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CHAPTER i
I NTRODUCTI ON

1.1 ' Introduction

Fretting Ís a form of surface damage whjch occurs when two

surfaces in contact experience cyc'lic di'splacement, of the order of

one-thousandth of an inch, wìth respect to each other, This damage

typica'lly culminates in the failure of a load-.carrying member or in the

jamming of a mechanism through reduction of operating clearances by

fretting debris.

Fretting can occur in situations where the contact surfaces

are designed to be stationary and also when they are meant to undergo

relative motion with respect to each other. For example, the Ínner race

of a frictionless bearjng is press-fitted to an axle. As the axle flexes

under load, cyclic strains result in fretting at the jnterface of the

press-fit and the fatigue ìife of the axle is reduced. Alternatjve'ly,

the same bearing may experience vibration while nominally at rest. The

amplìtude of oscillation may be too small for normal lubrication to be

effectjve, and frettìng can occur between the balls and race.

The consequences of fretting damage can range from mínor

'inconvenience to loss of human life. Reduction in fatigue strength

is a part'icularly dangerous manifestation,



1.2 T!l_e General Fretti ng Srobl em

Fretting'is considered to be basical'ly a physjcal wear process.

However, the presence of an oxygen atmosphere l'n most situations

jntroduces a chemical component. The 'inseparabìlìty of these phenomena

is reflected by synonymous use of the terms "fretting" and "fretting

corrosion".

lnlhi I e there j s no one excl us'ively acceptab'l e expl anati on of

the frett'ing mechanism, jt is possible to envìsage a model which

demonstrates the general e'lements of prevaif ing theories. The physica'l

process is regarded as fundamental to surface deterioratjon and the

generat'ion of wear partjcles. The chemical process is vjewed as a

controlling influence on the ability of the phys'ica1 process to operate.

(In realìty, the physìca'l process undoubtedly influences the potential

for chemical actjon as well.)

The physical process centres around the deformation and

adhes'ion of surface asperìties, or local hìgh spots. As the parent

materials are pressed together and subsequently experience cyc'lic

displacement with, respect to each other,,these asperities rare

subjected to large cyc'lic stresses and strains derived from the normal

'interface pressure and the repeated appìication of shear forces. Then

as a result of tearing, scrapìng and fatìguing, meta'l transfer occurs

and loose wear particles are produced. The cycf ic, sma11-amplitude

frett'ing motìon dictates entrapment of these partìcles and the

development of a separating ìayer between the surfaces. The damage

process noul becomes a mild one of abrasion or scouring.
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The chemical element appears in the form of the oxide ìayer

whjch ìs present on most engìneering materÍals before fretting starts.

Its initìal resistance to break-up and removal, and its abifity to

replen'ish itself during the fretting process both signifìcantly affect

the adhes'ion phase. The physi ca'l propertì es of the di sl odged oxi de

layer and the virg'in wear particles which subsequently oxidìze jnfluence

the abrasion phase.

A statement of the effect of a frettjng variable has meaning

only in the context of the method which has been used to assess the

severity of damage. Visual appearance, depth, and volume of the wear

scare and specimen we'ight ìoss are examp'les of jndices which have been

used in the study of fretting as a wear process. The follolv'ing generaì

trendsl u.. found in frettjng 1ìterature surveys (f:ff):

(a) The occurrence of slip between the contacting surfaces

is a necessary condition. Damage increases wjth increasìng slìp unt'i1

the large amplitude of motion facilitátes the escape of debris and the

problem becomes one of ord'inary wear.

(b) Damage increases with increasing normaì pressure, if the

s1ìp amplitude is maintained. There is no nominal pressure below which

damage wìì1 not occur.

1 These statements are app'licable to
in general, to severity of fatigue
fatìgue relationshp is surveyed in

severity of wear but noto
damage, The fretting
Chapter Two.
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(c) Damage increases with the number of frettjng cycles. The

rate of damage is initially high but falls to a low constant rate. A

frequency effect is occasionaily observed.

(d) Damage 'is greater at low temperatures, in an atmosphere

contain'ing oxygen, at low relative humidity'in the presence of oxides,

and between l'ike materials and hard materíals.

(e) Some chemical surface treatments and solid lubricants

will prevent frettìng, but liquid lubricants can only postpone damage.

1.3 The Scope of This Investigation

This investigation is concerned wjth the reduction of fatigue

l'ife by fretting. Conditions of simultaneous fretting-fat'iguing are

establìshed in terms of the magnitudes of slip and normal force at the

fretting interface. These conditions are combined in various ways to

study the development of cumulative fat'igue damage under conditions

of fretting.
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CHAPTER 2

REVIEl4l OF FRETTING FATIGUE LITERATURE

2.7 Philosophy of Experimentaj Approach

Fretting fat'igue appears frequently as a serjous engineerìng

problem under actual service conditions, and many 'investigators have

attempted to understand the mechanisms at work through experimentation

in the laboratory. Hjstoricaliy, fretting was first reported in 1911

by Eden, Rose and Cummingham (12) who not'iced it jn the grips of their

fatigue test'ing mach'ine. Tomlinson (13) initiated the study of fretting

in the ìaboratory in 1927, but fretting fatigue was not accorded the same

dist'inctjon until Warlow-Davjes' (14) delineation in 1941 of the experimental

di ffi cul ti es .

A full appreciation of the findings of fretting fatigue

researches requires an atvareness of the variety of definitions and

evaluative techniques, and the brroad philosophica'l dilemma which has

encouraged their proliferation.

Three methods of approach that have been used in the study of

fretting and fretting fatigue are mechanical, chemical and metal'lurgical.

A mechanjcal approach might use reduction in fatigue ljfe as a measure

of fretting damage. A chemical approach might determine the compos'ition

of the debris, whjle a metallurgíca1 approach mìght examine a section

through the wear scar to observe the characteristics of fatigue cracks
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in the region.

lnlhile these methods and many others are used sìng1y and in

combjnation, fretting as a generaì wear problem and frettìng fatigue

as an apparent partìcular manifestation of the former, each require

very different experimental indicators. Some indices of the severity

of fretting were introduced in Chapter One. The index of fretting

fat'igue damage has usually been the number of cycles to failure.

The accumulation of data based on these different indices

permits a very fundamental question to be assessed. Does a fatigue

mechan'ism cause fretting wear, or does the fretting action result in

fatigue damage? Harris (15) interprets many investigators' theories

as indicating fatigue as the causative agent.

Several interesting quantitative theories of
friction and wear have, in effect, involved the
fatigue phenomenon, placing great emphas'is on the
surface tensile stress which follows in the wake
of the sliding contact

Pavliscak (16) finds imp'licit support in prevalent terminology for

frettìng as the causative agent.

Frettjng manifests itself by produc'ing one of
three assocjated phenomena, viz., (1) fretting
corrosion, (2) frett'ing wear, or (3) fretting-
fatigue. These compound names identify fretting
as the causative agent; and corrosion, wear, or
fatigue damage are observed results.

Milestone (17) reinforced this view in 1966 when he summarized:

[,lhile separate exp'lanations for the mechanism
of fretting-fatigue have not been specificalìy
spel I ed out , i t j s usual ìy imp'l 'ied that the fati gue
damage ís caused by the general deterioration of
the surface
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Some support has grown for a model 'incorporatìng s'imultaneous

mechanisms rather than a specr'fic cause-effect relationship. Waterhouse

(3) djd not believe jt correct to say that fretting corrosion causes

fatÍgue but that ". conditions which favour fretting are often

those which favour fatìgue. . ." in part'icular, l,.lalker (5) considered

that ". the fatìgue lives appropriate to fretting-induced cracks and

those appropriate to 'natural' cracks have each their own statistical

pattern, and these patterns overlap. ." Stepanov (18) studied S-N

curves representative of fretting and non-fretting conditions and concluded

that at stresses above the knee, ". disintegration of the metal is

determined by the paraììel development of purely fatigue processes and

processes associated urith fretting corrosion. ." Below the kneeu

the latter process alone acts with an intensity which is independent of

the cyclic loading amp'litude. Similarly, Oding and Ivanova (iS¡

envisage two distinct processes of vacancy formatìon under conditions

of fretting. The effectjveness of each process 'is dependent upon the

prevaìent level of fatigue stress.

These comments illustrate the diversíty of opinion which

surrounds the question of causation. This question may not be essential

in the application of experÍmental results to the solution of engineerìng

probìems in service, but it is unavoidable when proposing a model to

explaìn those results.

Geometric stress concentration is a further unknown factor in

the fretting fatigue model . l,,lhile its compl ic'ity is generaliy accepted,

the magnitude of any aìlowance to be made on its behalf remains basicall.v

indeterminate. Forrest (20, p. 230) sees stress concentration as a
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detractor from fretting's image as the sole causative agent.

,t.ånö,., I33o.l3l'03',1îi, [;ï::'åîi;.åin'i:' ?Tår* nn
corrosion, because the fatigue strength must also be
influenced by the stress concentrations at the changes
'in section of the clamped assemblies, and by the
clamp'ing pressures, but there is no doubt that the
frettjng contributes considerably to the result.

Warlow*Dav'ies (14) takes a harsher view and considers the presence of

stress concentration to comp'letely obliterate sound attribution to

frettì ng.

roun¿ d ilå;ånli.ll3ä"1i,,'3;lil:.3';n,iff,il"'
damaged by fretting. This gives no dírect evidence
of the effect of fretting corrosion on fatigue strength,
however, for the reason that these regions suffer unknown
concentrations of stress.

lnlright and 0'Connor (21) emphasize the inter-relatjonshjp between stress

concentration and fretting--one which may render them 'inseparable not

only in measurement but also in abstraction.

oepånås'.ln;n:'xill T{,:: li'lTllno3til3:î ;"'
surfaces However, the amplitude of s'lip
depends on the distribution of normal and shear stresses
on the interface . e j.e., on the geometric stress
concentrati on.

In summary the experimenteru armed with a variety of possible

techniques, must make a selection among them without the assistance of

an establjshed model for the process he is about to study. In addition,

while geometric stress concentraction may be a physicaì necessity to

the conditions urh'ich give rise to fretting, it may behave in an

experiment as a significant variable which can be neíther assessed nor

control I ed.
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2.2 Methods of Experimental Approach

The experimental methods which have been used ìn the study

of fretting fatigue, wh'ile differing great'ly in the part'icular, can

be generally identified as belonging to one of two basic types. In

the fi rst, frett'ing and fat'iguì ng occur s jmul taneously unti I fai I ure

occurs. In the second, the fatigue evaluat'ion is performed subsequently

to and separately from the inítial frett'ing operation. These methods

are referred to as one- and two-step tests respective'ly.

The one-step method has been used because of its closer

resemblance to service conditions and in deference to a concern that

the conjoint action of fretting-fatiguing m'ight be more detrimental

than their separate actions.

The tlvo-step test preceded its counterpart, and was first
used by l¡larlow-Davies (14) r^rho has been one of the few investigators

to expl ai n hi s reasons for choos'ing i t.

o r inå i.]îi, Í¿':å;il :{.fi 'ri8H'iñll'3r'|f; .'llî:1,
concentrations inherent in the conditions which
produce it, conv'inced the author that it would be
more profitable to attempt to separate the fatigue
test from the frett'ing action altogether.
By this means the damaging effect of the fretting
corrosion of the surface could be measured by the
percentage loss in fatigue strength as compared
w'ith unfretted specimens. Such tests are analagous
to the determinations of percentage damage due to
stressless chemical corrosion

The concern over conjo'int action, which hlarlow-Davies (14) shared, led

to an earìy modificat'ion of the two-step test. The nominally static

stress condition during the initial fretting was repiaced by fatiguìng

stress. In addition, this change was inherent in a new technique which
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utilized the elongation and contraction of a length of specimen experìencing

fatìguing stra'ins to produce the relative sliding at the specimen-fretting

pad interface.

The test arrangement most appropriate for studying the fretting

phenomenon may not necessari'ly be the arrangement most c'losely resembling

the particular service conditions under whjch the serious consequences

of fretting are dramatically illustrated. Milestone (17) acknowledged

the usual peristence of fretting throughout the service life of a part,

but chose a two-step test because he considered, in an experimental

programme ". that the conditions of fretting, including the number

of cycles, should be held constant in order to permit comparison of

resul ts. "

The effect of an independent variable whjch has been observed

with one fretting arrangement may not be validly comparable to effects

observed under dìfferent procedures. This point is illustrated by

Fenner and Field (22).

The effect of mean stress under these cond'itions
Itwo-stage tests] is quite d'ifferent from that obtained
when the clamps are left on for the total duration of
the test lone-step testl, thereby permitting development
of the maximum fretting-fatigue damage obtainable under
the conditions of each particular test,

In further v¡ork, Fìe'ld (23) employed both one- and two-step tests ìn

studying the effect of the direction of fretting in relation to the

fatigue stress. Both methods shou¡ed fretting ìn a para'l1el directìon

to be more damag'ing than in the transverse direction. However, the

severity of damage was greater for the one'step test.
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l4ethods of testjng used by fretting ìnvestigators employing

fatigue stresses in their tests, have been classified in Appendix A

to facil'itate an appreciation of their findings.

2.3 Thg ini.ti_ation of Fatjgue Cracks under Frqtting Condition-s

Any experimental study dealing with crack injtjation must

define when a crack is considered to exist. Grosskreutz (24, pp. 14, i6)

considers that "from the standpo'int of fatigue mechanisms, the accepted

practice js to defìne a crack in terms of the hìghest resolving power

'instrument avaiìab1e--presently the electron m'icroscope. " In some

rrrritings (25, p. 38) the distinction is made between microcracks and

macrocracks: "Microcracks are cracks that are one or two graìn diameters

i n I ength. Ir4acrocracks (usual ìy just cal I ed cracks ) are defects that

are larger than this." In the fretting fatigue literature such ciefinitions

are usually impl'icit by default. However, Njshioka and Hirakaura (26)

considered fatigue cracks to be present when they could be detected with

an optical mìcroscope at 400x. Many investigators have observed fatigue

cracks which have 'init'iated under frettìng conditionsu and their findings'

on whatever level of resolutione are presented jn the paragraphs to follow.

An important aspect of crack initiatìon is the evidence to

support the existence of local stress fields induced by the fretting

confÍguration. This situation has been examined on several levels,

one of which is a stress analysis based on a cylinder in contact with

a plane surface. Values for the necessary parameters are obtained

experimentally, and the results compared with multi-axial failure

theories. Milestone (t7) used this approach and his research suggested
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that

oecåuie,'l;f;:ilT,ilå.1'3;:ìT: I?lå3::,'ffi.'iiåil.o
ìnto the mãteriâl adiojnìng the contacting surfaces.
These stresses are the result of a combination of
(1) loca'l1y hìgh normal pressures between the
contacting- suriaces, (2) hjgh values of coefficient-
of-frictión that deúeioó at-the interface, and (3)
the cyclic nature of the relative slidìng motion'
If the condjt'ions are sufficient'ly crit'ical o fatigue
cracks could be initiated.

In contrast to thjs macroscopic scale of analysis, Harris (15)

has extended results of photoelastjc stress studjes of compression pads

to plastically-compressed asperities at the fretting 'interface' His

findings establish the exjstence of compensat'ing residual tensile stress

fields which are of sufficìent magnitude to make high'ly probable the

nucleation of cracks when fatigue stresses are superimposed.

In a similar fashion Johnson and 0'Connor (27) placed particular

importance on concentrations of shear stress whìch develop near the edge

of a fretting pad. l,llright and 0'Connor (2t) concluded that such regìons

of d j sconti nuous contact undergoi ng osci 1 I ati ng s'l i p cou'ld expl aì n

strength reductìons due to frettjng, but only if a bulk propagat'ing

stress was simultaneously present to render the volume of affected

material sufficient for the injtiation of fatigue cracks. Work done

by F'ie'ld (23) suggests that the alternating frictional shear stress is

more influentjal than the propagating fatigue stress. Tests were

conducted with the fretting movement either paralìei or transverse to

the direct'ion of the fatigue stress. LJhile a crack proved more

detrimental to the ljfe of the fatigue specimen if it ran transverse

to the direction of the bulk fatigue stress, in both cases the planes
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of the fretting-induced cracks were perpendicular to the direction of

fretti ng.

This fundamental role effected by frictional shear stress

receives ind'irect support from the findings of Bethune and ldaterhouse (28)

that ". when the adhesion Ideveloped between fretted surfaces]

exceeds a certain critical value the fatigue ljfe of the steel js low.

i{ìshioka and Hirakawa (29) considered the frictional fretting force to be

but one of the causes of reduced fatigue strength, whereas Liu, Corten, and

Sjnclair (30) suggested that the repeated frjctional shear stress on the

asperities const'itutes the primary mechanism responsible for frettíng

fatìgue damage.

Surface irregularities produced by fretting are not generally

considered capab'le of rais'ing bulk stresses to significant levels.

Nishioka and Hirakawa (29) reached th'is conclusion even though they

observed in the fretted area small and relatively'large pits having

diameters 10 to 30 microns, and 0.1 to 0.4 mm, respectively. Talysurf

surveys of damaged surfaces convinced hJaterhouse (31) ". that general'ly

the type of pit produced would not cause serious concentrat'ion of

stress. . ." I.llright and 0'Connor (21) pronounced such increased

surface roughness'innocuous on the basis of their findíngs that "frettìng

appl i ed 'i n the absence of a propagati ng [bu'l k] 'load, ei ther stati c or

dynam'ic, does not affect the subsequent fatigue strength."

Numerous 'investigators (22, 32, 33) have preferred to 'identify

the'initiation of cracks with observable strain conditions in the fretted

region. 0n the basis of metallographic examinat'ions of fretted specimens

they concur that crack'initjation is associated with h'igh strain fatigue
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which occurs at the inter-facial micro-welds.

The I ocati ons of the i ni t'i ated fati gue cracks suggest, al be'it

not unanimousìy, that fretting ìs the causat'ive agent, l,llhile some

'investigators (16, 2I, 29, 31, 33) definìte1y consider the injtiation

po'ints as being primarily within the fretted region, Harris (15) found

that ". nucleatjon seems to occur wìth equal probabílìty within the

fretting scar or just outside the scar boundary, 0n the basis

of photoelastic studies, Harris (34) attrìbuted th'is enjgma to the

exjstence of surface tensile stress which ". peaked up to some 2.0

to 2.5 times the value of the superficial contact pressure iust outside

the contact area . ." still others (76, 29, 35) consider the

critical locatjon for crack injt'iation to be the boundaries between slip

and non-s'l'ip regions, whether they be at the outer edge of the fretting

pad or at discontinuities within the nominal fretted area.

Investigators (22, 23) have often observed that the fat'igue

cracks, as first in'itiated in the fretted region, tend to lje in planes

whìch are inclined to the surface. l,rlright and 0'Connor (21) consider

the ìnitial direction ". to be consistent with an Hertzian

contact stress field at lim'iting friction." Harris (15) interprets

their initìal incl'ination, 45o to the princìpa'l fatigue stress axìs,

as evjdence of their be'ing ". strongly control'led by the residual

stress fìelds generated along the pìastic peripheries of the asperities."

I¡Jaterhouse (36) found that the fretting of steel on steel resulted in

numerous cracks which were always initially very ob'lìque1y ang'led to the

surface. hJhile cracks produced by sta'inless steel on steel were at

600 to 700 to the surface, those produced by other materials on steel
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were occas'ional and normal to the direction of fatigue stress.

In summary, the initiation of fatjgue cracks by fretting action
js credible jn the light of stress analyses wìth experimental correlation,
photoelastic studies, and evidence of high straÍn fatigue, Residual

stress fields and concentrations of shear stress appear to be instrumental

in inìtiating usual'ly obliqueìy Ínclined fatigue cracks wjthín or in the

near vjcìnity of the fretting scar.

2.4 The Propagation of Fatigue cracks under Fretting conditions

Evidence of the ability of fretting-.induced stresses to assist

the propagatìon of cracks is not conclusive, Some findings are concerned

with fatigue cracks per se while others must be vjewed'in the context of

a part'icular fretting fatigue test method,

It'is not clear, in a fretting situation, whether a hÍgher

nominal fat'igue stress is necessary to propagate an existìng crack.

Milestone (t7) considered it ". generaliy agreed that a fat'igue

crack will propagate at a lower stress amplitude than that requìred to

initiate it," whiie Horger (37) found that fretting permìtted the

in'itiat'ion of eracks at very low stresses but that the cracks did not

spread unless the stress was raised, Nishioka and Hirakawa (26)

considered the presence of non-propagating fatigue cracks in regions of

fretting corrosion to be evidence of the limited region-of-jnfluence of

fretti ng-i nduced stresses .

. The 'influence of fretting on the stress stateis limited to only the very thìn surface layer of thespecimen. After a slight growth of crack from
the surface, there ex'ists no influence of fretting on
the stress state, which controls the propagat'ion óf
fati gue cracks.
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strai n

in one

There are conflicting statements as to whether stress or

is the necessary ìngredíent for propagation. Harris (15) states

context

. that for relativeìy short cracks, the rate
of crack propagation is proportional to the cube of
the effective fatjgue stress; furthermore, there ìs
a lower limitjng or, threshold stress, below which
cracks will not propagate

and 'in another that

cunå år üå':f,"3i;.tl.ä'ffi; 3ii.3iio:;å'iiîl0i3,¡13,,,'n
cracks, defined by zero rate, are characterized þy a
threshold strain, whích is approxìmateìy þ x 10-4 for
repeated tensile stress'ing and 2.86 x 10-4 for alternating
stressing.

Whether the críterion be stress or strain, a particular

interpretation of the nominal fatigue stresses assocìated with endurance

under fretting conditions has evolved. This index of damage appears to

say more about the bulk propagat'ion properties of the specimen than

about the frettìng process itself. Milestone (t7) concluded that

". for the fretted specìmens the fat'igue results were actuaììy a

measure of the fatigue'crack-propagation stress ampi'itude, rather than

crack initiation stress ampl'itude." Frost (38) expresses a similar

i nterpretatí on .

. Because surface crackse can, under severe
fretting cond'itions, form at nominal cyclìc stresses
insufficient to cause compìete failure the fretting
fatigue limit is governed by the cyc'lic stress necessary
to propagate these cracks.
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And f inaì'ly, Fiel d and Waters (32) observed that

: the minimum fretting-fat'igue strengths at the
various mean stresses nearìy all corresponded to a

ljniting range of cyciic tensile stress of 7 - Br' tons/
i n2; this coñforms äpprox'imate'ly to the simpl e hypothesi s
that this is the critjcal parameter for the propagation of
the cracks produced by fretting.

A change 'in inclination of propagatìng cracks is observed

which correlates with the degree of plastic deformation of the surrounding

material. Harris (3a) found that ". fatigue nucleation in the contact

surface often propagates as short inclined cracks but then deviates to

propagate at right angles to the principa'l fatigue stress direction. ."

lnJaterhouse (31) observed similar inclinat'ions and, in addition, noted

that the transition occurred durìng passage from the severely plastica'l'ly

deformed fretted region to the more remote unaffected materÍal. Fenner

and Field (22) conducted tests jn vacuo and in air and observed the mode

of propagation to be influenced by the presence of-air.

once they had left the fretting marks, the cracks
propagated obliquely to the specìmen axis, in most cases
at an angle of about 45 degrees, instead of 90 degrees
to it as in air. This shear mode of failure'indicates a
mechanism of crack propagation il.r vacuo different from
that in air; it is presumed that this is not connected
with the fretting process since the genera'l direction of
the cracks within the fretting marks was, as in air, at
rìght angles to the direction of fretting movement,
though small 45 degree steps could be observed on close
examì nati on.

Some invest'igators (77, 22, 31) consider the coalescence of

propagating fatigue cracks to be one of the mechanisms involved in the

generation of loose wear particles.



18.

In summarY, oPinions díffer on the magnitude of stress necessary

for propagatìon relative to that for initiation, and on the predominance

of stress or strain as the determjnant of rate of propagation. There js

agreement that endurance in fretting fat.igue tests ìs primarily

representative of bulk propagat'ion properties. There is evidence that the

fretting induced stresses have a limited region of influence, and that
plastic defonmat'ion of the material and the presence of air influence the

i ncl i nati on of propagati ng cracks .

2.5 The Effects of Frettin Variables on Overall Fatjgue performance

2,5.7 Fretting Damage Versus Fqtjgue Da.m,age

l'Jhile the question of whether fretting can be considered to

cause reduction in fatigue'life has drawn no conclusjve evidence from

the literature, ìnvestigators have commented on the severity of fretting
wear in relation to the severity of fatigue damage.

In some studies the effect of fretting v,/ear has been min.imal.

Fenner and Fjeld (22) found that ". The abrasive phase, u¡hile

sett'ing in at an early stage and being mainiy responsible for the wear

produced after iarge numbers of cyc'les, has litile effect on fatigue
strength. . . " Field and Waters (32) simi larly stated, ,'. Excess.ive

fretting wears r,vhich does not cause much fatigue damage, has been shov¡n

to result in shallow surface depressions not associated with surface
cracks." Pavljscak (16) observed a positive correlat'ion between fatigue
strength and fretting wear: ". Joints that exhjbitecl the greatest
wear damage a'lso had the highest fretting.fatigue strength. .,,

In partìcuìar, "joìnts with perhaps two orders-of-magnitude more
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fretting-wear, exh'ibited more than one thìrd greater fretting-fatjgue

strength." Field and þlaters (32) attributed such jmmunity to the

preventì.on of mr'croweld formation by a separatìng layer of trapped

debris, and to the abrading of crack nuclej prior to their propagation.

Howeven, a urord of cautjon is necessary because Waterhouse (36)

reported that ". although the vjsjble damage may be sììght the fatigue

damage may be serious." This jnabilìty of fretting wear to reveal the

extent of fatigue damagee conservat'ively or otherwise, has been expressed

by Comyn and Furlani (7).

Although the correlat'ion between frettjng corros'ion
and fatigue is acknowledged, 'investigators have noted
that the onset of fatigue does not appear to have any
relation to the extent or severìty of frett'ing.

It is perhaps because of this indjfference to v¡ear that some

tìnvestigators began using the number of frettìng cycìes as an ìndependent

variable in their experiments, This approach has been incorporated

pflimarily'in two-stage test'ing and'it involves the development of what

is termed "s'ignìficant damage". Fenner and FÍeld (zz) defined it
speci fi ca1 1y:

n..n åuù,:!'-;:'3;oålo.fJ'|.;åflil1 Íl ;å'*,:ïiå7'.1'Í.,
a crack could be propagated through the specìmen,
from one or more of the fretted areas, by applying
a stress 'in the fsecond] unclamped stage of 12.5 t
5. 5 tons/sq. 'in. ; i t was expected that at thi s
stress even very small ìnjtial cracks would propagatejn relativeìy few cycìes.

The number of fretting cycles has assumed 'importance ìn

various contexts. Horger (37) stated, ,'The allowable stress, to prevent

cracks initiatÎng' appears to be a functjon of time or number of stress

cycles, " and wright and 0'connor (zr) expressed the view that',the
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full strength-reduction due to fretting 'is not achieved unt'il several

hundreds of thousands of cycles of reversed slip have occurred. . .,'

Several investigators (22, 39, 40) have found that fretting fatigue

damage is fully developed after one-fifth of the resultant life of the

part, that is (40), ". when fretting is allowed to persist for more

than one-fifth of the life, the endurance is about the same as if
fretting were allowed to continue to the point of fracture The

effect of removing the fretting prior to the critical fifth is not clear.

such removal was considered by wright (39) to be a dependable remedy,

and by Philips and Low (40) to result in a neg'l'igib'le fretting effect on

fatigue lìfe. However, Fenner and Field (22) state that this early

removal of fretting does not preclude the development of "signífÍcant

damage"" waterhouse (3i) plotted cycles-to-failure versus cycles-of-

fretting (Figure 1), and determined a fretting fatigue iimit--the
maximum number of in'itjal frettjng fatigue cyc'les which did not serious]y

reduce the life of the specimen in a particular, subsequent fatigue test.

2.5.2 Debris Entrapment

The effect of entrapment of the fretting debris on endurance

depends upon the application. Entrapment is beneficial if the jnterface

pressure remains constant as wear proceeds, as when the pressure is the

result of gravitational forces. Milestone (t7) consjders that the

separating 'layer of debris prevents reinstatement of the damaging stress

fields associated w'ith'large values of coefficient of friction.
Entrapment is detrimental when it results in increased interface pressure,

as in a press-fit. starkey, Marco and collins (41) envisjon the
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development of pressure increases on a very local scale due to the

substantially greater specífic volume of most oxides compared to their

parent materials.

Pavliscak (fO) reported a significantly increased frettìng

fatigue strength for metalìic jo'ints when a means was provìded for the

escape of debris; as for example, ". interface clearance or any

sacrifjcial coating that behaves similar to a clearance."

2.5.3 Slip

S'lip, as ít occurs at the fretting ìnterfaceu has particular

characteristics. Harris (3a) describes engineering applications in

which slip is dependent on numerous other variables.

pins, shrink-fit shafts, bolted and riveted jojnts,
relative slip amp'litudes can be generated with magnitudes
dependent on the fat'i.gue strain amplitudes and the
conditions at the contact surfaces, such as normal pressures
and frictional forces.

The assumption that a nominal constant s'l'ip occurs over the entire

fretting interface becomes less justifjed as the contact area increases.

l,,lrìght and 0'Connor (21) considered that the amp'litude of slip ín their
joint assemblies ". Varied from zero at the inner boundaries

betleen the slìp-no s'l'ip reg'ions to a maximum at the edges of the

interfaces. ." Johnson and 0'Connor (27) sholved that ". Ín the

majority of fretting situations oscillating micro-slip at the edge of

the contact is inevitable under the action of the smallest osciìiating

forces. . ." They considered this micro-slip in the built-up

assembly to occur wherever concentrations of shear stress r¡lould develop

i n a geometri cal ly sími I ar sol 'id pi ece.
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The concept of a sl'ip-no s1ìp boundar,v is the focal point of

continuing damage process described by l,Jaterhouse and Taylor (3b).

existi, oåfJn: :iiiî::ì i:i,:';i'ln:"f;xll:ol':ål¿.:1.''
area where the frìctional force is greater than the shear
tractìon, and slip does not occur over this area.
At the boundary betlveen the slip and non-slip areas thereis a high stress concentration This is the poìnt
of initiation of the fatjgue crack l¡Jhen the
crack is formed and has grown a little, it relieves the
concentration at this point. The wear:ing away of the
surface ín the adjacent sf ip region also assists in the
stress reduction. The situation is nol as though the
dimensi ons .. : .[of the ori gi nal overal I contact area]
were reduced to the originai non-sf ip ar"ea. The normai
pressure js increased and the process starts again vrith
the slip occurrìng over the edges of this area. The
stress concentration moves to the new boundary between
the s'lip and non-slip areas and is greater than before,
and therefore the crack grows more rapidly than thefirst crack.

If slip can be made to occur over the entire interface, by'increasìng

the sl'ip amplitude or decreasing the coefficient of friction, then

fatigue damage wi1ì be reduced (35). By contrast, l{r'ight and 0'Connor

(et) place importance on the resultant percentage of the jnterface

experiencing sì'ip, rather than the slip-no slip boundary itself.

. In general, if the siip region is
geometric stress concentration is low and
the dominant factor. If the sl'ip region
fat'igue strength is determined principaì1y
overall geometric stress concentration.

ìarge the
fretting is
is small the
by the

In general, investigators have preferred to quote nominar

slip values which represent either constant slip over the interface

or the maximum slip at the edge of the interface. These values are

determined on the basis of calculations of nominal strain or by

measurement of displacement, depending usually on the prÌncip'le of
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operation of the fretting apparatus. The

effects of slip are made in the context of

Fenner and Field (22) report,

. The
'increase of
i n,; f urther
reduction i n

followjng statements of the

such nomi nal val ues.

strength reductjon factor increased with
nominai slip [range] up to about 3 x 10-4
jncrease jn slìp brought about no additional
f at'i gue s trength .

Field and l{aters (32) identify four categories of slip range in their

resul ts.

(1) slips of 2 x L0^4 inch and below generaì'ly gave only low
reductions in fatigue strength, though the damage appeared
to increase w'ith increasing contact pressure;

(e) si'ips of 2.5 - 3 x 10-4 inch gave moderate reductions,
which were largely independent of mean stress;

(3) slips of over 3 x 10-4 inch up to 5.5 x 10-4 inch gave
maximum reductíons; and

(a) slips greater than the latter values, and certainly those
of 10-' inch and above, gave reductions no higher than
those for category (2).

And fina]ìy, Cox and Fenner (42) summarized the'ir observed effects of

slip amplitude and formulated rules for design.

i) Fretting fatigue damage can be produced by slip amplitudes
ranging from very low values of thç order of t 10-b in.
to the much higher va'lues of t 10-J in.

ii) In the qredian ranges of slìp amplitudes,5 x t0-5 in. to
5 x 10-* in., fretting has a more insidious effect since,
although the damage may appear to be onìy superficjal,
small cracks may have formed whìch may propagate to
produce fai I ure.

iií) The experimental results indicate that the reduction
of fatigue strength.was almost l'inear with the siip amplitude
up to about 5 x 10-4 in.

ív) A¡ regards strength reduction factors (Ç) and siip ampìitudes,
the authors suggest that the safe working ru'les in design
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would be

for S

for S

10-4 in. , use l(

2 x 70-4 in., use K

4.0

10. 0

l{hile the foregoìng investigators have been concerned with

slip ìn terms of actual fajlure of the test specimen, Nishioka and

Hirakawa (43) studjed slip as it influenced the alternatjng stress

necessary to 'initiate fatigue cracks. They (44) found the fat'igue crack

behavíour to be markedly infìuenced by the slip ampìitude.

For instancee even though^the alternating bending stress
is kept constant at 20 Kg/nn¿, different behaviours of
fatigue cracks wjth the increase of relative slip are
observed as follows. [All tests were run to 10i cyc'les]
Until relative slip-amplitude comes up to 5 microns
It micron s 4 x 10:5 'iirchesl, no fatigue crack can be
observedu and between 5 and 20 microns micro-cracks which
do not propagate to a fracture are observed. When the sììp
becomes more than 20 microns but less than about 50 mjcronse
the crack grows to a fracture, and for a slip more than
50 microns the specimen is not broken because of severe
weari ng-out.

2.5.4 [tlormal Pressure

investigations into the effect of normal pressure on fatigue

strength have generally shown, as summarized by Milestone (tz), trrat

fatigue damage ìncreases with normal load until a critical load is

reached. ". Above thìs critical load the amount of damage ìs nearly

independent of load and remains nearly constant. . . ." Figure Z, from

a report by Liu, Corten and Sjnclair (30), shows this effect.

Bowers, F'inch and Goreham (45) cons'idered the absence of a

normal load effect in their tests to be expected ". since the

actual contact pressure at asperities on the surface js lìke1y to
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approach the yield stress fof the aììoy irrespectjve of the nominal contact

pressure. Líuu corten and sjnclair (30) analyzed such contact

conditions and, by relat'ing normaì pressure to hardness and the coefficient
of friction, v/ere able to derive an expression for fretting fatigue
strength whjch was independent of the normal load.

Comyn and Furlani (7) report that ". Most of the experimental

work has been carried out at constant 'load, but two reports state
that varying the ìoad, during a test, aggravates fretting.,, [,Jhile this
ìs said prìmarily in relation to fretting wear, ìt does pose an Ìmportant

question for fretting fatigue.

2.5.5. l4ean Stress

Mean stress has been viewed both as intrjnsic to the fretting
process and as an independent experimental varjable. Harrjs (3a)

considers the tensile mean stress accompanying compression of the

asperìties to be an expìanation for observed fatigue strength reductjons.

It is not unreasonable to expecto in the case ofplasticaì1y compressed asper.itiäs, tensile stresses ofthe order of the yierd strength for crose-pitchedasperities. In the exireme case, thärefore, thefatigue.conditjons are virtualiy those of a mean iensilestress (=_ou) with an externa'rìy apprie¿ aiterñätiñgstress. Evén discounting the effect of geometric stress
concentration factors dependent on surfaðe topography,this high tensìre mean stress on'ry requires áir ápñiie¿alternating srress of some 5% to ir oi tne tànsiiå
strength for fajlure.

Studies have been made of the effect of mean stress on fretting
fatigue life but ìn nrany cases the results are inextrjcable from the

test procedures. Collins and Marco (40) found that the presence of a
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statìc tensile stress during the jnitial fretting stage of a two-step

test had little effect on the subsequent fatigue limit. However, the

similar presence of a static compressjve stress caused a signìficant

strength reduction, the magnitude of which depended heavily on sìip

ampì i tude and contact pressure. They reasoned that the cracks formed

in the presence of a static tensile stress developed a residual

compressìve stress field when the tension was released at the end of

the first test stage.

Fenner and Fíeld (22) also employed a two*stage test but used

nean and alternating stresses in the initìal stage. They found that the

effects of mean stress depended on the level of stresses employed in

the second stage. l,.lith second stage stresses of 12.5 ! 2.6 tons/sq. in.

sign'ificant damage at the number of frett'ing cycìes employed was deveìoped

underini ti al tensi l e mean stress but not under i ni ti al zero mean stress .

Hovlever, with second stage stresses of 12.5 t 5.5 tons/sq. in., signifjcant

damage formed in far fewer cycles under inítial zero mean stress than

under the initial tensile mean stress. In addition, they found, for a

given amount of first stage damage, that the stress requirements for

propagation depended on the mean stress during the second stage.

u .,uår ,I:fi i;:'ilîllli ;Hîil;n'å:,il[:: å:.ruïå3'li,^
ìncrease in mean stress, though onìy sìor,rrly after
reaching a mean stress of about 15 tons/sq. in. Other-
wise stated, the maximum stress of the cycle, necessary
for crack propagati on , i ncreases , al be'i t not ì i near'ly,
as the alternating stress decreases.

Field and hlaters (32) empioyed a one-step test and in spite

of cons'iderable interact'ion with slip, observed greater fatigue strength

reductions under tensile mean stress than under zero mean stress.



29.

strength reduct'ion factors increase rapidly from about 4%

at zefo neqn slress to -10 and oyer at tensile nean^stresses
of 10 tons/in.Z and aboye. For sìips of about 10-3 inch
and aboye, heavy frett'ing wear occurs and thjs tends to
prevent the most severe reductions ìn fatjguç strength being
obtained for.mean stresses below 20 tons/in.'t, but not for
higher mean stresses.

They (47) further found that the comparat'ive effects of frettìng on the

Sr/o, ratios (aìternating fretting fat'igue strength/tensjle strength) of

an En26 steel (oU= 67 tons/ìn.2) and an En30B steel (or= 100 tons/in.2)

were dependent on the mean tensile stress.

. At zero mean stress and at a tensile mean stress
of 10 tonslin.2 the minimum value of the ratio S./oo for
the En30B was greater than that for the En26 steå1,'but
the reverse was^the case for rnean tensile stresses of 25
and 40 tons/in.¿.

Iilishioka and

found the fatìgue f imit

affected by the type of

the fatigue limjt based

compressive mean stress

stress.

Hi rakarva (e0 ) ai so empl oyed

based on the inìtiation of

materi a1 , but not by mean

on fracture increased with

a one-step test and

fatigue cracks to be

stress. By comparìson,

an increase of

and decreased with an increase of tensile mean

2.5.6 Al ternati ng Stress

Fenner and Field (22) deduced from their two-step tests that

the specimen material was strengthened by the appìicatjon of a low

alternating stress during fretting ìn the presence of a tensile mean

stress. s'ignificant danrage took longer to form, but once the damage

had been developed, r't propagated guickìy at low alternating stress

until beyond the region of influence of the frettìng clamps.
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2.5.7 Almosphere

An appreciation of the effect of atmosphere on fretting fat'igue

would seem to first require knowledge of its effect on fatigue per se.

Reichenbach (48, p.607) considers there to be ". a growing fee'ling

among many investjgators that the action of the normaì atmosphere is far
more împortant 'in fatigue faìlures than heretofore thought . ."

This unfathomed influence, in addition to differences in propert'ies of

specimen materials and their oxides, ffiây possib]y account for the

differing observed effects of atmosphere on fretting fatigue performance.

L'iu, Corten and Sinclair (30) stated that',exclusion of an

oxygen (or air) atmosphere did not result in an'improved fretting fatigue

strength." However, Fenner and Field (zz) observed that "in vacuo,

fretting-fatigue cracks took longer both to form and to propagate than

in air, and the mode of propagation was djfferent. . o"

Oding and Ivanova (i9) took care to first establish that the

fatigue lìmit of a chronìum-nickeì-niolybdenum steel was not reduced in

an atmosphere of molecular hydrogen. They then conducted further

fretting fatigue tests up to 250 million cycles and observed ", . a

continuous reduction in the lfretted] f,atìgue strength both in air and

an atmosphere of hydrogen. "

Bethune and waterhouse (33) found that the presence of an

atmosphere reduced the adhesion between fretting surfaces which,

unlike those experiencing uni-directional s'lìding, involves the

continual disruption and recovery of, oxide films. They aìso

considered the possible effect of atmosphere on fatigue processes
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inherent in the frettrìng nechanisn.

wer à.å j,å.fiå;!':,Í3:å'iln'inln;,I?il:iåff il,ll: .,
the notion. In the presence of air thjs becomes comosjon
fatigue and the fatigue strength is lower than in a non-
corrosîye environment such as nìtrogen.

2.5.8 itglÞelàrùfe

l.rlhile most fretting fatìgue research has been conducted

nomìnally at room temperature, it is probab'le that the fretting process

itself generates higher 'locaì temperatures than prevail in the surroundìngs.

Waterhouse (31) used X=Fây back-reflection photographs of fretted areas

and heat treated surfaces to show that the severe plastìc deformation

occuming at the former resulted in temperaturès as hìgh as 5000c. He

considered the poor fat'igue performance under such temperatures to be

partly responsible for the fretting strength reduction.

2.5.9 Mater.ial s

Some combinations of materials fare better than others under

fretting fat'igue cond'itions, but the experjmental results can be

contradictory. Corten (+g) fretted similar and dissimilar metals against
a hard steel fatìgue specimen and found the hardest and most sjmjlar
materjal to be the most del eterjous. l¡Jaterhouse (SO) f retted var.ious

metals and a1ìoys on a nird steel fatigue specimen, and in addition
to fìnding similar materiars not to be the worst combination, he

described properties which correrated with superior fretting fat.igue
perforrnance.
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to Åe',,;,]!'*ii;'iåfi ' ;.ilHl,:'f; , lfr' ?;.lfi I i':;; :T :, îiffi:
high stacking fault energy (and hence low work-harden'ing
abi I i ty) , and 1ou.r recrystal I ization temperature. The
hardness of the oxjde is a factor of 'less ìmportance.

However, at a later date, Bethune and Waterhouse (ZA) found that

development of high adhesion between fretted surfaces coincided rryjth

low fatigue life, and w'ith impljcations contrary to earlier conclusions,

found that the contact of sjmj'lar crysta'l structurese as for steel on

steel, deve'loped greater adhesion than did other combinations.

Liu, Corten and Sinclair (30) found that the hardness of

the grìpping material was an important variable,

Fretting caused by grìpping pads of hardness above
the critical range [100 to 230 DPH], reduces the fretting
fatigue strength to the range of 0.2 to 0.4 of the fatigue
limìt of the t'itanium al'loy specimens. Gripping pads of
low hardness, beìow the critical range, give fretting
fatigue strengths above 0.8 of the fatigue limit of the
specimen.

Waterhouse (36) cons'idered that the fretting process could bring about

work-hardening and recrystallization. If hardness was an 'important

factor then actual hardness would not be as directly related to fretting

fatigue performance as would the hardness in the fuìly annealed condition.

He concluded, ". It would therefore not matter whether the material

was ín the annealed or work-hardened condition. ." By comparison,

Sachs and Stefan (50) found that cold work and heat treatments not on'ly

affected the regular and chafing (as he called fretting in 1941) fatigue

strengths, but that the effects were different.

. Generally, annealed wrought metals have a higher
chafing fatigue strength but a lower reguiar fatigue
strength than the harder cold-worked and heat-treated
conditions. Cast steels and aluminum al'loys may have a
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higher chafjng fatigue strength than wrought metals
of the same type.

Frost ISB) observed that the perforaance of yarjous ferritic
high tensjle steels under the r¡ost seyere frettjng fatigue conditions

was no better than the performance of mild steel, liarris (1S) reported

a similar lack of superior performance by a11oys over their base metals.

He attributed their apparent equivaìencê to the tendency of frettìng

fatìgue tests to Ìndicate crack propagation properties.

Oding and Ivanova (19) considered fatigue strength reductjon

under conditions of fretting fatigue to be the result of electric
erosion which ". proceeds under the actjon of a thermoelectric

cument that is produced as a result of frjctjon. . .,, Appl.ication

of a counter current or the proper selection of materials wouid, they

consìdered, effectiveiy raise the fatigue strength. stepanov and

Terent'ev (51) similarly found that large reductions in fatjgue strength

correlated with ìarge differences in contact potential, but that sjmilar
contact materials were slìght1y superior to identical contact materjals.

They recommended that

. when titanium alloys are used in structures
work'ing under fretting conditjons, the counterparts
should be made of aluminum-base al'loys or othei metals(alloys) whose electronegatìvity appioaches that of
aluminium and titanium alìoys.

2.5.10' surface Treatment

fat'igue

Horger

l¡lhile the effect of surface finish with respect to

iìs smalì, some surface treatments have proven to be

(37) considered that litile could be done to prevent

fretti ng

beneficial.

the
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initiation of fatigue cracks* but that fayourable residual stresses and

geometry could help to preyent their propagation.

Liu, corten and sinclair (30) reported that shot-peenìng

definitely improved fretting fatrìgue strength. ln]ith severe cold-rolling
or shot-peening, Starkey', l4arco and collins (¡z) o¡tajned not onìy higher

values for the fretting Ìndurance limit but also reduced scatter in their
res ul ts .

Waterhouse, Brook and Lee (53) foun¿

relat'ively benefîcÍa1 but the absolute effect

properties per se were affected.

electropiating to be

depended on how the fatigue

p,"opo,tì,lli l5T;:' :3,:l:' 3i"/,å'i;1.äJf ii ff.':.atì nsfor a particular metal, The overall effect of an electro-
deposited coating depends on the balance between the
reductìon of frettinþ damage and the deleterious effectsof plating on the fatigue strength of the steel.

Idaterhouse and Aìlery (S4) reported that phosphate and sulphide_nitride
coatìngs would increase the fretting fatigue strength of steel on'ly if
they were impregnated wjth a suitable oil-in-water emulsion. l¡laterhouse

and Taylor (55) considered the reduction of fatìgue strength by

decarburization to be benefjcial onìy in the sense that further
reduction with the superposìtion of fretting was less than for normaljzation

or cold-work'ing.

2.6 Surhmàry

The reyl'ew of the fretting fatr'gue ljterature shows that
generalization wÍth respect to the effect of a specific yariable is
seldom possib'le. The opÍnions of many investjgators are djrecil¡r
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opposed eyen on fundamental aspects of the frett.¡ng*fatjguing ¡echanisn(s).

l¡Jhere agreement does occu¡^, the appì ication of experimental fjnd jngs to

indeterminate seryice conditions js difficult.
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CHAPTER 3

EXPERIMENTAL STUDY

3. i introducti on

The review of publ'ished literature in Chapter 2 indicates

that while the results of some experiments are pertinent to the rate of

development of damageu there have been no studies whjch specìfìca1ly

investigate cumulative damage under conditions of fretting fat'igue.

This investigation was camied out to study the rate of

development of fatjgue damage when different condjtions of simultaneous

fretting, as defined by slip ampìitude and normal load, are combined

sequenti al 1y.

3.2 Test Program

A one-step frettìng fat'igue test was selected for this

investigation because of: (a) its close simiìarìty to serv'ice fretting

conditions, and (O) a requ'irement for cumulative test results lvhich

could be compared to two-stage results obtained by previous investigators.

The independent variables were slip amplitude and normal load; the

dependent variable-cycles to failure.

The fjrst objective was to determine the fatigue endurances

which were characteristic of combínations of two levels of each

independent variabìe (section 3.b.3). secondìy, these combinations
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were paired to form cumulative tests: part way through a frettìng

fatigue test, e'ither slip amplitude or no¡mal load was changed to its

alternate level. This adjustment was made at a chosen percentage of

the characteristic life determined for the ínitial combination of

variables. Cumulative tests were run employ'ing the combinations in

different orders and with change-over occurring at different chosen

percentages (Section 3.6).

3.3 Material and Specimens

The material used was Ti-6AL-4V sheet. The manufacturer's

specificat'ions are gìven ín Table 1. This alloy has been used by

previous fretting fatigue investigators and has proven to be particularly

susceptible to fretting damage. In industry, it is used extensive'ly'in

airframe fuselage structures near engines and in ajrcraft gas-turbine

compres sors .

A direct stress fatigue specimen (Figure 3) was designed to

have dimensions compatible with an Amsler Hìgh Frequency Vibrophore

for this investigation, and r,rith a 1ow-temperature chamber for

subsequent work.

The fatigue specimens were prepared in groups. Each group,

or batch, of approximately 20 specimens was clamped into a pack and

milled to the requìred dimensions. The spec'imens were then separated

and polished in a long'itud'inal direction by movìng them I jghtly against

dry 220 and 400 grit silicon carbide waterproof paper clamped to a 3%

inch diameter drum rotating at 600 rpm. All machin'ing bums and surface

marks which could be detected with a x10 magnifÍer were polished out,
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TABLE 1

Specìficatjons for Ti-641-4V Sheet

Suppl'i er: Armco

Thi ckness : 0. 060

Heat ttreatment:

Heat number:

Steel Corporation

'inches

Anneal ed and pi ck'l eci

K00208

Chemical Analys'is: C

Fe
N

0
H

V

AI

.025

.14

.072

.16
65 ppm.
4.2
6.45

Mechani cal Propert'ies :

.2% Y.S. (psi )

U.T.S. (psi)

% elongation in 2 in.

Rockwel I hardness

L

132,100

150,000

9.0

c36. 0

T

165, 500

169 ,000

i0. 0

c36 .0
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and the width of each spec'imen was measured with a micrometer at three

posìt'ions in the paralìel region. Each batch of specimens was then

stress-relieved at 10000F for two hours and air cooled. The oxide

layer vlas removed by total immersion for two minutes'in a pickìing solution

(by voìume: H20,65%; HF,2%; HN03, 33%), and the specimens were stored

ìn a plastic bag.

The frettjng pads were made in strips of'length 4t' inches and

having 1/16 and l/4 inch flats. Subsequent to stress-relieving and

acid-clean'ing, the strips were cut'into 9/16 jnch lengths.

Following the fretting fatigue test program the failed fatigue

specimens were subjected to a Rockwell hardness test to jnvestigate

differentiatíon by virtue of their preparation in batches. The readings

1ay between Rr 34.3 and RC 38.30 and the batches were assumed to have

comprised a sing'le population with respect to any possible differences

in fatigue properties whjch might have been produced by their separate

heat treatments.

An attempt to measure gra'in size was unsuccessful due to

difficulty in finding an etchant which would perm'it clear observation

of the grain boundaries.

3.4 Test Equipment

3.4.1 Fretting Apparatus

The fretting apparatus (Figures 4, 5 and 6) employs a bridge

assembly which makes contact with the fatigue specimen at two points.

Because the contact pressure js higher at the knife.edge than at the
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fretting pad, eìongation and contraction of the fatigue specimen results

in relative d'isplacement, or slip, only at the interface of the frett'ing

pad and the fatigue specimen. Thjs sl'ip amp'litude js nomina'lly a function

of the adjustable contact separation and the amp'litude of alternating

fati gue stress.

3.4.2 Normal Load Clamp

The requirements for the normal load clamp were that it:
(a) exert a maximum normal load of 200 pounds without suffering

permanent deformation (a magnìtude which, applied to a contact area of

l/2 x l/16 sq. in., was ìndicated in pub'lished reports as being sufficient

for the development of sign'ificant damage),

(b) be removable from the fatigue specìmen r¡rjthout necessitating

removal of the specimen from the testing machine (in antìc'ipation of

further studies Ínvolving fat'igue tests with jntermittent fretting),

(c) possess maximum compliance consìstent with other require-

ments be'ing satisfied (to minimize readiustment of the normal load

necessitated by wear or accumulation of debris at the fretting ínterface,

or by realignment of the fretting apparatus),

(d) not cause appreciable transverse or torsional vibration

(which would impede the operation of the testing mach'ine),

(e ) be sel f-al i gni ng throughout a test,

(f) provide a cont'inuous indication of nornal load, and

(g) be simply calibrated by dead weight.



â F
ig

ur
e 

4.
 F

ne
tti

ng
 A

pp
ar

at
us

 M
ou

nt
ed

 o
n

P
os

 i 
ti 

on

c"
 P

iv
ot

ed
 f

or
 V

ie
ur

ìn
g

F
at

ig
ue

 S
pe

ci
m

en
N N
)



Áa-tJ.

BeariwlA.;PaÅ7

. i ' ,, .,.,...

-':3 ' +l 1 b

b.
.

Figure 5. Components of Frettirrg Apparatus

î{CIrmal

... ...:.)'., :W?Ì!j)::..,',.,.

Attachment ClamP



/t /t

*,:tm"
%.?

Frettins Pad 'r:;,,6M.:,,
and Hol der ,d* 

u'*..å-,

eÆ .,,*

Kni,fe-edge

i:þ¡ ,:.:[{gT der

@
Wæ

F'i gure 6. tqn-rpgnøni -l9í.idþet.Hl!þ-nbJy,;:|;



45.

A C-configuratìon was selected and two mounted strain gauges

were connected in half-briclge to be temperature-compensating and doubly

sens'itive to the large bend'ing stress component.

The prototype of the normal load cìamp is shown in Figure 7.

Trimming the back face increased the compìiance by a factor of Z

(determ'ined by measuring the spreading of the arms with a vernier

micrometer). Addjtional material was removed from the arms prìor to

using the clamp 'in the fretting fatigue tests.

The clamping load was sjmulated during calibratÍon by

employing the c'lamp as a connectÍng link between a support frame and

a weight pan (F'igure B). The mean sensitivity of the cìamp was 13.6

pe /lb for loads up to 200 pounds. The maximum variation in microstrain

and in slope was 3.2% of reading and of mean s'lope respect'ively.

3.4.3 Lnife-edge and Attachment Clamp

The requirements for the knife-edge and attachment clamp were

that they:

(a) anchor the bridge assembly to the fatigue specimen,

(b) not initiate failure at the knife-edge contact,

(c) permìt adjustment of the contact separation wjthout

disturbing the fretting pad,

(d) not'influence the calibrated cìamping load applied to

the frett'ing pad, and

(e) be self-aligning throughout a test,
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N = material removed from back face until onset
of permanent spreading at 240 1b.

ffi= additional material removed from arms

P = load axis

Figure 7. Maximization of Compliance of Normal Load Clamp
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The knife-edge was made by s'ilyer-.soldering a length of tool
steel, ground to a triangular cross-.section, jnto a slot in a holder

simjlar to that for the fretting pad [Figures 5a and 6). The edge was

ground so that contact was made only over the center three-.sjxteenth

ínch of the fati'gue specimen (Figure 9a).

Unsuccessful methods of attachment were:

(a) two hardened pins which screwed through a partially
encircling bridge piece to indent the edges of the fatigue specìmen,

(b) a single hardened point which centrally indented the

same face of the fatigue specimen as was fretted, and

(c) a knífe-edge which extended across the full width of
the fatigue specimen.

These methods tended to induce failure at the poÍnt of attachment rather
than at the fretting scar.

3.5 Test Procedure

3.5.1 Calibration of Amsl.er Vibrophorg

Before and after the frettìng fatigue tests the Amsler

vibrophore was statically calibrated over its tensile load range. At

each load level the change in error over the per.iod of fatigue testing
was less than the manufacturer's stated accuracy (t r.5% or r 11 lb).
The maximum observed error was 1 ,g% of indicated road.

The calibration, as detailed in Appendix B, was accomplished

by using a load transducer to compare the Amsler vibrophore to a

Baldwin-Tate-Emery universal testing mach.ine which in turn was
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calibrated wjth a certifìed provìng ring.

3.5.2 General Setting-Up anci Running. Procedures

The normal load clanp was calibrated at the requìred load

level(s) prior to each test. The fretting pad was cemented in the

locating sìot of its holder with Eastman 910 adhesive, and the center

quarter-t'nch of the frett'ing contact face was filed down with the aid

of a jig. After setting the contact separation and fitting the fretting

apparatus to the fatigue specimen, the entire assemblage was mounted ìn

the fatigue testing machine and the mean load appiied. The normal load

cìamp was readjusted and the test begun by apply'ing the alternatìng

f at'igue I oad.

In the cumulatjve tests the machine t,rtas stopped after the

desired number of load cycles, either the normal load clamp or the

contact separation adjusted to its new level, and the test continued

until the fatigue specimen fractured.

At a constant frequency of 51 Hz, each test lasted typically

about one-half hour. The continually changing damping characteristics

of the fretting apparatus made it necessary to adjust the mean and

alternating loads at irregular intervals to maintain the chosen nominal

stresses. It was usual]y necessary to readjust the normal load cìamp

a couple of times during a test, that is, whenever the load indication

changed by t 10 pe (r 0.74 1b) from the desired level. The ambient

aìr temperature and relative humidity were determined prìor to each

test with the aid of a sling psychometer,
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3.5.3 Preliminary Characteristic Life Tests

Exploratory tests were run with specimens #64 to #87 to study

the effects of contact separation (s1ip amplìtude) and normal load. Four

combinations were selected fronl these results (fanle 2) and their

characteristic endurances determjned by further testing (fa¡les 2 and 3).

The levels of nominal alternating and mean fatigue stresses,

which were maintained throughout all the frettìng fatigue tests at

37.5 and 40.8 Ksi respect'ively, were sufficient to bring about, in most

cases, failure in the fretted regìon in less than 105 cycles.

3.6 Test Results

3. 6. 1 Cumul at'ive Sl i p Resul ts

Cumulative s1ìp tests, with the contact separation being

adjusted at 50% of the initial characteristic 1ife, were carried out

at normal loads of 82 and 102 pounds. Tests involv'ing adjustment at

25% were performed at 702 pounds, At both percentages tests were

done with the contact separation'initially at the'larger and at the

smaller setting. The cumulative s'lip results are presented in Table 4.

3.6.2 Cumulative Load Tests

Cumulative load tests, with the normal load being adjusted

at 50% of the ínitial characteristic life, were carried out at contact

separatìons of 5/B and 7/8 inches. Tests involving adjustment at 25%

were performed at 7/8'inch" At both percentages tests were done with

the normal load ìnitia'lìy at the larger and at the smalìer setting.

The cumulative load results are presented 'in Table 5,
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P= 62

P= BZ

P= 92

P=702

P=722

TABLE 2

Effect of
Normal Load and S'l i p Ampl i tude

ga Cycl es to Fai I ure

L= 5/8 L= 6/8 L= 7/B L= 9/B

66- F-
65- R-

59
64

67-R- 76

6B-F- 33
84-F- 44

I02-F- 64
gB-F- 72
64-F- 86

i07- F- 109
i05-R- 45
94- R- 1 14

72-F- 48 727-F- 4r
87-F- 44

777-F- 47
69-F- 64

106-F- 66
91- F- 103

101- F- 113
78- F- 118
95-Q- 44

10e-Q- 57
104- R- 134

74-F- 57 75-R- 56 76-F- 40

100-F- 37
86-F- 53
99-F- 64
90-F- 69
87-F- 80

108-F- 82
103-F- 87
B5-R- 37
Bg-R- 40
70-R- 57
93-R- 64

73-F- 50 96- F-
71- F-
83. F-
77-F-
98. F-
97-F-
92-F-

JJ
36
42
45
45
49
60

79-F- 90

80- F-
B2*F.

36
6_i

P= clamp'ing load in pounds
L= distance between knife-edge and centerline of fretting pad in inches

100-F- 37

I

Specìmen Number Location of failure
F = fretting scar
q = paraliel
R = radíus

Kilocycles of
Load at failure



53.

It4edi an Range

TABLE 3

Median Characteristic Lives of Fretting Levels

Test Level Kilocycles at Failure

lrui 
I ed at radi us

(82 
"

(82,

(roz,

( 102,

5/B)

7 /B)

5/B)

7 /8)

33 44 64 72 86 109 1141

41 44 47 64 66 103 113 118 1341

37 53 64 69 80 82 87

33 36 42 45 45 49 60

72.0

66. 0

69.0

45. 0

B1

93

50

27
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CHAPTER 4

ANALYSIS OF RESULTS

4.I The Implications of Scatter in the Life. VaJug:

The destructive nature of fatigue testing dictates that

repeated measurement of endurance reflect variability due to ioading,

specìmen preparat'ion, and specimen selection (56, p. 39s). Nevertheless,

most of the scatter observed in fat'igue life testing of metals is

considered to be an inherent characteristic of the material (b6, p. 396).

This scatter is dependent upon the stress ratio and the magn'itude and

sequence of stress amplitude (56, p.397). The forms of these fatigue

life distributions are varied, but do occasional]y approximate a

logarithmic normal djstribution (SO, p. 396).

ltlhile the question of scatter and its associated distribution

is seldom mentioned in the fretting fatigue ì'iterature, Starkey, Marco

and collins [4t) assumed random sampfing from normal populations and

tested sufficient numbers of specimens to allow significant statistical
inferences to be made at a 9b per cent confidence level. They found

that frett'ing fatigue scatter was greater than fatigue scatteru and

that the scatter increased as the fretting was made more severe.

The characteristic lives determined in this investigat'ion

(fanle 3) suggest to the contrary that scatter decreases as the fretting
is made more severe. This trend is compatible with the observation
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that scatter in fatrlgue life decreases as the stress amplìtude (frett'ing-

induced stress concentrations in this case) is rnade greater ( 56, p. 397).

The smal l sampl e s'izes used in thi s investi gat.ion (four to

nine specimens) do not permit assessment of the degree to which the data

groups represent particular distributions. Consequently there can be no

tests for statistical d'ifferences in samp'le means. Differences in sampìe

performance are "suggestive" rather than statistical'ly signìficant, but

have nevertheless been considered to be the effects of changing the

levels of the independent variables.

4.2 The suggested Non-cumuletive Effects of slip and Normal. .L.oad

The non-cumulative test results (faUles 2 and 3) suggest that

slip and normal load are very interdependent. The effect of changing

one of them is dependent upon the prevaiìing level of the other.

Increasing the contact separat'ion from 5/8 to 7/B inches

(or the noninal slip amplitude from 0.0015 to 0.0021 jnches as calculated

in Appendìx D) produced a noticeable reduction in endurance at a normal

load of 102 pounds, but not at 82 pounds.

Increasing the normal load from 82

nominal contact pressure from 5.2 to 6.b Ksi

produced a noticeable reduction 'in endurance

7/8 inches, but not at 5/8 inches.

102 pounds (or the

calculated in Appendix D)

a contact separatÍon of

to

as

at
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4.3 The Suggested_lumulatiye Effecjs of Sl ip and j\oruial Load

The cumulative tests (faOies 4 and 5) rvere analyzed (lables 6

and 7) and the results plotted in Fi'gures 10 and 11. In their
'interpretation, â low summatjon of cycìe-ratjos is consídered to be

detrimental and to be representatjve of rapid development of fatigue

damage

The predominant dìstinction which appears in Figures 10 and

11 is that between initial fretting at the mild and at the severe level. For

cumulative testing with respect to both slip and normal ìoad, damage

accumulated more rapidìy when the spec'imen was fretted initially at the

severe I evel .

However, the difference in rate of damage for mjld and severe

init'ial levels depended on the initial stage cycìe percentage in different
ways for cumulatjve slip and load tests. For the cumulatjve slip tests,

the difference produced by order of testing was'large at small initial
percentages. For the cumulative load testsu the difference was small

at small initial percentages.

Cumulative testing involving fretting ievels having

approximately the same charactenistic endurance, h,as not necessaríìy

insensitive to the order of testing. Cumslip 1 and cumslip 2 were

conducted at fretting leveìs having characteristic lives of 72 and 66

ki'locycles and there was no appreciable effect of order of testing.
l-lowever, cump l and cump 3 were based on characteristic lines of 72

and 69 kiìocycles, and the seguence effect was as large as any of the

other cumulative tests.
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The effects of the order of testing and thej r further

dependence on the percentage at the initial leyel do not suggest a

particular correlation wÍth the concept of early maximizatjon of fretting

damage as developed by previous ínvestjgators under condìtions of two-

stage tes t'ing .

4.4 visual Interpretation of the .Fl"ettjng Scar .and Fracture Face

It can be seen in Figure 9 that there are tv¡o obvious points

of crack inìtiation in the fretted region. In some cases the resultant

fracture face passes through both initiation sites.

The actual contact areae as estimated from the area of

discoloratìone was typìcally one-quarter of the nominal contact area.

A better estimate of the nominal contact pressures corresponding to

82 and 102 pounds is thenefore 20 and 26 Ksi, assumìng equal division

of the normal load. This dimínished contact area is a result of the

convex surface produced by longitudinal pol ishing of the para'lle'l reg'ion

of the fatigue specimen.
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CHAPTER 5

SUI'4I4ARY AND CO}{CLUSIONS

5. 1 !.uTma ry

Conditions of fretting fatigue have been established in terms

of nominal sl'ip and normal pressure at the fretting interface. The

severity of these conditjons relative to each other have been determined

fron their characteristic endurances. Cumulatjve tests have been run by

combin'ing these conditions in different proportions and sequences, and

the rates of development of fatigue damage have been inferred from the

summatj on of cyc'l e-rati os at fai I ure.

5.2 Conclusíons

The following behav'iour is suggested by the results:

(a) Scatter in fatigue life decreases as conditjons of

fretting fatigue are made more severe

(b) Sljp and normal load are highly .interdependent.

(c) Fatìgue damage accumulates more rapidìy when frettìng
fatigue occurs initially at a severe condition, as defined by either

slip or normal load,

(d) The difference in fretting fatigue performance produced

by testing sequence varies inverse'ry with initial stage cycle

percentage for cumulatjve slip testing, and dìrecily for cumulative
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1 oad testi ng.

[e) Cumulative testjng at conditions hav'ing indjstjnguishable

characterìstic endurances can be highly sensitive to testjng seguence.

5.3 Súggestiohs for Furthe_r Stùdy

(a) Cumulative slip and load tests could be carrjecl out r^rjth

change-over occurrìng at percentages other than 25% and b0%.

(b) The numericaì guantitìes required for calculation of the

summation of cycle=ratios could be determjned sequential'ly, thereby

givìng individual estimates of ratio summation in a manner suitable for
statistical anaìysis of differences.
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Sunvey of

APPENDIX A

Fretti ng Fati gue I nves t i gati ons

Definitions of fretting fatigue ìim.itN0TE: 1.

(a)

(b )

Bethune (1965) - number of cycles of fretting
6elor,r whìîfã-propagating faiigue crack is nõt
i ni tiated.
l¡Jaterhouse (1962, 1.964, 1965) - the maximum
number of initial frèTtìng-Tãtigue cycles which
do not sìgnifìcantly reduce the life of the
specimen jn a subsequent fatigue test.
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Two- s teo
Stat'ic pre-fret (o^=0)-
D.vnami c' pre-fret' (äaló)

GENERAL DESCRIPTION
Di rect stress
Bend'i nq s tres s
Alternating stress (om=O)
Fluctuating stress (omlO)
Joint arrangement_
Press-fit arranqement

INPUT VARIABLES STUDIED
Slip ampl'itude-
Clamping pressure_
Al ternati ng stress
It'lean s tres s_
Atmosphere_
Relative humìdity_
Specimen buì k temperature
Materí al
Heat treatment_
Surface preparation
Geometrv
C'l ampi ng cond i ti ons_
Contact potent'iaì di f ference
Direction of frettinq

UUIPUI VAKIAbLE.S 5IUUTbD
Endu rance
Fatique strensth_
Fretting fatìgue limit_
Prot failure stress-
Mì croscopi c examination
Adhesion force_
Friction force
Thermo-electri c current
Interface electrical resistance
Mj crohardness_
Profi I ometer



74.

Princjpal Author and Date

-o (-) ç+ ro-o
Or Or (O OO ft .r l-- CO O) .r N + Lr) F-t F{ Cl(O (O Lf) (c) (c) \f Lf) (O r{ (O (O (o (O l-\ l'\ N
Or O) Or ot Ot Oì Oì Ot Ot Ol Ot O) Ot Ot O)
F{ Fl F-l r-{ r-l r-J t-l r--.1 

^r-l 
r-.1 F-{ .{ d ê H

=CÐ 
-^^^^qil r-r Cf) (O <f Lc) tc) F{ñ^ (o ^Øcf)LocÐLocÐLr)(oC¡ (O r-l ^r--l (U

C{ C\ v^ F{ Lr).rvv^ o^+vÞ q) (l) cJ cJ cJ GJo_o)-v(oov (É Ø Ø u', th (n u)rdrúr-Jfc' vll) >¿f 555=55(5JVV(Jv>Otooooooo o Ø > (u c 3-c-c-c-c-c-c{r.r'r O).r (IJ ØJ rõ O S- 5- L ! l- S--C
-C-C C--O-s l- Q-- CJ qJ c) Q, (u CJ O,Ø (n.- > E c} rd (u 5-+r{J{J*rlJ*¡.r
'r .r'Þ (d.r rd P .p rú rú rú rõ fõ rõ rõ S-

= z. o Õ- ú v) u) u) = = = = = = = =
TEST TYPE
0ne- sten
Two- s t-en
Stat'i c pre-f ret (ou=O )-
D.ynam'i c pre-fret (o^10 )

GENERAL DESCRIPTION
Di rect stress
Bend i no s f.rêç c
Alternating stress (om=0)
Fluctuating stress (omlO)
Jo'int arrangement_
Press-f i t aryanqement

INPUT VARIABLES STUDIED
Slin amnlit-ude
Clamoinq Dressure
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Mean stress
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Adhesion force
Fri ct'ion force
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Interface electrical resistance
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APPENDiX B

Stati c Load Cal i brati on

of
Amsler High Frequency Vibrophore
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APPENDiX C

Spec'imen Test Records

NOTE: 1. Nominal fatìgue stresses for all tests were
o* = 40.8 Ksii "u t 37.5 Ksi

2. Test frequency = 57 Hz.

3. Specìmens within each prepared batch urere
randomly allocated to the test levels in
progress.

4. Tests were run ìn sequence of increasing
spec'imen number (except #64 which follows
#76) .

5. Test level acronyms:
(P,L) = (normal load in pounds, contact separation

ìn inches)
Cumslip = cumulative slìp test
Cump = Cumulative load test
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APPENDiX D

Sample Calculatjons



83.

1 . Cal cul àti ons of Nomi nâl Sl i p Ampl i túde

Assumpt'ions :

a) No sl'ip takes place between the knife-edge and the fatigue
specimen.

b) The longitudinal strain in the paralìel section is uniform
and dependent only on the nominal alternating stress.

c) This longìtud'inal strain acting over the contact separation
results in uniform si'ip over the fretting ìnterface.

d) There is no elastic absorption of this uniform relative
d'isp'lacement either at the fretting interface orin the
bridge assembly.

s^ = (o^) (L)
d. cl--E-

S- = nominal slip ampiitude (in.)
ol = nominal alternating stress ampìitude =
Lo = contact separation (Ín.)
E = modulus of elasticity for Ti-6Al-4V =

when L=5/8in.
5" = (37,500)(5{?) 

= + 0.0015 .in.o -TtE- x ToEr

when L=7/Bin.
S^ = (37,500)(74?) = + 0.0021 in." -TffiTlorr

37,500 psi

16 x 106 psi



2. Calculation of Nominal Contact Pressurel

aÃ

Normal load = 82 lb

I,Jìdth of contact strip on frett'ing pad = 1/16 in.
Length of contact strip on fretting pad filed ar,ray = l/4 in.
l,{'idth of paraì'lel section of fatigue specìmen = l/2 in.

Nominal contact area = (+6 - |l - (+6 r fl = h sq. in.

Nominal contact pressure = V- = 5.2 Ksi,
at a normal I oad' of 82 I b . rl o+

Nominal contact pressure = #T - 6.5 Ksi.
at a normal load of 102 lb. r/o'

lThe machined dimensions of the components in contact at the fretting
location are used to determine nominal contact area in this calculation.
See Section 4.4 for a better approximatjon of the contact area.



85.

3. Calcu_]a_tìon of Summation of Cycle-Ratios at Failure by Linear Damage Ru.le

NNz
scR=n9 +

'\1 Ns

SCR = Summation of cycle-ratios
lio = Number of cyc'les run at first fretting levei
N, = Medìan cycles to fajlure at fjrst fretting 'leve'l

N, = Number of cycles run at second fretting 'level

N, = Median cycles to failure at second frettìng 1eve1

a. Cumulative Slip Test.

Cumslipl: P=82
(from Table 4) L = 5/B for 36 kilocyc'les

L = 7/B to failure at 74 ki'locycies (medìan)

No = 36 Kiìocycles
N1 = Characteristic median life for (BZ" 5/B)- from Table 3 = 72 KÍlocyc1es
N, = 74 - 36 = 38 Kilocycles
N, = Characteri st j c medi an I .ife for (82, 7 /g)" from Table 3 = 66 Kilocycies

SCR=# + # = 0.b00+ 0.576=r.076

b. Cumulative Load Test.

Cump 1: L = 5/B
(from Tabìe 5) p = BiZ for 36 Kilocycles

P = 702 to failure at 71 Kilocyc'les (median)

No = 36 Kilocycles
I{1 = (82, 5/8) = 72 K1ìocycìes
N, = 7I - 36 = 35 Ki'locycìes
N3 = G0Z, 5/8) = 69 Kilocyc'les

SCR=# + # =0.500+0"507=1.007




