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contact. It was necessary to define

ABSTRACT
A Critical Review Of Fretting Fatigue Process

Yousri El Borai

In this report an attempt has been made to present a broad
spectrum, the complex interactions, nature and influence of

maJor factors that basically affect the material fretting

" fatigue under the repeated displacement between surfaces in

4

and dlffefentiate between
fretting fatigue and fretting corf‘osa.on(wear). their theories

and their fretting mechanisms.In light of the forgoing it was
desirable to take a close analytical lookK at the distribution

of stress in the vicinit‘x;ﬁof the contact area vwhich leads to
fatigue crackiang and consequently a reduction in fatigue streng-
th. Some general guldelines for design are presented, but the
importance of dealing with each fretting fatigue sltuatl.csi’s .
emphasiied tnroﬁgn the current literat\ipe for which the applicat-
ion and concepts are elucidated ,towards the specific aesixn

conditions. ‘
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1,2 SCOPE OF INVESTIGATION

, ) ’f
. recent researchers on tj; subject, Emphasis will be 1laid most on

This work will be concer'ned minlmtn the hrief presenta-
tion of various parameters that affect tne fretting process and

also witn some, of the major theories that have been presented by

the mechanics of the fretting process, ,the role of elastic stress
analysis in the interpretation of the fr‘ett:tng fatigue failures
and the ﬁactm mechanics for predlctul.ng the fret;c.lnx fatigue,.
with critical appraisal of the various theories and models avail-
able on the subject, from the point of view of suitabiljty for
use and the establishment of parameters leading to the‘ design and
choice of equipnent for a speclific process. A typical occur'rence
of fretting fatigue failures in pr;ctice will be described and
also the techniques used for avoidance of fretting fatigue failu-

Q

res. .
1.3 PARAMETERS INFLUENCING THE FRETTING FATIGUE(M Pﬁ(XZESS
The main objectives of the fretting fatigue/wear- theories
are the prediction of the marmer in which the fretting 1n13.1ate
cracks on material, the derivation of formulae for "the cé.lcutat-
18n of forces involved, the establishment of control factors of
Product geometry and quality, and providing a basis for the
appraisal of the prediét.(on of the 11fe of a structure component

as-a function of all pertinent operational parameters with a

4
t
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statistical smmficancg.-{ Such objectives are hot easily attaina-
ble wvhen the menomenorig‘:;ﬁder study 1is as con;plex as fretting
fatigue. 'Ihe main factors that influence the mechanics of the
-fretting fatigue process may be listed as given below :

1. The amplitude of relative motion between the surfaces be'xng
~N

fretted
2, The amplitude and distribution of pressure between the two

surfaces being fretted

3

3. The state of stress, 1including magnitude, direction and
——— \ . )
“variation with respect to time, 'in the region of the surface

of each of the two members being fretted
4, The number of cycles of fretting

5. The materidl of each of the two members being fretted

o

6. The cyclic frequency of relatlvé motion between the two
members being fretted ' -
7. The temperature in the region of the two surfaces being

fretted . .
/
4 8, ‘Tne atmospheric environment surrounding the surfaces being

Y

fretted N

~

7' L .
The complete list of 55 variables includes(i3): T S

i. Material of the mating parts
- . ] ~ [ . . R . ) .
2. Heat treatment of materials ' N

3. Hardness of mterlais
-u AP ’ ‘ N
4, Normal load distribution = ;



>

5. Coefficient of friction

6. Thermal conductivity

7. Contact pressure distrif:ution

8 Magnitude and positlop of maximm Fressure
9. Relative position of mating par:ts in the electromotive series
10. Chemical reactivity and combinativitly

11. Ambient atmospheric composition

12, Humidity

13, Ambtent temperature , ’ - -
i4. Interface :cenperatum

15, Ability of material to for;n oxides
16. Size of oxide particles . . -
17." Shape of oxide particles ‘ , '\ ‘ e
18. ‘Hardness of oxid.e particles " |

19, Weldability of the combination of material s :

20,. Melting temperatures of materials

21, Recz'y;tal lizatlon temperatures of materials

2. . Recovery rates of materials

23, . Ar;putude of motion - T L

24. Direction of motion, especially with respect 'tb"stress field
25. “Cyclic form of motion pattern - R

26, Ha&mmde d.irection. and type of applied stress f1e1d

27, Hacnitude. d.trection and type of residual stress field dne

to heat matmnt. snot-peemng colra- rolling or other

trqatmnt

To

N34
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®

28. Surface roughness or waviness . | L
29. Notch sensitivity - ‘
« .. 30. Fracture strengths of materials '
’ 31. . Yield stress |
32, ,'l Endurance 1imit stress
33. Modulii of elasticity of materials . >
34, Type of forming or machining process hsed to fabmcate
, ) parts o
35. Directions and type of surfac;h-m
" 36, Stabllity of the oxide ;o
37. Wear properties S
.38, Geometry of the mating parts o /
39. size of the contact area - 17

40. Type of fi} at contact area, i.e., press fit, loose fit,etc.

EXY

a

41. .Speed of ¢¥¢illation .

42. Contirmous or intermittent service e

43. Dry,.. lubricated or contaminated mating surfaces

44. . ‘Weight change or rate of weight cn”a/nde auring fretting

45. Dimensional change or rete of dimensional change quring
‘fretting o -

46. Change or rate of change of contact area

'47.  Damping capacity of materials

° 48. Natural vibration characteristics of parts involived

49. Self-excited vidration due to sticK-slip action

3



Cc

w

50. Normal contact str;zsos

51. Poisson’'s ratio effects . e

S§2. Ductility and malleability of materials involved
53,' Time or duration of fretting contact o
54, Depth of residual stress fleld

55. Cryatal latt«:e structurg of matemal

Fig(i) summarizes m chart form the primary factors to be consid--

ered in frettin; fatigue(14). The diagram represents the actual

physical/chemical xocess. The  materials, stress environment

. chemustry and temperature, ﬁ'equencir, wave form, and contact

stress must all be considered in both the mechanism of fretting

fatigue and struciural behaviour in fretting fatigue resistance.

. ’ v <
+ 1 .
. N



..mmmﬁmm.m:ﬁuwum ul S1032e4 snolawny w.cﬁmuum«;: we1be1q Emum.«m '1* b1a

© -

S

*

-

.
LY Ml 60 0

A}

»

(V) LUQ&LVQ’ -234V

T

~

» INDILVI-ONILLIH] & _ +

ALINBYLO3dSNI ‘AHLINO3D
SSINMOIHL ‘WHO4 LONTO0Ud ¢

ONIQVO1 40 IONIND3S
.., 7 .AON3ND3Y3
© 3GNLNDWY SSIYLS

JONVYH SS3HLS
31VLS §53U1S

ONIGvO

OIM0AD

TAYOINVHO3N-

N

-

NOLLYWYOJ3Q | o1 qyjy3ivi OiSve

- -t
. NCILYNHO4 W4 . NOI1Oiu4
 INIWIULLIYENI '\
) NOLLN10SSIa -t .
-+ ONILLd
3N
, " 3a1x0
ALIAISSYd -
ALISN3Q IN3HUND °
TIVIAN3LO0d .
S _ SHOLOV4 dvon
. * — % | IVOINIHD-0HLO313 HO TYOINIHO TYWHON
NOILVIWHOS3Q WIINVHO3N OINOAD
ANV LOV.LNOO Q3INIBWOD .
.Emzzo:_»ﬁ 0. 3SNOJS3H
<—————— 1IN3NNOHIANT $30v4uns

JOVINOD

3NOILV4-ONILLIHS

~

7/

?



. her common grounds can be established

- oscillation of two sliding surfaces in contact.

CHAPTER 2

.
>

BASIC CONCEPTS IN FRETTING i-‘AZIG’UE(M PROCESS

I : o ¢ o
. »?

INTRODUCTION

The objective of this chapter 1is to sumxarizé from tﬁe
: Y

fundamental aspects  of fretti.ns.* fretting fatigue, fretting

wear; the theories and the effect;s of the experimental parameters

“on the ffetting wear and fretting fatigue and to_determine whet-

~

2.1 DEFINITION .
_Many attempts were made to differentiate between fretting
wear and fretting fatigue. Chives’s (15) attempt indicated that

fretting wear and ‘frétti’ng' fatigue phenomena are in general

1ikely to occur in somewhat different situations, the fretting

wear related to ‘the material rexnoval while freéting fatigue

relates to only induced stress. 9111(16) had establ:.ahed a Cclear

— o

definition which is as follows. .

.

,‘I-‘réttigg is the surface damage caused by low amplitude

1

Fretting Wear is the removal of material from contacting “

surfaces through fretting action

* Fretting Fatigue  is the reduction in the material fatigue

) }. 2 Fretting Fatigue - "

_Qr,umrance due to ﬁ*etti’rig ‘mn"face‘damge.
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Observations were made indicating . that fretting failures are
consistéritly occurring in the areas sho,wxngl gwface dz;mage often
near the edges of con{act areas or near’sl‘ip/non—slip boundaries
(17, Aie). agc_onpaﬁied by crack C 1mt1htxox; and propagation and a
bulk altermating stress in one of the contacting bodies

2.2, MECHANISMS OF FRETTING FATIGUE

. -
2.2.1.1 Atomic scale The n:ovement of atoms under the influence

of the applied alternating shear stress causes the atoms to fox:"m
etxther edge or screw dlslvocatlons which 1s 1in genéral tennslthe‘
start or the initiation of a c;aclc. \ If the surfaces of the crack
were to '.slld'e over each other in a direction perpendicular to the
iead.ing edge Qf"‘tﬁe, crack, ‘L‘itfus would constitute an edge d.J.slqca-t
tion(mbde I of edge crac}.()‘ The ifomlat.‘ion of screw d;slocat.ton‘
leads to the subsurfacg crack and would cons‘txtute mode III
cracK ( £ur{hér explanation will be presented in section &4 1 for

-—

cracks lnitiatibn related to fracture machines). .

2.2.1.2 MICROSCSPIC OBSERVATION
Waterh;ﬁse(w) illustrated _the pattern of freftlng fati-
gue proceés rit.h the scannlngv electron mcroscope as shown 1n
£1gures (2-9).  As 1t can be seen, observations of the damage on
mild steel indicated that at the early stages, local welds occur-
red causinJg con.t'.ider'able roughening of the surface (Fig.2.). ms
‘> was foltowed by \a.rj.mg of material and a reduction 1in t.he

surface roughness (Fig.3.). eventually, material was removed from

o
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the surface by delamination process producing plate-like partic-
les of debris(Fig: 4,.). At this stage, the debris consists of thin
oxide-covered metal particles. Development of debris car; cause
the boundary between the region of slip/non-slip to move and is
thought to Dbe ﬂ;e reason for the generation of rmltxple cracks
which is a feature of fretting fatigue failure (F1g.5.). The
sub-su;‘face craéks. which are a feature of delamination process
crack could change direction and become propagating fatigue
craéks. progressing into the bulK of the material (Fig.6.) Crac-
Ks, once initiated, follow a course at an angle to the surface,
but when the crack 1is caixsed by the fretting action, it changes
direction, becoming perpendicular to the principal altema{E;;'ng
stress. Figure 7 illustrates another form of fretting fatigue
crack and the initial oblique portion of the crack 1s opened due
to the stress concentration at this point in the sur}face. On the
final fllactured surface, the oblique» partqu t.p,e cracKk appears as
a tongue on one surface and a matching rghipdbn the other one .
Fig 8 and 9 show such a tongue on a fatigue fracture of a steel
shaft with a press fitted collar. Ih addition to the main crack,
which caused the failure, mumerous other cracks are visible

(Fig. 9. ).

2.2. 3 THEORIES OF FRETTING FATIGUE MBCHANISMS

.

The observation made previously applies to the initial

stage in-the development of a fatigue ct;ack which ultimately
‘ -

3
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the asperity on the gripping pad can sustain is given by :

produces a  fretting fatigue failure. Most investigation e. g(20)
~ ‘8

‘have been concerned with the alternating shear stress produced."mg'

contact region. The magnitude of these shear stresses depends on
the degree of adhesion or the coefficlent of friction iatween the .

surfaces. Liu, et al. (2i) have completed the analysis based on §

the forces acting on an infinitesimally small element of material

» near the interface of a microweld as shown in Fig. 10. The fol‘u-

ing 'termlnology was used:

v

Spax ¢ maximum shear stress in the asperities of gripping pad
P = normal contact stress in the asperities
i . L
V) = coefficlient of friction
Po = yleld-pressure of the weaker material = = . "\/ —
‘ ') k|
H =

hardness of the gripping padkmaterlal

Salt = alternating shear stress in specimen due to alternat
T ing bending stress aﬁd frictional shear stress

O3]t = alternating normal stress due to bending of specimen
Oy =  yield strength in the weakKer material

assuming P, = 30y Wnd oy = K. H and that the asper-

ity is subjected to.a shear stréss S, the maximum pressure that

%

mi.Ha . - . _4.

"5

= P2

Ko 4 4 p2 : .
where Ky4,Kp =constants '

The maximum alternating shear stress in the element ‘due to the
‘ ®

4
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oscillating motion relative t7ftn\e\gr1pp1ng pad at the interface
) Y
(Fig. 10.a. ) 1is : |
1 R »
Sait = —— (WPPE 4+ oy ¥
2 .

when S;j¢ reaches-the fatigue endurance of the material in shear
a :Eatigue° lcrack is initiated Their assumptiop was based on the
faf:;;g,ue endu;:aricg in shear 1is half the value of the normal fatf:
gué ?r'lmrance wnig.'gives this criticalﬂvalue of the alternating
normal stress. { Maximum shear stress failure theory )./

“ ' Ky HE % v

Calt = (4 S%5¢ -4 V& — )
ka+4pa
i \ b2 Ky H2
: 2 (82314 - WeP2) = 2 (8234 - —m— )
Ka+4pa

Agreément w1t1;1 the experimental results is found to be reason-

ably good. Nishicka and Kirakawa(22) have applied similar analy-
sis to the casé of a cylindrical surface fretting against a flat
speég.‘men where the motion 1s at rig.nt angle to the line of conta-
qt. 'ﬁme relat;on between the. fraction of the area over which slip
does'.not occur and the applied normal load N, the tangential

b

force T and the coefficlent of friction p (Fig.11.) is:

o | T % -
—_— :[1-(—- ) ] . 2.2.3.1

c uN e
w}sere ! ¢ = half width of contact between cylinder on a flat

d :variable adhesive width

PEE

The relation between the relative slip «" and these quantities

is given by :



T - . . "
) ; e

Adhesive . o
- re(gion i
Y : b

£

Fig. '11.‘Area§ of slip and non‘-,-slip in the contact of a
cylinder with a Plane. (K.Nisiioka 'and K.Hirakawa,Bull.Jap.
" Soc.Mech.Engrs. -12,693 (1969).) ' )

o Broken oCracked e Not cracked

g' 40 [ T : [ . 1.
¢ S G3=0, ,—Zypo(‘l-é‘""?) U
R~ : o %o - T
° 8 30 3 —a ' —
. n ' ° .
’ g @ o f(ca|&')=0 )
.. % 20 0 ° Slg=s
S \ | ‘" -~ \
g ° .\O o0 o P , . .
= 10 - v———
. = { e o e,
s .| e < o
0 10 20 - 30 40 50
| Relative ;Iip. i} -

Fig. 12,Effect of amplitude of slip on the fretting fatigue endurange.
of induction hardened carbon steel specimens.(K.Nighioka and K.
) Hi;akawa,Bull.@ap.SOC‘.Mech.Engrs. 12,696 (1969).)
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L Y
valued of slip is attributed to the removal of crack muclei by
( f

excessive wear before they have the unity to propagate

2.2. 4 EFFECT OF THE MAIN VARIABLES ON FRETTING FATIGUE =

I

2.2. 4 1 AMPLITUDE OF MOTION - : ‘ -
It appears that there is no mninum surface slip amplitude below _

- which fretting will not occur. WAt low amplitude, most of the

‘debris are retained in the contact area where is at high amplitu-

» <> des ciebris are fojx‘ce;i;";:froﬁ:"the ,contac;t area and concentrated in a Lo
'ring around the fretted suiface. The fretting fatigue endurance i
versus Ds’fip amplitude is presented gsemi-ciuéhtitatively in Fig. 13
F‘retting fatigue endurance ( or limit ) decreases with increasing
anplitude up to about 8 pm, but is shown here to be relatively

-
insensitive to further increases in amplitude. - * : '

M -

2.2. 4. 2 F‘REX}UEKCY ‘

- Researchers have investigated the effects of varying A:he freque-
ncy level, in particula'r ‘effects of en'vi,ronment on the fatigue
charact:ristics of sevirﬁbmterials. The result of thes;inve_
stigations are summarized by Hoeppner 5et al. (29) i in table(i).
Séverﬁl 1mestigatoi~s found that t.her-e is no effect of envirorm-
ent on crask growth rates at pigh frequency levels. Endo et al.
(83), observed that fat\kgue/life increaseq with increasing freque-

V>\ ncy up to 50Hz in fretting fatigue experiment on c;r;bon steel. ’

Increases -in crack wopacatio;i rates were found with.'dé;:rease in

frequency at lower frequency levels in corrosive environments.
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TABLE 1. (Cont‘’d)

[

Author(s) Material Frequency Environment Resul ts
Yokobori, 2024-T3 8400cpm A1 @ room increase in growth rates for a
Sate A1 SM-50 T200cpm  temp decrease i1n frequency for both °
‘ : stee) 6cpm materials .
fcpm Increase in striation spacing for
decrease 1n frequency
Nakasa, SNCMB 800 to 1 Distilled Increase in growth rates with
TaKka: steel cpm -water5-80°c decrease in frequency
Cavel, . Alloy718 20 Hertz AIr® 2989k Incréase in growth rates with .
Pineau (nickle to 0.005 and 8239k decrease n frequency
° base) Hertz b .
3
Amzallag, Austentic 20 Hertz A:ir and 37 No eftect of environment over air ’
Rabbe, and to 0.5 facC at high frequency(20Hz) tncrease n
Desestret ferritiC Hertz ol growth rates as frequency 8
stainless decreased ,
steel @
Ryder, Ti1-6A1- 20 Her'tz Air, 3.5/ tncrease of 4-10 times in growtn
Krupp, av to 0.5 NaCt,sump- rates as frequency is decreased
Pettit, Hertz tank water '
Hoeppner *
Vos ikovksy HY130 10-Hertz Air, 3.57 No effect of environment over a:ir ¢
: ' steel 1 Hertz NaCt. at 10 Hertz
0. tHertz Increasgoin growth rates as
0.01Hertz . frequency is decreased
-~ ‘ s
i & - ,
B8raun SAS533B-1 10 Hertz Air?, No effect of frequency in air
steel 1.0Hertz distilied No effect of environment over air
. water at 10 Hertz 1

e
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Fig. l4 . Fretting Fatigue experiments for "ri.ésA.w
and 304 stainless stegl . After Bill(27).
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Fretting fatigue experimental results are Known to be sensitive
to the chemical activity of the environment. Poo£ and Hoeppngr

AS

(26)Iconc1uded that for some materials the chemical or corrosive
contribution to fi‘ettins fatigue could be dominant compared ;.o
the xmchanic\al\ contribution alone. ( see Table 1 ). Waterhouse
made the general observation that fretting was particulary detri-
mentél xgental to fatigue endurance in a cotrz,;ésive environmerit in
the case of alloys that depend on protective surface oxide film
for corrosion resistance, ’

2.2.4.6 EFFECT OF TEMPERATURE

Fretting fatigue experiments reported by Hamdy and Waterhouse(29')
for Ti-6A1-4V and Inconel 718 showed longer ,,fr:etting :Eati‘eue
lives ;t‘ elevated temperature of up to 600°C than at room temper-
ature. The rapid development of thick surface oxide £ilms was
proposed by Waterhouse as being the reason fc;r the extended
.ﬁ‘ettinc fatizue‘liv at elevated temperatures. The formation of .
mfue oxide generally résul s in reduced adhesion and friction-
(30) and therefore a reduced probability of surface crack initi-

at.ion and ¢ro\rt.h. L

2.3 -FRETTING WEAR -

+

Observations made by different investigators l.ndicated that the

fretting wear is consistently accompanied by a loss of intermeta- E

L4

11lic contact and the formation of ox.td.e debris between the



L3

FiG.

Cantcting Contacting

hlgh spot

Elwated comacgng
ragion high spot

«

77/’ Deprassed g .
region - 5 Depressed
ragion
(a)Accumulatlon of trapped partxc!es in the space among the
high spots i

(b)Integration of a company of contacting areas into a united area .

’ Oxide particles ,
escaping into :
- the depressad region

(d)Curved shape.qf the llrgo pit as the result of stranger abrasive
-cnon acunq in thc cnmral region .
5. Schemanc rcpm;ntatxon ‘of i lmtmnon and spreading of fretting damage. (I. M. Feng
. and B. G. Rightmire, Proc. Insm. Mech. Engrs. 170, 1056 (1956).)

3
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(a) Fretting damage 1is reduced 1ﬂ vacuum or inert atmosphere
(b) Debris formed by fretting of iron is largely of the composi-

- tion Fep O3

" (c) Greater damage OC(;']JI‘S at low frequencies for a given number

y
¥ [
A,

of cycles than at high frequenciesﬁ - o, -

(d) *‘Metal loss increases with load and relativ_e slip

(e) éi:‘eater damage occurs at temperature beloyl room température
than’'at temperature above room temperature .

(f) Damage is greater in dary air tnanvln moist~air

Inl explaining tr;esg facts e had produced a theory based on mode‘l
shown in Fig. 16 in which it i{s assumed that the damage is caused
by a regular array of asp;rlties which wipe off the oxidé f11m.
which inmed.tately begin.s to form again to be wiped off again in
the next cycle. The contribution of this action to the damage 1is
calculated assuming a logarithmic growth law for the oxidk film
He has assumed also that the asperities plough into the metal
sm‘fgce and ‘xl‘emoye metal directly. The weight loss per cycle dne

-to the scraping off the oxide film is given by:

\ ) s Q -
L} = 2 nfek m[-— +1] oL as321
corr 2 £
p .Y
where n = rmumber of circuldr asperities per unit area.
€ - distance moved by an asperity in half a cycle, i.e.
the amplitude of slip. .
c"\ = diameter of the asperity.

e
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Fig. ];G.Uhlig's‘model of fretting on an oxide
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.

s = 'spacing of the asperities. ' -
£ = <frequency. . .
T,Kg}(o = Constants’

The weight loss per cycle aue to uﬁloughing action is given

A

by: : 1 .
2k’ p.N . .
Wmech = ——— = kp LN - oa.322
Po ‘
where N = normal load .
Py = Yield pressure.
K ' and Ko = constants. . »

Uhlig expands the log. term in eqn(2.3.2.1) and ignores all but
the first term, so he is 1in fact assuming a linear oxidatfion

rate. This reduces eqn (2.3.2.1) to :

ncKs
wCom- =7 2.3.23
£ r W ‘
Since the spacing of asperities is s a2 n A and the total real

_area of contact 1s n W (¢/2)' 2.3.2.3 pecomes :

Weorr = Ko NA /£ - Ky N/F 2.3.2.4 .
where:
2 K ' 4 K
kO s - . and Kl H .
Py 1 T Po W T
combining eqn. (2.3.2.4) and (2 3.2.2) give:
Wiotal] = (Ko Mf - Ky N) N/f + Kol NN 2. 3.5@5
: 0T 4
where N’ 13 the total mmber of cycles. . ’ N
Wiotal = the specimen weight-loss. ) r



° Equation 2.3.2. 5 pred.tcts the fretting weignt-loss in hyperbouc

function of frequency. Halliday -and Hirst(39) made. a conparison

) of mild wear on a steel and fretting at various amplitudes on the

same type of steel. These results are shown in Table 2. The rates

are similar at large anplitude, 'but at small amplitude the frett-
[V]

ing wear rate becomes very small in comparison with the wear -

. productd in unidirectional motion after sliding for the same
" aistance under the ;ame load. They copclu:deg according f.o their

oxgervation that v;eldlnc of meFMme occurs, and the degree of
. relaiiv 11p influences the result. They showed tnat fretting
was not dependent on the formation of oxide. Watemouse theory ‘

(40) was build on the congept that fretting was nncn l1iKke wear

with rec*ard. to the adhesion, the breaking of the welds and the

metal tragx/sfer occurrence. In special cases oxide play an import-
¢ ant role in the process. . S
2.3.3 EFFECT OF THE MAIN VARIABLES ON FRETTING WEAR
2,3.3.4 AMPLITUDE OF MOTION
It 1s universally agreed that fretting wear increases ’with incre-
. asing amplitude. Tomlinson et al. (2) concluded that slip amplitu-
des as small as 0.025 pm ( 10-%inch ) are sufficient to initiate
) ﬁ'ettina damage. The effect of the amplitude on fretting wear is
shown in Fig. 17 which shows results, obtained for 9310 steel(16).
At low amplitude, most of the debris were located in the contact

whereas at high amplitude debris were forced .from the
Y <

Pl
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y
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Table e
Wear rates under fretting and ux;idirectional
sliding conditions. After Hatliday (39) v
." i ( )
¢ _ Wear Rates ( cmS/cm )
Load Amplitude
(Kg) ( ym ) lf?etting Unidirectional °
70 420 1. 18x10~7 1, 2x10-7
» .-
50 - 300 8. §3x10‘8 8, 0x10-8
- K Il . .
19 20 -initial §.6x10-8 "2, 2x10-8

final {.9x10-42

2
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contact area and COI lected around the peripner'y of fretted surfa-

P

ce. 'me amplit at wiiich the transit).on occurs would. likely

depend on the contact eeometry detailf,

2.3.3.2 FREQUENCY

<
&

Fen; and Uhlig(41) reported decreasing fretting wear rates in
mild steel .as !ggquency increased up to about adnz. ~Beyond 201z,
the frequency effect was not signiﬂcant They mdj.ca.ted that the
frequency effect was associated with. the rates of sur‘face otidat-
ion and available time for _oxldation t0 occur between fretting
cycles. - @

2.3.3.3 NUMBER OF FREITING CYCLES

It 1s a universally accepted observation &xat: fretting wear
e
increases with the nmumber of fretting cycles often in the manner

shown in Fig. 18, There is an ‘initial stage of fretting(not’ 1llus-

trated in Fig. 18.) persisting for 103cycles .during which fretting

wear rates are high, and considerable adhesive transfer and

plastic deformation +to the surface occurs. The relative severity
of this initial stage of rapid wear varies greatly depending on
the materials. Following this initial stage of fretting, there is
an " incubation " period during which wear rate 1s quite low
lasting for 103t0 10% cycl'és. .Beyont'l 10%cycles, a steady state

condition is reached in which the wear rate increases. In general

a. critical mmber of fretting cycles (104- 105)1s required in
d in

-
fretting wear to initiate the onset of steady state wear.

\
!

- —a
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Fig. 18 . Fretting wear volume versus. number of
fretting cycles for Aisi 9310 steel 161 HZ.3Sum
amplitude dry air,1.47 N laogl . tnfter Bill(1l5).
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2.3.3.4 ENVIRONMENT EFFECTS

Fretting wear experiments conducted on non-noble metals invaria-

bly showed substantially less wear in an inert environment such

as argon or nitrogen than in air( 81,82 ) as shown in Fig. 19.

R \
There is  reduced wear volume inspire the substantially greater

\

area of metallic contact, far less debris are evident, and maicro-
spall pit edges are mich more clearly defined when fretting is
conducted in inert environment.

2.3.3.5 TEMPERATURE EFFECTS

Elevated temperature {fretting wear experimental resmilt.s incu:c,ate
that fretting wear generally decreased with increasing temperat-
ure up to 816°C as shown in Fig. 20. Materials are usually affec-
ted by temperature in fc.er?ns of change of mechanical properties
and oxidation behaviour. For'conditions uhder which rapid oxidat-
ion Kinetics or select‘ive oxidation of a certain ailoy constitue-
nts, led to the formation of adherent, self protective oxide film,
Hamdy (84) observed that the fretting wear was low. Wear&scare
features suggest that the primary role of the protective surface
oxide film, during fretting is to reduce thg 1incidence of metal
to metal contaét. thereby ‘rednce fréttmg friction and surface
damage in the form of micro-spalls, In the conclusion it can be
claimed ' that elevated temperatlire has a beneficial effect on

fretting wear.

o~
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THE ROLE OF ELASTIC STRES ANALYSIS IN THE

INTERPRETATION OF FRETTING FATIGUE FAILURE
—_——

L. . .
[N \ ’
. o

, \

INTRODUCTION .
Hertz had solved the problem of contact stress between two

elastic bodies(42), considering the assumption of static contact

- under the action of a steady resultant force acting normal to the

tangent plane at the point of contact. In practical applications

. of the theory neither of these conditions are fulfxlled, partxcu-

9
larly when friction and wear are involved. In such a case the, two

bdd.;es in ‘contact undergo some relative motion, either s

rolling or both, whilst the presence of friction ensures that
force tangential to the contact surfaces are transmltted betwee.
thmn. The introduction of sliding or rolling motion, together

with »arious combination of transmitted forces, gives rise to a

4

mumber of cdntact stress problems of considerable practical

] . N i

importance to which Hertz thedry alone does riot provide an adequ-
o o ' y, ” )
ate 'aolution. In. thus chapter the contribution which elastac

atress analysis can maKe ‘to. the  understanding of fretting and.

mtting fatigue is discussed S
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FiG. 21 (a)Contact of elastic spheres under normal and tangential forces. (b) Distribution
of pressure on the contact surfaces according to Hertz. (c) Plan view of contact surface.
Suppression of interfacial slip requires infinite shear traction at the edge of the contact region.

A finite [rictional capacity pp implies slip on the annulus a" < r < a with the central region
r < ' remaining unslipped. Afrer Mindin (44) ‘
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':.
coefficient of friction and P is the Hertzian pressure. On ‘the
other hand, it i3 poszible for a “relative slip to take place
between the surfaces over part of their area of contact without
the initiation of overall sliding. It was“found then that the
interface 18 divided into two distinct regions, a circular reéién
0 <r <a‘ where the surface remain together and an anmular r.‘ng.on'
a‘<r < 3, extending to the edge of the contact ai:f‘ea, over which,
slip will occur (Fig.21.c). The dimensions of the central locKed

-

region were given as : ’

X AN
a* P 1/3 . ‘ ,
. [ { - ] , |
) ¥ N »
where: ¢
N' : The value of clamping force
T* = The alternating shearing force .
{
p = the coefficient friction
a‘ = Minimum radius of no slip region
a, : Maximm radius of no slip region . - -
Tl
when ( —— ) —> {, the radius of the locked region
- VN ! & ’

.shrinks to zerq and macroscope sliding commence. If the shear-

ing force(-T* ) is caused to alternate between ¢ T", T* < pN

the region r <a* remains locked but the direction of slip in

a

-
€ B o

/
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(a)

a—

(b)

: ’ Fig. (22) Spherical surfaces in contact subject to:

(a) An oscillating force of amplit:ude + P* at an
oblique angle.

(b) An oscillating to:sional couple of amplitude + M*.
IDEALIZED FRETTING SITUATIONS . _AFTER O'CONNQR (49) .
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( —— >1)anda — =0 1.e : /
p N a ) >
% (e -v) v Po .

) R a 8 G ]
Even at t.pe point &f incipient sliding, the max.u:nm/sup amplit-
ude is several orders of magnitude smaller than the radius of the
co;\;r.act circle. It can be seen why soie authors use the te‘rm

* micro-slip ‘. These results demonstrate the role which elastlhc
stress analysis can play’ in the dlscusslo;l of the fretting prob-
lem As well as the elastic stress fields witxur{ the contacting

solids, the extent of the slip region and the amplitude of slip

can be determined Mindlin’s approach’that contact surfaces slip,’

in oi"der t0 relieve otherwise nlgn poncentratlon of shear stress '

on the interface, an effect entirely analogous to the onset of
elastic deformatien 11; ductile material. From this point of {r1ew.
s}ip and fretting in clamped, Joints may be t.nouént to have q‘~
beneficial effect. A further beneficial effect arises from the
energy dlssipa}e’d by friction. Such energy d.fssipatlo? gives to
the joint andampmg capacity useful in controlling vibration and’
is an important source of structural damping. - ‘
3.1,1.2 SPHERE ON FLAT MODEL

In this model Jomnson and O’Connor (49) presented the contact of

(b






S~

Frictional Energy Dissipation Per Cycle

Johnson(48) Experimental
gteady normal force lo =

- 45 -

result under:
89N. (20 lbs)

Ball radius = 12.7 mm.
Initial contact radius = 0.1956 mm.
Frequency = 48 C/s .
Ave. Coefficien; of friction = 0.56.
0.06
. #, i
0.05 -
0.04 A .
0.03
4 4 | TnagsHOLD
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( / /0.30.96
/¥ ;
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I
\
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’

. Values of P'/No
Fig.(23) . Frictional energy dissipation at the contact of steel
sphere and plate.

Theortical curves ( Mindlin and Deresiewic 1953 ).
Experimental curves ( Johnson (48) 1955).

0.5



-

“\

v

" yhere ¢

to the normal are hardly distinguishabl®e from those at 0%and no '

1

fretting of surfaces was detected ‘At 30%a ring of very small
pits could be d.iscer‘ned. and\,}s the lnq‘l"inatlon of the force was,
increased a marked annuals of fretting appeared until,at B 9o°

the situation shown in Fig.23 was obtained. It 1s evldent that
the predicgtion of slip resulting from the elastic theory was

confir‘med by the experiments.

3 1.2 CYL’IRDRIQA;.I: ON FL.AT -SURFACE MODEL

" This model remsents a cylindrical surface pressed 1n<contact

withr a flat specimen carrying an alternating stress t 0;)¢. AS
Fig 24 indicates a Hertzian distributlon of pressure(p) and
frictlonal traction (q) result in 2 °har'p finite st.ress concentr-
ati.on at C._For this case the dlstribution of shear traction
q(45) is given by the following relation:

. ¢
Q=g 1-2n/e e 3121

2

half width of contact between cylinder on a flat

-
<

X = variable width
The shear traction ac}p_iyng on the surface |x[ < cl, of a solid gives

rise to a direct s—tf:ss parallel to the surface(51):

x
"aq I . N nIXl < C '
° c o 3.t.2e2
*] H ¢ X ’ "
x -2q [——,.+  x/ct -4 ] ‘<, |x} { -C ¥
° X ¢ . .

Cylinders in contact over the interval |x| < ¢, when subJected

P
L0,






&

. o
to a tangential force T < pN develop a surface shear traction

I

q made up of : ' - .
5 ° . K
QT = WP I1- x°c€ , d¢x|cc 3123
9 v - x8/c€ - asc. ppol'1-~ x2/de x| <d
’ ‘ . - 3.1.2.4
& * PO | 4

where 'd is Half width of -adlesive region and is given by(52):

T/WN = 1 -\d.a/c?-

Equation 3.1.3.2 is used to find the :xutress component Oy, at

the point C (-c,0), due to the surface traction given by the

equations (3. 1.2.3). and (3.1.2.4) thus: R

| o =2vyp 1 t - d¢/cc
o

x l¢

:Zupo(T/uI{)x' .'r<px | 312.5'
As 1t can be seen ﬁ*om equation 3. 1. 2 5, the peak contact stress .
add.s to the altemating mean stress carried by the’ main memben
Looking tt the partjal slip (T < -p}{ ), and rennmbering that Po’
is proport'ional to . we Ssee j.nat the stress concentration at (A}
increases with -the value of py and the . amplitude of tangential

-
force T, both raised to the ¥ power. B

3.13cnzmoucnxmoamcrmm T

’nxe system comists of ¢two elastic cylinders with their axis

' parallel that are msse.d'together by a nonnal fprqe N and trans-

mits a shearing force T ( < 'yN ) by friction. The distribution of
. :
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The stress boundary conditions on the interface ( y = ! t ) are :

-'
——
L]

"
-2
——
X
n"

a(x) x| < at

: 0 P L% > a0 3133
As it was assumed ' in (49) t.he displacements uy and ug are functa-
ons denoted by Fg and Fg of the interface traction q(x). 'nm.s
‘equa}ion 3.1. 3.2 becomes :
Fel@axt@ )+ F (axG )=0/2 x| ¢ a'f; 3134
Equation 3. 1. 3.4 is a formal statement of the’ profﬂem of finding
the shear ‘traction on the interfaces in order to mtcr; dis;;laqetn—
ents and stresses in the film and solids. Since the cylinders are
assumed to be semi-infinite soli&s. then Boussinesq solution is

applicable resulting in:

+al
{1 -v ’ -
u (x) =z — log | &€ - x|. q(g) dg + ¢onst *
S uGs ' N ~ ' ;
C .,a' \ ¢ . B .
L |x|< a -~ 3.1.35
‘ ’ , x -
Substituting in eqn 3.4.3. 4 and writing X : — ,{ = g/a*
, ak .
gives: . +1 . ' !
| ;t. -V “a. G B _ ., ‘.‘ N ) ’ W
qx) + .— —£| 10g|¢ - X|.q(£)dL = constant, ,
‘m t G -
, S . ‘ e .
-1 ‘ |%| <-a" 3.1.3.6

Eqn. 3.1.3.6 is Fredhlom integral equation of second “Kind fox”-_
q(X). Exact solution to this eqn is not yet available for the

(1 -v) a G¢
values of w =

, however this equation was
] t Gy * .

s
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examined in (49) to ‘demonstrate the effect of the £1lm on q(X).

For infinitely thin film, when t/a" >0, ¢ (X) mist have
form of equation 3.1.3.1 whern t/a'is '1ar¢e. the second term on
the left hand side of equation 3.1.3.6 will be coopared to the
first and hence:,

q(X) = constant ‘ ) ‘ 3.1 3.7

It follows that when (t/a*) has a small but fin.tte value the
;urface trat;tion will have a distribution somewhare betwgen

qus. 3. {.3.1, 3.1.3.7. The distribution of q(X) can tIMerefore be
modified between these limiting forms by suitable choice of °
(‘Gs/Gf) and (t/a"). 'B{: fbnml;tion of this problem demonstrated

qualitatively the action of the film In the contact of two

‘eylinders without a ﬂlm subjected to a tangential force, the

condition of no slip requires that there be no vibration in the
tangential di:placement: of points on the contact surface (eqn
3.1.3.2 ug(x) = 0). ‘"It 4is the requirement which leads to the
shear stress concentration at the edge(uqn 3.\ 1.3. 1), In compos-
ite contact deformation of the film, particularly near x : ¢ a,
reduces the tangential \dﬁplacmnt on the cyunder; near the
edge of the contact area ralative to the centre, s0 that tm
shear traction near the edge 13 dacrcued.

3.14mrc1mmcwwrmm.

~ _ .
" The system consists of two lujc solid bodies, modules of rigid-

ity Gy in contact over a plane circular area of radius ‘a’

4



on the surface ( z = ¢ t ) of a film modules of rigidity G

_see Fig.26. The .approximate analysis of this model when a twist-
ing moment (M) is applied has been developed by Johnson and
O’Connor(49) and 1is summarized 1in this section The cylindrical
co-ordinates are used to describe the system which is sy'nmet.mc;al
about the (z) axis the (z) = O plane. The d.xsplacemept of a ;;omt
is v, wnile q(r) denotes surface traction ( = 79z onl‘z' =t ot
The displacement condition for no slip is given by:

. g

vVir)revi(r) z: —r Ir] <a 3.1.4.1
f S 2

1

© where : B'is the relative argle of twist of regions in the solids

remote from the contact area. The stress boundary conditions on.

" the interface remain the same, and the relation of displacement
functions Fg and Fg ( see eqn 3.1.3.4 ) between surface traction

“Yand d.tsf.»lacemnt. were obtained by the following : .

- EY

Let -

N 2n-{ :
q(r) = 035 An P ., 0¢pst . 3.1.4.2
ns:1
=6, pHt o
r . ;
‘wherep: — and Ay are coefficient to be determined with the
a : , ,

assumption that the film deformed in simple shear, so.that for Fg

t Ggt N -

' ve(p)z: —..q(p)z=——— An pan"1 - 3.1. 4. 3‘
Gg G )

, = ‘ ’ e
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CIRCULAR FLAT BOSS (rockius O. )
of flat circular contact pressed 1ogether

" Fig. 26. Experimental arrangement
by a normal load N—the contact is then subject to either a_tangential
shear force T or a twisting couple M, After Sshnsonand 0'Connor @)
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5 : An 5 m-f m-t (n-1)
“19(€)= Gg . (=1 . 2, EEmE——
i n={ m=1 C .
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' Consider the solid bodies to be semi.-infinite, a general solution

for the equations of elasticity for torsion problem (49 ) is :
. © .
. a - _ ~

v (p) =~ | q (g)J .(gp)dg 3.1.4.4

s . Gg - 1

0" ’ ’ ] .

- ° [

where:
q () is function determined from the boundary conditions

Jn (X)  1s Bessels functions. “Then:
¢+] .

d -

a(p) j §q (&) I (sp) dt 3.1.4.5
. :
Note that g (¢) is the Hankel transform of q(p)

®

[ P qa(p) J1 (gp)ap 3.1.4.6

o] .
2n

N N .
: G EA Ip.J~(£p)dp . ’
s 'n 1 , .

) l n=10 o

(n-m)! -

Jmo-l (g) . g
ﬁ{: 1. 4.7

m

L]

where vg may be obtained from equs. 3.1 4.5 and 3.1.4.7 The

calculation involves evaluation of integral of the type:



. . -m .
. j‘ (€) J_ (g) J (gp) dg
m+1 1

-~56=

©

u\ o ¢ -
which can be expressed in terms of the complete elliptic integr-

als K (p) and E (p). Substituting for vg and vg into eqn.’ -,
. »
3.1.4.2 and reducing a set of linear simltaneous equations for .

‘the coefficients Ay are obtained:

- N an-2 1 ‘ '
o ‘anp +— F (ap.,.p) = 1 3.1.4. 8
z : . (p) :
n=1 :
° where: Ggt : :
Q = ——, F is the function obtained by evaluation of .
© Gga

™ ' An A
Vg (r) and a, = —— these equations have been solved for the
‘ B :

*
values of ‘ap for a ragge of values of Q ”
. a
- Since M = 2 w I q (r) r2 dr, the relative torsional con;xaliance
. - L
"can then be calculated (T : B/2M). The value -obt.la.med. by Mindlin

for no f1lm was considered in (4g)as: - -

- 3
I — . 3.1.4.9
16 Gy a3 e
..Hence : ‘
8 y . -
T/T, = . ' 3.1.4.10
A | N = T .
Y
n={ an+2
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" N

The solution for the tangential force is obtained in similar .

e

marmer the same form of Fg is assumed, while Fg corresponding to
a traction in the form of a series of even power of (r) is obtai-
ned by integrating Cerruti’s solution for half space. The respon-

se of the film Surface to a pressure distribution of the form:

4

Ni
P(p)= Gg BnPeM was obtained by using bi-harmonic

n:=o

stress function, polynomials in (r) and (z), assurm.ng the sﬁrf-
ace(r = é) 1o be free of .stress and ignoring the component Cy, on
z= t which of order (t/a) compared with p(r)‘. the ‘film material
is assumed to be incompressible. For further details see refére-
ncen(53). The su;:‘face stress distribution obt;ined from each of
these calculation "are shown in Fig.27, Fig.28 and Fig. 29. It.will
be seen that increasing () rapidly reduces the severe stress
concentrations ai (r=a). 1If transmitting an oscillating
torque of ampliiude M, it was found that the critical anplitiudc

ratio at which fretting would first be observe is given by :

Nt N
) L =
by - —
n=o n:={ 2n + 2 .
= = 3- 104-11

J

. Mg N4 N

g 4
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comtact subject to a tangenrial force T A FiG29.Distriburion of normal pressurc o ﬂaz
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vwhere Mg is the torque required to prbduce sliding and aj, b, are
the coefficients obtained from the torsion and normal load calcu-
0 and the" stress distribution

M* 8
exhibits ainzularities atr=a ie —=:

lated respectively. When Q

= 0. 85

I
when Q is large and the stress distribution approach their limit-

ing shapes, M,
—>0. 75

these results are t:lsowared w).th experiment in Fig. 29.

In conclu.sion the analysis yields the distribution of contact
stress and values of tangential and torsional compliance of the
contact for variation in the parameters Q =Ggt/Gsa. In the contact
subjected to a normal force N and a twf_sting couple M, the value
of the critical friction ratio M'/Mg (Mg is the torque required to
causg bodily sliding), at which slip and fretting would first
occur, was also found. ‘

3.1.5 FLAT ON FLAT MODEL

J. 8. Chung, et al. (54) carried cut the analysis of specific

physical syatetp consists of a rectangular plate and two smaller

fretting pads of a unit. thickness, which exert on each other pair

of equal and opposite transverse fonces, N'as shomm Fig. 30 The
plate is fixed along one-end and subjected to a cycle axial force

Qo acting at the other end. Under the action of cyclic load, the

 Plate elongates and shortens as a function-of time, and fric-

tional force davelop between the plate and the fretting pads. The

mvestigatofs specifically analyzed the stress produced in the

&
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. %

!

.plate by the combine(d .action of the cyclic axial. load, and t.ne
normal and fmctional forces that-occur between the plate and t.he
_fretting pads. The analysis was bresented with the following
assdr:ptlon: s .

i - The material is homogeneous. 1sotropic and linearly elastic.

2 - 'me frequency of the- cycuc 1o0ad is mch lower man the
lowest natural frequency of thé)plate. thus it does not involve
‘. any substantial dynamic effect. . ' °
3 - The plate is \th.m. So that t.he’ problem can be approximated as
a " plane st.ress " problém

4 -- The length of the contact area is much smaller than the dim-
ensions of the plate 1. e 2b<<L,, 2b<<Hy as indicated jin Fig. 30.

° -

5 - Letting N", V and M’denote the stress resultants exerted by

v

the fretting pad see Fig. 31, thus:

-

V - uN*" 3.1.5.1
Vh . .
- Mz — . 3.1.5.2
™ 2 - |
where : ;
Vv =+ friction coefficient. * . ; .
\ >
D=

outstanding height of the fretting pad

) 4 N
Eqn 3. 1. 5. 2.was based on the assumption that the fretting pad
_behaves essentially as a colum prevented against rotation at

. : . .
both ends .« (

~

6 -The distributed normal stress gy"and qyu’'associated with N*and
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H'vary in qccordancb with the ordinary theory ‘'of beams, thus:

[§ ~ H'
q“"(‘x) T e R 0
. .éb- .
o M'x & 3 IJN'h
’{x) =, H
: qu I~ - 4p3

0
4

where f = 18 ‘the moment of inertia.

>
., ® 7

v v'

.|

3.1.5. 3

3.1.5. 4

¢

v 2

"The - coordinate system (x,Y) is as shown in Fig. 32. qﬁuarid dy’ are

considered positive when compressive.

Ngeear vo o

ey

i

e

It is :Purtt;gr assumed that

-

3.1.5.5

- “ ) '
no separation occné-s between the plﬁte and the fretting pads. 1. e

" at all cont.?ct pomts. Since sllpPaSe is considered to have taken

g -4

place n few.cycles of load.mg 1t xias consldpred to be reasonable

' to gxpress the friction stress -d.istrimtioﬁ (S)as follows (54)

s = u(qnn'+<$1 )

+

* i except near the corner of the frettinc pads \mére S :

g

[ )

4

3. 1.5.6

0 from

o

tneoh.-ucal consxderauon. The cla.ssical solution for the case of

L. a M-mﬂxute plate sup.)ect.ed u/a conqentrated ‘nermal load N"

t
”

is shown in Fig. 334 The stress distribution is given by (42).

s

. 2 N .s1n e
[ 4 o_'r 5 .
ot g x r 4
d'g = -0 ,
« ° n
. ) m S O \

~

-

-~

b

30 1- 5'. 73 .

3.1.5.7

3. 1.5 Tc

AT cuc of’a umcmnl fon;e('r) as known in Fig. 33b. ‘The

cog;rupomxm cmsnoﬁ is

.«

»

P «

-






IS

o

- . ‘2T coso
d. - - 3.1.5. 8a

p w r
‘ oty =0 ) ) 3.1.5.8b
Mg =0 3.1.5. 8¢

- . -

) These t\vo classical solutlons. used in conjunction witn the .
|
‘ \gmclple of super'posltl.on. based on@ll the analytlcal results
were presented by Cng et al. (54). It was concluded that the

stresses produced in the plate by N*, M’ and V were decreased
- 7 . \
ripidly as the distance from the contact area increases. It

L]

7/
*¥ follows that in analyzing the stresses 1in general vicinity of a

P

particular fretting -pad, the contribution of other fretting pah
i . - .

can be neglected without introducing any substantial errors(54).

The ov\rall'stress at an arbitary point of interest can thus

¢

expressed as: ; oo

o)
)

(Ox)o + (OxIN* + (ox)M’ + (Ox)v

(Oylo +°(OyIN* + (Oy)M'n *+ (oy)v

Q
()
1

In which : - (0g) g’

"
e

O‘f‘dd'l: |c§)

a4

e ‘ (qy) o

b

(Txy)o
The above equations present the stress m%py the maxunnn
tensile value of thc cyclic load G, Numerical solutions (54)
yere dbtained for the physical system shown in Fig. 39 to verify

- ."
v thi role of the coefficient of friction(y) as it is vary with the

v
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localized phenomenon provided 2b << L, and 2b << Hy The conclus-
fon was that the maximum region of tensile stress occurs on the
plate immediately outside the contact area, whereas minimum

region of tensile stress occurs on the plate immediately inside

the  contact area (Fi1gs. 34A,C-36). The maximum shear stress

varies substantially from one case to another. In most cases the

* [

shear stress reaches local maximum in different points some of,

wnich lie on the surface near the edge of contact and under the

#wetting pad for a depth of yxb (Figs. 34A,C-36). Some shear

stresses were below the surface of contact under the fretting.

pad(F1g.35 B,C).. It 1is important to recall in this connection

that Tmax iR Figs. ' 34-36 refer to maximum shear stress 1in the
plane stress sense. Wnen Omax .o@n havé the same $1gn, Tmay 1N
.‘the three dimensional sense would have to be obtained as one half
the numerically greater principal str;ss. According to the linear

[

theory analysis the question of crack initiation and prop‘agat.xonl

would normally be most critical on the edge of the plafce immedia- -

tely outs.tdg of the: contact a becausé of:

(1) The maximum values of principal stresses and strains
éccur that region.’

(2) The . surface abrasion asa":bclated, with the fretting action

which would conceivably produce additional str;ess concentration,

which was not mu%m_ this analysis.

n

® .
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. ) After. Chung et al (54).
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This observatioh'is consistent with the expemmntai results
reported by various investigations(65,66). It is conceivable,
that the cracks could also f)e initiated at some subsurface points
as a result of various contributing factors such as(i) stress
concentration associated with .localized discontimuities or(2)
deviations from the Ilinear stress distribution presented here
which 1is due to residual stress or due to nonlinearity in stress
beha\‘tliotm ‘

i
3.2 IFICATION OF THE THEORETICAL MODELS

-

;

. - .
N 18 section examines the available experimental results reported

. \_‘ R .
in the literature to confirm or deny some of tlxg‘qpetical models

presented in section 3.1
3.2 1 mmmmmlm
An experimental investigation of the torsional arrangement

was first made by Tomlinson, Theorp and Gough(56). In the

" experiments work carried out by Johnson(45,48), the fretted

specimens were subjected to an oscillating force, first with the .

force acting tangential to the contact surface(45) and later with

annobuque force (48). Further careful experiments have been made

'BY Goodman and Brown(57). A wide variety of material have been

tested by Klint(58).With the exception of an oscillating force

inclined at a small angle to the normal, all of these experiments
- ¢

revealed a similar pattern of micro-slip and fretting damage. The

contact circle  was divided quite sharply into the central circu-

lar region which was undamaged and an arnrular area in which

J
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Fig(37) Annular region of micro-slip showing fretting
damage at the contact of steel spheres produced
by an oscillating tangential force.

{ Areas are diyided into slip and no slip according to

Mindlin‘s theory ). After Johnson(45).
\
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bg noted that the measurements of energy dissipation, particulary
those made by Johnson{ 45, 48 ), depax;t from the theoretical
predictions in one signifi¢ant respect. At moderate force amplit-
ude (i.e about a half the limiting friction force)the measured
energy: losses ‘d.ecrease yxltn repeated oscillation to a value
appreciable less than would be expected by theory. This effect
wis attributed to a change in the effective coefficient of frict-
ion brought about by repeated slip due to the effect of surface

asperities.

3.2.1.2 SPHERE ON FLAT EXPERIMENT ‘

Experiments on the contact of hard steel ’sphere wz}x a plan;:
surface Johnson(45) has produced a striking evidence of fretting
over an anrmlax; area as the elastic theory predicts. Measurements
of the energy disslr;ated per cycle as a function of the amplitude
of the oscillating force for angles of inclination of the oscill-
a’tlng force varying frem 0° to 90° are shown in Fig. 23 r()&5).'

The figure shows that when the oscillating force exceeds about
0. 5°(.u=' 0.56 ) the surface siides as a whole. Below this Yalue.
the energy dissipated per cycle becomgs a measure of the area;
over wnich slip takes place. At 30° inclination, a ring of very
small pits could be discerned and at 90° the situation shown in
Fig. 23 was obtained. The amular region of contact confirms that
described by Tomlinson, Theorp and Gough (56)." All mve:tuat.or's

have chdsen situations represented by the right-hand region of
L ‘ k -

' L

»
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Jahnson’s diagram, that is when ‘bum sliding tak?s pléme. ™mis

1s because fretting damage is best studied quantitatively when
sliding conditions are’ adjusted to produce gross slip at the
éontactmx surfaces ‘oit’ such a magnitude that thea.élastic dlgcréte
scuff marks appeared that rapidly developed into almost c&;m.lmx-’
ous failure. The friction force rose slowly with the load during
the early part of the te;fst. the initial scoring being accompanied
by sharp pressure peaks that grew progr\essxvely until erratic
friction indicated gpos:; damage by scuffing. This examinatior} had
enabled a definite sequence of evi&ence dauring the passage of a
single contact across the surface to be established At the
llglmter loads the surfaces are ingroved by smoothing of the

asperities remainins from grinding. As the load increased the

- mcher tenperatures at the point of contact cause burnishing of

the surfaces, accompanied by metallurgical®ehange in local area
of the material. ,
3.2.2 CIRCULAR FLAT CONTACT EXPERIMENT

The system in séction 3.1.4 has been described in(62) and is

. shown in Fig. 26, Measurements for the tangential and torsional

compliance of the contact were made for £ilms of thickness from O
to O. 15mm by taking slope at’ zer¢ load of the, deflection curve.
The compliance of the contact with no film present (t = 0) agreed
reasonably well with Mindlin’s theory for both tangential and

‘torsional loads. The results are shown in Fig. 38 and Fig. 39. Iy

# ' )
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both 1nstances the compliance is sno{wn as multiple of the theore-
tical value, 'n'xese meas@éments were made to check the, accuracy
of the predicted conplia;:ce(eqn 3. 1. 4 11 m the theory of circu-
lar contact). A direct ‘comparison using independently determi-
ned value 'of Gg/G¢ was not made. The film material could be cast
\ ) only in very thin layers .wn.tcn did not permit a simple independ-
ent measurement of elastlc modulus. For the purpose compar.tson,
the three solid lines shown in Fig. 38 and Fig. 39 are the predic-
ted compliance va.lues for the three valuei/of GS/Gf. It appeared
that the two sets of experiments are consistent with eachlotherd

N and with the theory if Gg/Gf = 57.5

L . N

: ‘ )
g - -76- ' ‘
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" failure istshown in Fig. 41.
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FRACTURE MECHANICS FOR PREDICTING FRETTING FATIGUE

4. 1 INTRODUCTION §Q>

Any discussion of fatigue mist be related to the movement of

dislocations under the influence of applied stress. The threshold

stress to "\ cause a dislocation to move is very small; it can be
the" so-ci}led Peierls-Nabarro forlc;e and therefore c;rcl'ing Ft?gsé
well below the elastic limit will involve oscillating the disloc-
ations(65). It is only at the §1e1d point that Frank-Read sources
begin to operate and results in a massive increase in the mmber
of dislocations and the consequent plastic deformation The
observations of Forsyth were explained in terms of the movement
of dislocations on parallel or Infersecting' slip planes. Two
exanmples are sho Fig. 40. The type of qislz?cation structures
formed during fatigue depends on the Stacking-Fault energy of the
material. A low Stacking-Fault e‘r}ergy makes cross-slip from one
8lip system to another difﬂc;.ut by dislocation and intersecting

planar arrays of dislocations are formed. At high Stacking-Fault

‘energy, cross 3lip occurs leading.to lthe%forjmation of cellular

structures. The relation between ' type of dislocations array and

Stacking- Fault energy as a function of the  rmumber of cycles to

{

-

»



centred cubic metal us a function of stacking {Sult energy and |stress ampluude—!u;h ureu

amplitude = low number of cycles toHfuluar ¥
After. Waterhouse, ( 65 ).
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Fia. * 40. Possible mechanisms for the formation of persistent slip bands on the surfacs ol a
test-piece. (a) intersecting slip systems; (b) panailel slip systems. Alvor wplernyys, L3
= <
50 8 e L] A @
'Z; INTERIOR - CELLS INTERIOR - VEINS
v SURFACE - CELLS SURFACE - PERSISTENT
§'2° - Sup BANDS -~__ |
é 0 ( ] o - - @
g , MXTURES
w ® ®
pr : c
2
W, INTERIOR - PLANAR ARRAYS <
L2 SURFACE - PLANAR ARRAYS
g ;. OF LOWER DENSITY
5 ‘ -1 ! -
194 . 105 106
. CYCLES TO FAILURE
Fia. 4. Dislocation arfangements near the surface and within the material in 3 face-

1



‘79" .

In;tially the nmucleated fatigue crack grows in %ne shear mode,

l.e. at an angle of 459 to the applied principal stress, designa-

ted as stage I. This is because the slip occurs on the slip

»

. system where the resolved khear stress 1is maximum, 1. e.' on the

slip plane most nearly at 45? to the direct stress (F‘ig.lLE): The
lengt‘h of stage 1 crack depends on the stress level and the
environment. Low alternating stress . and corrosive atmosphere
encourage stage I crack growth In stage 1I, the growth of the
crack is dominated by tensile s;‘.re'sses at the ’cracK tip and the
crack therefore proceeds in a direction perpendicular to the
applied stress. The change over from stage I to stage II is often
at a grain boundary where the crack e}lters crystals of different

omentailon to the one in which it was initiated in fretting

fatigue, the alternating shear applied to the surface by the

fretting action usually encourages stage I ‘groM to such an
extent that a pronounced 1ip is formed on one fracture surface
with a corresponding chip on the other. Examination of fracture
surface reveals that although the stage II crack surface may
seen relatively émooth in appearance, there are striations which
correspond to the crack with each cycle of stress. Each striation
contains & portion of ductile failure and cleavage failure, the
relative amount depending on the overall ductility of the mater-
ial and also the environment. The stress intensity factor arising-

from a crack of length a" and an applied stress of ¢ 1is given by

K =0 {¥a*. Fig 43 shows a typical crack growth curve indicating a



.

Fig. 47.Stage I and stage II development of a propagating crack

| —

Abter Wolechause (65)
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FiG. 43 . Typical crack growth curve indicating a threshold value of stress intensity factor
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Abter Watedhiouse. (69).
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threshold value of stress intensity factor. The first region(I)
is corresponding to the threshold value of AK (defined as the
variation between the $tress intensity factors Kpjn and Kpay at
the ;.1p of the crack. both dependent on the length of the crack)
that dould be as small as 1078 or 1&? mm per cycle at freqqency
of { Hz or . ;oess The second linear region(II) is the part of the

curve to which the empirical Paris-Mgan relation applies

Aaﬂ
(c*AK)l where a" is the crack length. N’ is the
AN’ ' '
number of cycles and c¢*,n are constants. The application of this

-
graph is applied namely when the fracture mechanics ‘'to fatigue is

concerned with the growth of the craci{ under cycling stress.

4.2 THE S-LOG N CURVE |

The S-log N curvewrepu:esents the end result of the initiation ‘and
propagation of a fatigue crack. éome observations however can be
made concerning the influence of the external factors such as
environment or fretting on the fatigue curve, Fig. 44 shows that
ant factor which lowers the fatigue 1imit from A to A’ 1s having’
an influence on the initiation of the crack since at applied
stresses beti.we‘en A and A’ a crack 1s formed which propagation to
failure, whereas in the absence of . Wg factor no failure would
occur. Any factor which shifts the upper part of the curve to the
left, {.e. from B to B’ is having an effect on the propagation of
the crack since the 1life 1is ’ghorter at any given stress. Ir;

practice, both parts of the curve are often affected and the ﬂ

. ~
. .
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After. Waterhouse, { 65 ) .

v

i

!
|
: !
o
i

/ .
D N
[ ,‘—‘:— : \"""/ /’
- _,/ t . ‘ ' {
| S

"
Y ‘

; ‘ -i

w




« "83- - -
resuft is the curve B‘CA’. fretting is particularly effective in
initiating a fatigue cracK but once it has grown out of the

immediate region' of the surface where the additional shear stress

y I~ -
is acting, the propagation rate will be little influenced. This

'fs illustrated in Fig. 45 which shows the effect of fretting on

the’ fatigue behaviour of an 18CriONi austentic steel (65)-

4.°3 STRESS ' INTENSITY FA_CI_Q
F‘retting fat%gue crack 1s initiated very early in tne fatiéue

FrG e

life of metals and fatigue life 1is dominated by the progagatior;
of sna‘ll cracks. These characteristics of fretting fatigue crack
are analyzed by using the stress 1ntensj.ty factors at the tip of
tne crack growing from the contact edges. ‘The stress intensity
factor is assumed to be made up from three individual contributi-
ons(19?. First' 1is the con\flb\.}tioh due to the body stress in the
specimen which would have been the only contribution had there
been no frettiné pads. Second is the contribution due to the
ualterr_latlng frictional loads. The third contributioﬁ lis that due
to normal pad loads ( this contribution was st:atic' and compressi-
ve). .Stress 1n¢.ensit1; factors were therefore evaluated in(66)for

v

a range of assumed distributions of pad load as shown in Fig. 46,

- wn.iéh included the extreme ‘'cases of all.the loads concentrated

4
4

either at the front or back portion of the fretting pad foot. It

vas assumed that the actual stress intensity factor involved a

-distribution of pad load somewhere between these two extreme

© “
Y

..l

Ll
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conditions. Fig 47 and Fig.48 show the stress intensity factors

K¢p and Knp for the range of assumed- pad load distiribut;ons due
to frictional and normal loads respectively. As can be seen from

-y

F1g. 47 the stress intensity factor due to ﬂfrictional forces 1s
spiit into two components Kgpy wnich varies with the aSsumed pad
load distribution and Kepp Which is negative and accounts for the
fact the specimen alternating body stress. 1s lower under those

it

pads because some loads are diverted through the pads.
4.4 THE FRACTURE MECHANICS MODEL - N o

4.4.1 STRESS INTENSITY FACTORS DUE 'mo LINE LOADS |
The method for calculating stress intensity factors developed by-
Rooke and Jones(66) involves the calc;uatlon of strejss intensity
factor (K) forw!n extended edge cricx in a half plane subjected to
a localized 1load Fig.49. Opening mode(Ky) and shear mode (KII,)
stress intensgity factors were evaluated for tps tangential force

(T). and. normal force (ﬁ) acting on the crack

- Their least squares polynomial fits to the results are given as

—
-~ " »

%

follows:
{KX1) Opening mode due to normal loading(N)
: N o . ‘ .
ko2 —— - )'[ 0. 8240 + 0. 0637¢- 0. 8430 | .
rT—' - . b
N A s
+15. 417353, 38p4+59, T4£5-21. 82;5] 4.1
. » ' A
" . L P
.
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. Crack length a (mml}
ag06 ! 2 3 .- ]
N Kegz - .
=0.002

"Fic. @7, Strest iatensity faezars for dilferent distributions of frictional pad load.

Crack length a {mm)
2
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(MNm Yy
: Fratting scar widih » 8 mm
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LLF ‘
»
-0.003+

Fia.48, Stress intensity factors for different distributions of narmal pad load.
After. Rooke et al,( 66 ).
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(K1) Opening mod? due to tangential loading(T)
T -

K = — (1 -;2)[1. 2949+0, 0044{+0. 1281 2~
" +10. 89£3-22. 14g4+10. 9675 ] - - 4.2 o
Ky Shear'mode due to normal loading (M) ' S
-N , ,
E_ = —— (1 -;t)[1.294-1. 1848 +5. 442L7
I
-28. 14;351)1. agt-22. 3825+3. 16216 ] , " 4.3 n -
(Kr7)_Shear mode due to tangential loading(T). ./ .
-T ’ X1 LN . ¢
Kir = % .
\ rra (N/ T am ok =
X ‘ : . . ( .
where : [ = \ 4.4 .
( x'+ a") :

4.4, 2 STRESS INTENSITY FACTORS DUE TO DISTRIBUTED LOADS

Ingée case when the edge crack 1s sungL:ted to d.t‘sptvribu,;ed ‘contact
pressure(P) and distributed ta:lxg‘ential étresses('p“) instead of point
forces(N) and (T), the stress intensity . factors can be obtained by

o

integrating eqns. (4.1) to (4. 4) along the x direction as. follows

(see F1g.50 ): i .. )
,frol,n eqn 4. ‘1 e | Fie (€) at 45 , ]
| ﬂ*;;n eqn 4.2 | S ‘. K ey (8 & 4: g <

from eqn. 4. 3 xn;P) - ; .KI;(P) (5 47 |
fromeqn- 44 Ko | ’.xn('r-) (6 a4 48

-\ ' o
.

')r'{}::'\"' ¢ ., T
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)



o -89~ ' e 3

—_—— * ('”,. . &» Y
4.4.3 MEAN AND ALTENMATING STRESS INTENSITY FACTORS

JONDER FRETTING CONDITIONS

Both oi:enins ‘and shear mode .stress intensity factors can be
calculated using ‘the above method. However the influence of

shear loading on fatigue crack §rowth is nét yet established,
hence mode I1 effects can not included in the analysis at ‘this
. stage(67)." Since the specimen alternating body stress is lower
under the pads because some loéd is diverted through the pads.
(19,68) the component Kgpa shown in figure 47 has a negative
value:

‘ Ff - L
Kfpa = - 1.12 - na" - . » 4,9

A

where Fg

. maximum frictional force in stress cycles on each pad

foot & ’ : ﬁ
; \

A

A z cross section area of specimen

- The Qltematinx stress intensity factor K; is given by the
. (' .

¢

components due to alt.errfatmg body stress o and a frictional

r 1 "' ,
force Fg (19) i }
o s 0. 008 , Fg ‘
Wa - 1.120; {na" ¢ —————FgKgpy - 1.12— ] wa" 410

e A

~ and the mean intensity factor giver: by :

‘ 0. 008 , ’ —
rm:l.'iaom]na"+-————l=‘nxnp+xd 4,11
e -
where @ Fp = normal force on each pad foot

) Kq = the crack length correction stress intensity factor

*

(19. 68. 69. 70)’“"”

-
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the range of values of K; appropriate to the nagnltudeS"Of the

individual cycles in the spectrum The final rate 1'5 to be,ot?tain

by a linear sumation of 'tnese rates welghted according to the
/

probability of occurrence of K; within each variable amplitude

_sequence.
[
~da" ‘ da" ‘ ’
lf-z\ —_ : I P(K ﬂ) - (Ka") “ ”’
d"'random a dN’ a

’ ,

where : P(Ka+) = probability distribution of (Kz»).
A 13 » ~

da" ' o

crack rate. - -

le

(13

A

Ka» = semi-range alternating stress intensity factor.
o P
4.'6 FRACTURE MECHANICS PREDICTIONS

An experimental investigation of fracture mechanics predictions
Ls described in(19), using the model shown in Fig. {(51). Ih all the

cases presented in this section (19), 1t was assumed that the

*

distribution of normal loads had the same shape as the distribut-

ton of frictional loads (see Fig.46. ).

]
4.6.1 [EFFECT OF INITIAL FLAW SIZE AND LENGTH CORRECTION

ON PREDICTED LIFE

AllL_fracture' mechanics analyze have to assume an initial flaw

Y

size for the cracKk to propagate. Examnat;on 'of' fracture surface

L

. 0f the fretted specimen(77) showed that by the time cracks had

reached a depth of 0. 02mm, the majority were propagating in stage

i

&

§e L
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I1I manner, although they tended to slant slightly so as to grow

under ‘fretting pads. Fig. 52 compares exi:erimentally achieved
lives of standard fretted spe;cimen under cons'gant‘ amplitude
leading with those predicted assuming uniform pad load distribut-
ions and initial flaw sizes of 0. 02 and O. imm with and without
the length correction. The predictéd fatigue limits were due to
initial flaw not propagating, ‘Whereas experimental evidence(77)
showed that the fatigue limit was due to cracks stopping at round
0. amn.lconsidering the predictions using the length correction,
it can be seen that the fatigue limits ‘were more accurately
predicted and in fact the predicted fatigue limit was in

this case due to cracks stopping after an initial period of

propagation. However, at the highest stress levels the predicted ‘

lives were too short by a large factor. Figures 53 'and 54 show

the effect of initial flaw size on the life prediction of
. on of

 Standard fretted specimens under variable anput\ge loading

without, and with the length correction, respectively.

~ F1g. 55 shows predicted variable amplitude S-N curves for plain

specimens assuming a range of initial flaw sizes and using length °
correction. Experimental test points for standard 'fretted and
plain specimens are shown for reference. c«mariso;'x with ,the
equivalent predictions for stangard fretted specimens, Fld. 54
shows that in the latter case the effect of initial flaw size was

for-less marked The reason for this less critical behaviour for

\
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Fio. 53. Effect of initial flaw size on predicted life—varidble amplitude; no length
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for less marked The reason for this less critical behaviour for

specimens with pads was that in this case the stress 1n,tensity

(

factor, and hence the crack rate, were more nearly const.ant over

the fatigue life Fig. 56. The same was found to a;%ply for constant

amplitude loading. ’

4.6.2 PREDICTED AND MEASURED CRACK PROPAGATION. CURVE

Fig. 57 shows predicted crack propagation .curves for constant
amplitude loading on frejted specimens, while Fig.58 shows
variable anplltud'e loading on fretted specimens. In both cases a
un’J’.Em distrihu;:ion of pad loads were assumed with an initial
" flaw size of o.02mm .'me‘ crack l%gth is plotted against fraction
of life it lasted so that the shapes of the crack pff@pagation
curves could be tompared at d?iffer"ent stress levels. vAs 1t

can be seen in both' these figures, the préd.tctions in which the

length correction was used, varied distinctively in shape with

alternating stress 1level. One curve predicted without the length

correction is plotted for each loading for an rms stress\ level of

50MNm~* and 1is labeled(NLC). Finally, a measured craclﬁ propagation
curve for, each loading action at an rms SOMNm~ was plotted in

Fig. ST and. Flig. 58. . These curves were constructed by fatigue
3 .

testlns SPecimens to dlfferent percentage of the.expected . life ,

breaking them statlcally and measurl.ng the size of any fatigue.

1

crack tnns revealed(sa). As 1t can be seen“ from Fig. 57 the

°
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predicted curves using the lengtho correction were more nearly

in accordance with the méagui*ements. Fig. 57 which corresponds

to variable amplitude loading indicates that although the

prediction using +the length correction is in better agreement
) with the measured curvé than without, the agreement at the

early part 'of life was not good. In par"ticu;ar neither of—the

predictions indicated the observed fact that the crack curve

would start off at relatively fast rate and then slow down.
. Faﬂgue crack propagatiofx takes place relétively fast out of the
reglon in which pad loads give a b:tg contribution to the stress

intensity factor and then slow down. It was confirmed that the

. /
shapes of the measured c¢racKk propagation curves involved acoustic

" emission traces obtained on standard fretted specimens under

both types of loading (72). Under variable amplitude l1oading

there was an initial period of acoustic emission actl:rlty which-

could have been associated with an early period of re}atively
fast crack g;'owth. Fgr constant amplitude load.tng‘ this was not
the case. It would appear that a fracture mechanics n:)del. which
was reasonahly accurate in predicting the shape of the crack
propagation curve undgr constant amplitude loading, was very
inagcurate under variable amplitude loadiné. mex;efore, either
" the stress intensity factors calculated for vaxfiable ampl i tug

loading were much less .accurate than for coernt ‘ampl itude

.
s - .
f g
,’M ,
.
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loading or the mmulatlyé daniage model used was inaccurate.

Note that .the cumlative ' damage insdel used was linear summation

of constant an:pl’i'lt.uHe crack ratds weighted according to the

probabilrt’ﬂes' of occurrence of a;lternatq.ng stress 1ntex}sity
v

factors within each variable amplitude sequence(78).

Ps 3

4. 6.3 EFFBECT OF ASSUMED DISTRIBUTION OF PAD LOAD

ON_FATIGUE LIFE v

-

F1g. 59 shows predicted and achieved lives for standard fretted

3

specimens under a constant amplitude loading with an assumed
initial flaw size of 0.02mm and a ~ramg of ' assumed pad load
distribution. As can be seen, all the distrributfons which were
symmetrical about the middle -of the fretting pad foot predicted
\llvés that were similar to those for 'uniform pad load distribut-
ion. The assumption tﬁat the pad loads </Zere more concentrated
towards the back of the pad foot improved the predicted life at

"the higher stress levels. Thus the stress intensity factor -at

short crack length was primarily the result of two large compone-

nts; namely {rictional and normal forces that tended to oppose
. § N ,
each other and a small percentage change in one component could

" glve a large change in the resultant stress intensity factor. Fig.

60 shows the ;ame set of predictions as Fig. 59, but for var.'iable
amplitude loading. It can be seen that, apart from the curve. for
assumed 1ine load at the front of the pad foot, the patteyn BE
predictions were similar.to that under constant amplitude

8
’
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loading. At the higher stress levels however the predictions

tend to be more accurate. The most' appropriately "premcted’ curve
would be expected to be between triangular 1 (Fig 46) and the
‘left hand group of curves representing symmetrical distributloql
Allowance for retardation of the crack due to high loads in
sequence (79) would have increased predicted 1ife. It can be
summarized that, the variable ampl.(lt;ud.e predictions were more

accurate than the corresponding constant _ amplitude predictions.
This was a Pather surprising result in view of the error indica-
ted by a comparison of predicted 'and measured crack cur'voes in
se’cti_on 4. 17 2.

4, 7.4 PREDICTION FOR A RANGE OF PAD SPANS

In the experimental study carried out m‘(69). showed that the pad
spain ¢ was taken as a variable distance between the contact

‘of fretting pads and speciflen for the range 2.0 < ¢ <' 34. 35mm
Fig. 61 and 62 show predictions for the constant and variable

loadings applied to. specimens having the full range of pad spans

at pad load = 2.5KN. The predictions were all made on t.he same.

‘b'asi's: i.e. using the length correction, an.initial flaw size of
0.02mm and triangular 1 pad distribution (see Fig. 46). This
assumption was regarded as reasonag_}\e\ comon;ise to illustrate
the way the model predicts the efféct of pad span on ﬂfatieue

life. As 1t ‘can be seen from Fig. 61 and 62 the relative variable

’

/
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'of fatigue life relative to pad span was predicted very well

for constant amplitude and variable amplitude loading. This

K]

predicted variation in life with Pad span was contributed

..

entirely to the associated changes 1n friét_lonal force and

o g
related stress intensity factor. Predicted 1lives were, however,

Fig. 63 shows experimental and predicted lives for speciméns with

consistently more accurate under variable amplitude loading.

4, 6.5 PREDICTIONS AT TWO PAD LOADS

pad span of 16.5mm and two values of pad load, 1 KN and 1. SKN,

under cohstant amplitude loading. ?13.64 shows the same for

t
v able amplitude loading. Predictions were made with the same

|
I/

as tions ‘regarding initial flaw 'size. AS 1t can be seen from

' the figures 63 and 64 that the most accurate life predictions

were for variable amplitude loading. It can also pe noticed that
the effect of pad load on predicted and achieved fatigue 11ife was
small at the lower stress level‘s,"misumay‘ appear surprising in
view of the rélatively lgrée difference 1in frlct.lqné}l force
recorded between t:he two pad loads. As revealed before,an import-
ant fact, however, there were two factors which offset this. The
first one being the fretting scar width was less at the low pad
load. Secondly the more important was the fact that reducing the
normal pad load reduced the magnitude of its associated stress
intensity factor:. Tis tended to offset the reduction 1n the
damaging stress intensity factor associated with.the frictional

] ‘ . o
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loads. The net effect was that the predicted lives could go up
or down with the pad loa%s. As can be seen from Fig. 63, at
di fferent stress levelsjit was *j:riedict_.ed that’ the life would
.o generally 1increase with decrease in pad load, except over a
small range of alternating rms stresses around:- 40 MNm~ where a
small decrease was predicted It can be concluded for fracture
¥pechanics predictions, that the accuracy of the Predictions under
bpoth constant and variable loading was consistent particularly
for ‘vam.able amplitude loading. The most 1naccurate predictions
were made for constant amplitude loading at the highest alternat-
1ng stresses. Trie effect -on fatigue life of changing - pad span and
load was predicted we11: A crack length correction was assessed
which'empirically took account of the fact that short cracks
having the same alternating stress intensity factor as lqng
cracks tend to propagate faster. It was found that the use. ofv the
length correction factor gave very good predictions of the fati-
gue limit, and, overall, gave the best pred.i}:t'ed S-N curve shap-
es. {me most serious failure of the fracture mechanics model was

that 1t did not predict the observed fact that under variable

= P

\“”anplltude loadliw there was an initial relatively fast rate of

_crack x)ax”'bpagation after wnich it slowed down

p—
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- CHAPTER 5 -

PRACTICAL APPLICATION

L]

'5.0 INTRODUCTION : . ) -
As 1t was 1lndicated before, fretting fatigue failure takes place
when repeated loading on a structure ‘causes a sliding .npvement at,
metéllic interface and results in the development of 'mgn stress
intensity and thus the initiation of fatigue crackKing. This
chapter 1is therefor;e devoted to discuss more of the cfrcurmtances
under wm;:n fretting fatigue failures _arise n service and to
-
description of diagnostic features that can be observed in real
situations. After describing how to identify true fretting f’;\tig—
ﬁe. some commonly observed cases are' depicted. This will be
fol lqwed.by c.;onslderatlon of more specific englneering situations
where failures still commonly occur, Dbut where the frettlrig -
aspect 1s at least recogrused: Remedial measures for counteract-
ing the fretting fatigue failures are® Iodtilned. Then measures
include inmproved design, surface tr“eatment. surface .cloatlng.
surface finish, lubrication ;}m the proper selection of material.
5.1 THE IDENTIFICATION OF TRUE FRETITING FATI@_J_E

~. ¢

e
The rubbing together of clean metallic surfacek\‘x;-\,asoon produces

v

what -are frequently described as scars at some of the surface "

a
.

.
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asperities. This scars charactemstically,reveal the directiop in
which the nlbbmg‘act,ion has been taKen place by being streaked
andvelongat‘.ed An thas direction. The scar generally has a rough
appearahce although in some instarices it may be also coupa;:téd as
tovform a glaze. . Scars onosteels have a characteristic red-brown
colour.\ black or: alungnum alloys and they may also vary from a
con;pacted glaze to 'a powdery deposit. The roughening of the metal
@ ’ surface itself that is associated with the fretting product may
vary from patches of microscopic pits to large, shallow abraded

> ¢

areas. Fretting product may be‘ compacted in the mouth of the

'

crack, although such a qfeauir'e ‘1s not by 1itself ev1dence. of
fretting-induced cracking. This raises the l/’l.xrxpo1"ta’nt‘ pol‘.nt of
cause and effect, bearing® in mind that the loosening of a joint
by fatigue can by -1tself ca‘use _considerable fretting. This may
masK the actual evidence of pre-crack-fretting i.e. true fretting
fatigue. 0 ' | 0
_ 5.2 EXAMPLES OF FRETTING FATIGUE FAILURE IN PRACTICE

There are.two clearly distinguishable classes, of frettlngé/fatlgue

”

- - . ’ related to fastened joints:
"t - Flanges, 1i.e. flat faces in contact subjected to varying
shear’loads which, depending on the normal closure loads on the
’ faces, ma}" suffer some degree of sliia‘page. -
2 - Loaded, filled holes\, 1.e. pins or fasteners bearing on the
bores of holes subjected to some 1nt.erf'ace sliding. ‘

. . . .

Fastener closure itself can cause appreciable dishing, around

$
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limited life, while the effectiveness of solid lubricants
-( e. § molybdemum disulphide, zinc oxide )are situation orie‘nted.
Plating 1is another effective method of reducing fretting damage
Such coating are usually about 2-100pm thicK and are produced by
spraying, dipping or electrodeposition. The most common metallic
coatings are cadmium and chromium Cadmium 1s a soft complaint
metal which - can ke used when the slip amploitude is small and
plating of this type shears with the movement, thus tending to
avoid the sliding motion. In contrast,chromium is a hard abrasive
resistant metal wnlcﬁ resists mi:cr:owelding at the points of
contact. Other processes which have more limited application
are anodization, phosphatization and the use of vonded coa£1ngs.
The selection of compatible pairs of d.ifferen{ materials often
allevié‘les fretting difficulties. Many considerations, however,
are involved in selecting the | bonded coated materials and the
choices are usually empirical. -The use pf compliant shim stock
often acts to eliminate 'relftive movement. Some successful
materials are lead, rubbe'r‘ and silver. For metallic materials
however the selection must avoid the creation of a galvanic
cell in any deleterious enviromneﬁt. As previously mentioned,
thg increase in the élamping preéssure can reduce frettins‘ da’mage,
at higher pressure, relative motié‘n can be arrested entirely if
the elements can tolerate this elevated stress level in ordinary
s

fatigue. Lower clamping preessures usually permit larger amplitude

"
~

9
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sliding, and fractur¥ can Dbe avoided if the clampmg ‘\pressure
threshold is not exceeded. A roughened surface have also been
foundto be beneficial in removing debris from tne fretted area.
However, the stres&s concentration associated witp this approacn
may be prohibitive. Many surface treatments which lFead to the ’
increase in' the resistance to cracK initiatioff¥pre available.
Most of these treatments alter the hardness of one or both of

the components(e. g nitriding, carburizing, induction hardenmg)'.
Anotner‘ approach is to induce residual compressive stresses.
Various fonning ‘operations have proved successful ( e.g'dro_p
forging, surface rolling and shot peening). Some other preventative
measures whiclj have been used to reduce or elir;unate frettiffy
include (80) the following : . .
(a) E:limination of the vibration.
(b) Prevent‘ron of slip.

(¢c) Exclusiln of atmosphere.
Methods of eliminating vibration should be considered, although
generally these n\ay,flot b .practical.’ A simplg design change or
rélocation of a m;echanism. however, .may &ampen vibration suffic-
iently to eliminate .slip or at >least to reduce the length of the .
slip patﬁ sufficiently enough to minimize damage. For the lip to

be prevented, the normal load or the closeness of fit can be inc-

reased, although increasing the normal pressure



1.

\

., - ‘s

e ' - n
L .
5. 1

CONCLUSIONS TED TO THE MAIN PARAMETERS INFLUENCING

THE FORMULATION 6? FRETTING FATIGUE/WEAR PROCESS

Among numerous variables, it was concluded that there aré eight

basi¢ variables that play an .'1.mpor~tan'r.‘° role in controlling the:

fretting wear/fatigue process. These are: the amplitude of relat-
ive motion, the magnitude and distribution of the contact press-
ure, .the state of stress( including magnitude, direction and
relative variation with respec’g. to time), the number of cycles

of fretting, the type of matenial of the member, the frequ._e'}'lpy of
“a\t,he relative motion, the temperature in the region and the atmos-

L

\ .
pheric environment.

'6, 2 CONCLUSIONS RELATED TO THE MECHANISM OF

' FRETTING FATIGUE/WEAR ,
1. Fretijmg fatigue failures are consistently occurring near the
edge of the contact area_or near slip-ﬂon s1ip boundaries.
2. The main factor in‘producing a fretting fatigue failure was

the additional alternating shear stress in contact areds arising

“from frictional stress between the surfaces. "

i
I3

\!\i
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3. The microstructure of the material has an influence on

0}

fretting fatigue: the fine structure is more resistant to damage

« than the coarser annealed structure.

4. The fretting resistance of a joint is increased by increasing

the coefficient of friction’ large coefficient of friction allow
latge shear traction to be transmitted without slip:this leads <
to a haigher stressei: a4 the edge of the contact bodies. ’
5. The l.eng‘th of the crack 1rf stage one(I) depends on the stress

level and’ enviromment. In stdge two(II) the growth of the crack

1s g!orm.nated._by the +tensile stresses at the crack iip and the
crack th_erefore _proceeds 1in a direction perpendicular to the
applied stress.
6. A critical number of fretting cycles ( 10%-10% ) was reqiired
in fretting wear to initiate the onset of steady state wear, and
in fretting fatigue +to. initiate damage ultimately leading to
failure. The critical number of cycleshcorresponds to the numbert” ' /
of cycles associated with the accumilation of low cycles fatigue' |
damage. |
7. Elevated temperature padpa beneficjgl effects on both frett-
\ ing wear, and frettin; ‘fatigue. Surface oxide films that can
readily form at elevated temperatures reduce interfacial ~
adhesion and plastic flow, thereby reducing - fretting wear rates
. and increasing fretting fatigue lives. ‘

- 8. Ava.tl/?le data on the effect of fretting amplitude, mumber of
) . . - d . .
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6. 4 ‘CONCLUSIONS RELATED TO APPLICATION OF FRACTURE

MECHANICS FOR_PREDICTING F‘RE'I'i'ING "FATIGUE

i. Contact pressure and tangential stress distributions obtained
b?' the conventional :ﬁ'}ess analysis methods are used tc; calculate
' \the stress int(ens‘ity factor for cracKs at the contact edgEs. ,
o 2 The contact pressure loading near the crack causes the crack
‘+x to close and therefore makes the stress intensity factor negati-
ve., .'Ihe tangential stress worlp‘.xag near the crack makes the stress
—- intensity f‘actor high especially in the small crack region
3. The accuracy' of -pu:'edici‘:ed lives using, fracture mechanics
models was.goodq, particularly for variable amplitude loading
'Ihe most inaccurate pred.tct:.ons were made for constant amplitude
loading at the highest alternafing stresses. oo
~ &4 The use of the length correction inr fracture -mechanics resu—a
- 1ts in a mo accurate prediction of t.hg fretting fatigue limit,
the shape of the S-N curve and the crack propagagion curve.

a

8. The draw back of the fracture mechanics model whi.ch is

? demonstrated in predictlng the initial rates of crack propagatxon

> under variable amplitude loading, is contributed to the stress

3\ intensity factor and or possible thelfodel configuration itself .
6.5 CONCLUSIONS RELATED TO PRACTICAL APPLICATIONS B’

Remedial measures for counterafting fretting fatigue failures

include imgroved design(mcogended wherever possibld), surface

P
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treatment, surface coating, andhlubrica\nts. ) -

6. 6 FURTHER WORK

-

.4, ‘No firm conclusions - have. been reached on tne~corr~elﬂauon of
coéting effec,tivene“ss_‘ in fret@iqg wear énd 'frettingrlfaugue. Y
ba‘sed on av;’ulablte data. Hore‘r‘e.g'eafcn worK 1is therefore, rec;pnm-'

° .""en‘degl in which a’ ,similarf{y in {fretting contact concutionsnfor
frett:ms wear and fretting fatigue is to be mintame;d.
2. Some specific areas that would benefit frorn_ further atgéntxon
include varied frequency exﬁerlments conduc"c.ed _11;1 an inert envir-
orl;nent. details of the influence that contact ge_c;metry has on the
‘éffect of various fretting parameters and resulfc.s' from more’

p2
v .
comprehension list of materials than that currently predomnane s

<

‘ in the literature.
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