, 1000 GMS; I0® MM Hg 75°F; IHR

SLIDING WITH CUBIC FORM

SLIDING WITH HEXAGONAL FORM

CS-33642
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Figure 6
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Figure 8
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