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SUMMARY 

A r e c a p i t u l a t i o n  of  t h e  c h a r a c t e r i s t i c s  of t h e  f r e t t i n g ‘ f a t i g u e  phenomenon descr ibed i n  
AGARD Advisory Report No.8, w i t h  a re -appra isa l  o f  t h e  theory of t h e  basic mechanism i n  the 
l i g h t  

1. 

2. 

3. 

4. 

of  recent  research ,  tend t o  confirm: - 

t h e  s i g n i f i c a n c e  of t h e  r e s i d u a l  t e n s i l e  s t r e s s  f i e l d  remanent a f t e r  plastic 
compression of t h e  a s p e r i t i e s ,  

t h e  a n a l y s i s  of t h e  fatigue r e s u l t s  ind ica t ing  t h a t ,  t h e  s e n s i t i v i t y  of f r e t t i n g  
f a t i g u e  t o  the contact  pressure is similar t o  t h e  ’notch s e n s i t i v i t y ’  of  t h e  
material, 

by microscopical s t u d i e s ,  t h e  nucleat ion of  f r e t t i n g  f a t i g u e  cracks near t h e  plastic 
zones surrounding t h e  scars and, t h e i r  propagation along 45’ planes  rather than 
normal t o  t h e  f a t i g u e  s t r e s s  a x i s ,  

t h a t  t h e  modest t a r g e t  of achieving “ a n t i - f r e t ”  r e s i s t a n c e  up t o  15OoC ( s u i t a b l e  
f o r  Mach 2.2 c i v i l  aircraft) can be met by t h e  use of “cured” polymeric - MoS, 
f i l m s  interposed between t h e  contac t  faces .  

RESUME 

Le rappel des  c a r a c t d r i s t i q u e s  du phdnomene de l a  f a t i g u e  par frot tement  d k c r i t  dans 
1’ Advisory Report No. 8 de 1’ AGARD, e t  une n o w e l l e  apprdc ia t ion ,  ?I l a  lumi&re des  
d e r n i b e s  recherches,  de l a  t h d o r i e  du processus de base semblent confirmer: 

1. 1’ importance du champ rds idue l  d ‘ e f f o r t s  de t r a c t i o n  rdmanent a p r h  l a  compression 
p las t ique  des  aspdr i tds ;  

2. l ’ana lyse  des  r d s u l t a t s  concernant l a  fa t igue ,  indiquant que l a  s e n s i b i l i t d  de l a  
f a t i g u e  par frot tement  8 l a  press ion  de contact  e s t  pareille 8 l a  s e n s i b i l i t d  B 
1’ e n t a i l l e  du matdriau; 

3. l a  s u i t e  d’dtudes au microscope, que les f i s s u r e s  dues ?I l a  f a t i g u e  par f rot tement  
s e  forment en noyau a u  vois inage des  zones plastiques q u i  entourent  l e s  marques, 
e t  q u ’ e l l e s  s e  propagent suivant  des  p lans  de .45O. e t  non pas normalement ?I l ’axe  
de l ’ e f f o r t  de fa t igue ;  

4.  que l ’ o b j e c t i f  modeste que l ’ o n  s ’ e s t  f i x d  de r d a l i s e r  une rds i s tance  au frot tement  
Dour l e s  temperatures  a l l a n t  jusqu’8 15OoC (convenant aux avions de t r a n s p o r t  c i v i l  
volant  8 M = 2.2)  peut e t r e  a t t e i n t  en f a i s a n t  in te rposer  e n t r e  l e s  faces de 
contact  des  couches polymdriques - MoS, “ t ra i tdes” .  
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THE INFLUENCE OF FRETTING O N  FATIGUE 

W. J. Harris 

1. RECAPITULATION 

A t  t h e  Turin S t r u c t u r e s  and Mater ia l s  Panel Meeting i n  Apri l  1967, t h e  f i r s t  repor t  on “The Inf luence of  
F r e t t i n g  on Fatigue” was presented and later publ i shed .as  AGARD Advisory Report No.8. 

Hereafter ,  t h e  researches on f r e t t i n g  fa t igue  reported r e f e r  e s s e n t i a l l y  t o : -  

1.1 
discussed i n  AGARD Advisory Report No.8 and, 

experiments designed t o  e l u c i d a t e  some of t h e  t h e o r e t i c a l  a s p e c t s  of  t h e  f r e t t i n g  f a t i g u e  mechanism 

1 .2  
15OoC. 

t h e  eva lua t ion  of  c e r t a i n  “ a n t i - f r e t ”  techniques s u i t a b l e  f o r  operat ion at  temperatures  from ambient t o  

Some r e c a p i t u l a t i o n  of t h e  experimental evidence and t h e  genera l  ideas  concerning t h e  f r e t t i n g  f a t i g u e  
phenomenon, would seem t o  be i n s t r u c t i v e  whi l s t  maintaining cont inui ty .  Accordingly, many of t h e  c h a r a c t e r i -  
s t i c s  of t h e  f r e t t i n g  f a t i g u e  phenomenon can be i d e n t i f i e d  i n  the  complex i n t e r p l a y  of  j o i n t  elements under 
dynamic loading. 

Thus f o r  example, in : -  

1.3 The Fatigue o f  S t r u c t u r e s  

Herein, many a u t h o r i t i e s  have demonstrated t h a t  t h e  high s t r e n g t h  reduct ion f a c t o r s  t y p i c a l  of long l i f e  
f a b r i c a t e d  s t r u c t u r e s  can be a t t r i b u t a b l e ,  only i n  p a r t ,  t o  t h e  stress concentrat ion f e a t u r e s  of t h e  design; 
i n  f a c t ,  s t r e n g t h  reduct ion f a c t o r s ,  as high as 8 t o  10, can be c o r r e l a t e d  with t h e  i n t r u s i o n  of  f r e t t i n g  
f a t i g u e  t o  a marked degree. 

Thus it t r a n s p i r e s  t h a t  t h e  ‘Wean S t r u c t u r e  Curves” as proposed by Heywood e t  al. resemble, i n  form and 
magnitude, i n  t h e  long endurance region,  t h e  f r e t t i n g  f a t i g u e  curve f o r  t h e  corresponding materials. 

1.4 Crack Propagation 

The author‘, and Fros t  e t  have shown t h a t  f o r  r e l a t i v e l y  s h o r t  cracks,  t h e  r a t e  of crack propagation is 
propor t iona l  t o  t h e  cube of t h e  e f f e c t i v e  f a t i g u e  s t r e s s ;  furthermore, t h e r e  is a lower l i m i t i n g  or ,  th reshold  
stress, below which c racks  w i l l  not propagate and so def ine  “non-propagating cracks”. A l o g i c a l  deduction from 
t h e  previous observat ions would be t o  i d e n t i f y  such “threshold s t r e s s e s ”  with t h e  ” f r e t t i n g  f a t i g u e  l imits’’  
given by t h e  ‘Wean S t r u c t u r e s  Curve”: a l l  t h e  experimental evidence tends  t o  support t h i s  deduction. 

1.5  F r i c t i o n  and Wear 

Several  i n t e r e s t i n g  q u a n t i t a t i v e  t h e o r i e s  of f r i c t i o n  and wear have, i n  e f f e c t ,  involved the  f a t i g u e  phenomenon, 
p lac ing  g r e a t  emphasis on t h e  sur face  t e n s i l e  stress which fo l lows  i n  t h e  immediate wake of t h e  s l i d i n g  contact ;  
t h e  work o f  Kraghelsky and Nepomnyaschi‘ is noteworthy i n  t h i s  respec t .  

1 . 6  The “Asperity” S t r e s s  F i e l d s  

Some simple “Photo-elast ic  S t r e s s  Studies” reported i n  AGARD Advisory Report No. 8, demonstrated t h a t ,  j u s t  
o u t s i d e  t h e  coinpression f r e t t i n g  pad, a sur face  t e n s i l e  s t r e s s ,  approximately t h r e e  t imes t h e  nominal pad 
pressure ,  could be developed and, by implicat ion,  t h i s  order  of s t r e s s  concentrat ion could a r i s e  between the  
“ a s p e r i t i e s ”  which have p l a s t i c a l l y  y ie lded .  

In a n t i c i p a t i o n  of t h e  l a t e s t  theory of t h e  bas ic  mechanism of f r e t t i n g  f a t i g u e  proposed l a t e r  i n  t h i s  repor t ,  
with support ing experimental evidence, it w i l l  become apparent t h a t  t h e  highest  poss ib le  s ign i f icance  has  been 
placed on t h e  “Residual S t r e s s  Fields”,  p a r t i c u l a r l y  those of a t e n s i l e  c h a r a c t e r ,  res ident  i n  t h e  p l a s t i c  zones 
surrounding t h e  s u b s t r a t e  mater ia l  of t h e  a s p e r i t i e s .  
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1.7 The Nucleation o f  F r e t t i n g  Fatigue Cracks 

A study o f  t h e  nuc lea t ion  and propagation of f r e t t i n g  f a t igue  c racks  has revealed two important cha rac t e r i -  
s t i c s ,  namely: - 

(a) nuc lea t ion  seems t o  occur with equal p robab i l i t y  wi th in  t h e  f r e t t i n g  scar o r  j u s t  ou t s ide  t h e  s c a r  
boundary, 

(b) i n  t h e  absence of f r e t t i n g ,  f a t igue  i n i t i a t i o n  is predominantly normal t o  t h e  p r inc ipa l  f a t igue  s t r e s s  
d i r e c t i o n  (Stage I1 i n i t i a t i o n )  but,  i n  t h e  presence of f r e t t i n g ,  f a t i g u e  i n i t i a t i o n  is s u b s t a n t i a l l y  
along p lanes  o r i en ted  at 45’ t o  t he  f a t i g u e  s t r e s s  ax is .  
Stage I i n i t i a t i o n  on r e s idua l  stress f i e l d s  has  been well brought ou t  i n  va r ious   paper^^.^,^ presented  
a t  t h e  In t e rna t iona l  Conference on Frac ture  held at  Brighton, UK i n  Apr i l ,  1969, and lends  s t rong  
support t o  t h e  t h e s i s  t h a t ,  “ f r e t t i n g  f a t igue  with Stage I i n i t i a t i o n ,  is s t rong ly  con t ro l l ed  by t h e  
r e s idua l  s t r e s s  f i e l d s  generated along t h e  p l a s t i c  pe r iphe r i e s  o f  t h e  a spe r i t i e s” .  

(Stage I i n i t i a t i o n . )  The dependence o f  

2. A RE-APPRAISAL OF B A S I C  MECHANISM THEORY 

The theory of t h e  mechanism of f r e t t i n g  f a t igue ,  as developed here in ,  a t t aches  high s ign i f i cance  t o  t h e  
r e s idua l  t e n s i l e  s t r e s s  f i e l d s  generated by t h e  p l a s t i c  compression o f  t h e  a s p e r i t i e s :  consequently, it is 
pos tu la ted ,  t h e  major d e l e t e r i o u s  e f f e c t  o f  f r e t t i n g  on f a t igue  s t r eng th  can be a t t r i b u t e d  t o  t h e  superim- 
pos i t i on  o f  t h e  appl ied  dynamic s t r e s s e s  on such r e s idua l  mean 1;ensile stresses. Of course,  f u r t h e r  l o s s  of 
f a t igue  s t r eng th  may r e s u l t ,  due t o  wear and cor ros ion ,  depending on t h e  in t e rac t ion  o f  t h e  contac t ing  meta ls  
with t h e  environment. 

2 .1  Residual Stress F i e l d s  

The a s p e r i t i e s  of a compressed sur face  y i e l d  under a nominal appl ied  pressure  (p,)  t o  produce a r e a l  area of 
contac t  (A) when p,A, = Y,A (Yo - t h e  “primitive” y i e l d  s t r eng th ) .  

Furthermore, around t h e  p r o f i l e s  of t h e  p l a s t i c  zones ( the  “ p l a s t i c  wedges” of Figure 6) t h e r e  a r e  generated 
compensating r e s idua l  t e n s i l e  s t r e s s  f i e l d s  which, very near t he  p l a s t i c  p r o f i l e s ,  a t t a i n  va lues  of t h e  same 
order  of magnitude as t h e  Yield Strength.  Thus, it is  considered h ighly  probable t h a t  t h e  superpos i t ion  o f  
f a t igue  s t r e s s  on t h e  r e s idua l  t e n s i l e  s t r e s s  f i e l d  l eads  t o  t h e  nuc lea t ion  of f a t igue  c racks  which propagate 
predominantly, along t h e  “ p l a s t i c  wedge” and, hence, mainly on p l anes  o r i en ted  45’ t o  t h e  sur face  o f  t h e  f r e t t e d  
specimen. 

The analogy between t h e  “ p l a s t i c  wedge” theory of f r e t t i n g  f a t i g u e  and t h e  inf luence  of a co ld  working 
process  such as “shot peening” is s u f f i c i e n t l y  c lose  t o  warrant f u r t h e r  examination. 
peening” on t h e  f a t igue  s t r eng th  of meta ls  may be conveniently summarized as follows:- 

The inf luence  of “shot 

2 . 1 . 1  
specimen o r  component conta ins  a ”stress concent ra t ion”  d e t a i l  (:a “notch”) o r ,  t h e  material is i n  a “defective” 
state due t o  meta l lurg ica l  p rocesses  (adverse thermal s t r e s ses :  “decarburization”: e lec t rodepos i ted  metals,  e t c .  ). 
L i t t l e ,  i f  any, measurable improvement r e s u l t s  i f  t h e  .specimen, i n  the  unpeened s t a t e ,  a l ready  e x h i b i t s  a normal 
f a t igue  s t rength .  

Marked improvements i n  bending and to r s iona l  f a t igue  can be produced by “shot peening” provided t h e  

Furthermore, f a t igue  f a i l u r e s  of “shot peened” metals i n i t i a t e ,  mainly, from t h e  sur face  and, subs t an t i a l ly ,  
Under cond i t ions  o f  “ p a r t i a l  coverage”, where t h e  peened along p lanes  or ien ted  at 45’ t o  t h e  peened sur faces .  

su r f ace  c o n s i s t s  of d i s c r e t e  sphe r i ca l  cap indenta t ions ,  f a t igue  c racks  a r e  known t o  i n i t i a t e  i n  t h e  reg ions  
( “ p l a s t i c  p ro f i l e s” )  surrounding t h e  indenta t ions  with a s i g n i f i c a n t  lowering of t h e  f a t igue  s t r eng th  below t h e  
va lues  c h a r a c t e r i s t i c  of t h e  unpeened s t a t e .  

2 . 1 . 2  Fatigue t e s t s  performed under d i r e c t  stress condi t ions  do not usua l ly  show any improvements by “shot 
peening” and, more o f t e n  than not,  y i e l d  f a t igue  s t r eng th  va lues  lower than those  f o r  t h e  unpeened s t a t e :  i n  
t h e  lat ter case o f  pronounced f a t igue  damage by “shot peening”, it has been shown t h a t  f a t i g u e  nuc lea t ion  has  
occurred subcutaneously i n  t h e  r e s idua l  t e n s i l e  s t r e s s  f i e l d .  

The analogy between the  indenta t ion  produced by “shot peening” and t h e  p l a s t i c l y  deformed a s p e r i t i e s ,  t y p i c a l  
of f r e t t i n g ,  is indeed very c lose  which, coupled with t h e  experimental evidence of t h e  cond i t ions  f o r  Stage 1 
i n i t i a t i o n 5 *  6 .  ’, l ends  confirmation t o  t h e  imp l i c i t  r o l e  of r e s idua l  t e n s i l e  stress f i e l d s  i n  t h e  f r e t t i n g  
f a t i g u e  phenomenon. 

2.2 F r e t t i n g  Fatigue Damage 

To a f i r s t  approximation, it would appear l og ica l  t o  assume t h a t  f r e t t i n g  i n f l i c t s  damage t o  f a t i g u e  similar 
i n  magnitude t o  t h a t  o f  an appl ied  mean t e n s i l e  s t r e s s  o f  va lue  Yo . Since most of t h e  experimental f a t i g u e  
work descr ibed  here in  has  used t h e  repea ted  t e n s i l e  mode of s t r e s s i n g  (0 - f )  or ( f /2  f f /2)  then, t h e  magnitude 
o f  f r e t t i n g  damage may be conveyed by comparing, t he  un f re t t ed  f a t i g u e  s t r eng th  f ,  with t h e  “ f r e t t ed”  f a t i g u e  
s t r eng th  
form 

f, , t h e r e  being f a t i g u e  equivalence between (f,/2 f f,/2) and (fp/2 + Yo) f fp/2 , which t akes  t h e  
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(fo/2U)z + (fo/2“a)’ = 1 

kf, + 2Y0)/2U1’ + (fP/20,,* = 1 , 

where U = t e n s i l e  s t r eng th  

ca = t h e  a l t e r n a t i n g  f a t igue  s t r eng th  

i f  t h e  Gerber parabol ic  law is assumed t o  be appl icable .  

The above formulae do, of course,  c a l c u l a t e  the ,  maximum f r e t t i n g  damage by v i r t u e  o f  t h e  assumption t h a t  
a s teady  mean t e n s i l e  s t r e s s  Yo 
r e a l i s t i c ,  t h e  p robab i l i t y  of nuc lea t ion  must be invoked which depends on t h e  r e a l  a r ea  of t h e  con tac t ing  
a s p e r i t i e s .  

ope ra t e s  throughout a s i g n i f i c a n t  t e s t  volume of mater ia l  whereas, t o  be 

2.3 The Probabi l i ty  of Nucleation 

Some earlyowork by t h e  author‘ on “notch s e n s i t i v i t y ”  (77) i n  f a t igue ,  m a y  be brought t o  mind wherein t h e  
main t h e s i s ,  “considered ‘size e f f ec t s ’  i n  f a t igue  as merely t h e  expression o f  t he  p robab i l i t y  of f ind ing  a 
‘ cha rac t e r i s t i c  flaw’ i n  t h e  length ,  area of volume of t h e  mater ia l  subjec ted  t o  the  f a t igue  stress”. 

This  p robab i l i t y  argument was then developed t o  show t h a t  

77 = 1 - exp(-BA/A,) = 1 - exp(-ppo/Yo) , 

where, dA,/p is propor t iona l  t o  t h e  l i n e a r  dimension of t h e  “Charac te r i s t i c  Flaw”. 
of t h i s  “notch s e n s i t i v i t y ”  i n t e r p r e t a t i o n  was the  l o g i c a l  development o f  a maximum 
Factor )  d iv id ing  t h e  (Kf vs. K t )  f i e l d  i n t o  t h e  “Propagating” and “Non-propagating’’ spec ie s  of f a t i g u e  c racks  
so t h a t ,  i n  t h e  case of f r e t t i n g  f a t igue ,  it is poss ib le  t o  w r i t e : -  

An i n t e r e s t i n g  f ea tu re  
K f  (S t rength  Reduction 

77 = C f o / f ,  - 1l/[f0/fn - 11 = 1 - exp(-,Bpo/Yo) , 

where, f n  is t h e  repeated t e n s i l e  “threshold s t r e s s ”  f o r  “non-propagating cracks” and 77 and p are 
c h a r a c t e r i s t i c s  denoting t h e  s e n s i t i v i t y  of t h e  a l loy  t o  f r e t t i n g  f a t igue .  

For most a l l o y s ,  which s t r a i n  harden considerably p r i o r  t o  f a t i g u e  nuc lea t ion ,  it is more r e a l i s t i c  t o  
rep lace  Yo 
s t r eng th  p r i o r  t o  f r ac tu re .  

i n  t h e  above formula with t h e  t e n s i l e  s t r eng th ,  as being t h e  te rmina l  value o f  t h e  y i e l d  

2.4 Crack Propagation 

F ros t3  of t h e  National Engineering Laboratory,  Scotland has, f o r  many years ,  been respons ib le  f o r  t h e  
b r i l l i a n t  experimental work concerned with the  mechanism of t h e  growth o f  f a t igue  c racks  and h i s  observa t ions  
on f r e t t i n g  f a t i g u e  i n  p a r t i c u l a r  a r e  so r e l evan t  t o  t h e  subjec t  matter o f  t h i s  r epor t  as t o  merit quota t ion : -  

“Many fa t igue  f a i l u r e s  i n  se rv i ce  a r e  a r e s u l t  of c racks  forming i n  a reas  where f r e t t i n g  has occurred. 
When two p ieces  of ma te r i a l ,  clamped toge ther  under a c e r t a i n  contac t  pressure  t ransmi t  c y c l i c  
t angen t i a l  s t r e s s e s ,  t h e  oxide l aye r  on contac t ing  a s p e r i t i e s  is destroyed and they  weld together.  
Although t h e  cont inua l  welding and breaking of contac t ing  a s p e r i t i e s  produce debr i s  which causes 
abras ive  wear, f a t igue  c racks  a r e  found t o  form at t h e  edges of t he  l o c a l l y  welded areas. Because 
su r face  c racks ,  can, under severe f r e t t i n g  condi t ions ,  form at  nominal c y c l i c  s t r e s s e s  i n s u f f i c i e n t  
t o  cause complete f a i l u r e  t h e  f r e t t i n g  f a t igue  l i m i t  is governed by t h e  c y c l i c  stress necessary t o  
propagate these  cracks.  For example, it is found t h a t  t h e  f r e t t i n g  f a t i g u e  limits of var ious  
f e r r i t i c  s t e e l s  under t h e  most severe  f r e t t i n g  condi t ions  are about t h e  same, i . e . ,  increas ing  
t h e  t e n s i l e  s t r eng th  of t he  s t e e l  does not r e s u l t  i n  a higher f r e t t i n g  f a t igue  l i m i t  than t h a t  
obtained with t h e  mild s t e e l . ”  

Thus t h e  Kf  (maximum) = f o / f n  i n  t h e  present  no ta t ion ,  which de f ine  t h e  condi t ions  f o r  non-propagating 
c racks ,  a l s o  de f ine  f r e t t i n g  f a t igue  limits (f,) according t o  Fros t  and t h e  author.  It is a l s o  i n t e r e s t i n g  
t o  note  t h a t  t h e  f r e t t i n g  f a t igue  limits of a l l o y s  a r e  sens ib ly  t h e  same as t h e  base metal e . g . ,  s t e e l s  and 
iron: Nimonic.alloys and n icke l :  Aluminium a l l o y s  and pure aluminium, e t c .  

There is a simple explanation f o r  t h i s  r a t h e r  su rp r i s ing  f a c t  which, q u i t e  r ecen t ly ,  has emerged from t h e  
au tho r ’ s  crack propagation s t u d i e s ,  v iz :  t h a t ,  crack growth r a t e s  are propor t iona l  t o  t h e  cube of t h e  s t r a i n  
(and not s t r e s s )  and non-propagating cracks,  defined by zero r a t e ,  a r e  charac te r i sed  by a threshold  s t r a i n ,  
which is approximately 5 x lo-‘ f o r  repeated t e n s i l e  s t r e s s i n g  and 2.86 x lo-‘ f o r  a l t e r n a t i n g  s t r e s s ing .  
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3. THE EXPERIMENTAL RESULTS 

3 . 1  Metallography 

3 . 1 . 1  Electron Probe Micro-analysis and X-ray Diffraction 

It was not poss ib le  t o  deduce q u a n t i t a t i v e l y  the  composition of t h e  f r e t t i n g  “scar” mater ia l ,  us ing the  
“Electron Probe” and X - r a y  d i f f r a c t i o n  techniques; approximately, t i t an ium and oxygen were de tec ted  i n  equal 
proport ions,  with t r a c e s  of aluminium and copper i n  the  a l l o y s  IMI 318A and, IMI 230 respec t ive ly .  One of  t h e  
o b j e c t s  of t h i s  a n a l y t i c a l  work was t o  c o r r e l a t e  the  “temper colour” s c a l e ,  determined for  titanium al loys ,  
with t h e  e f f e c t i v e  temperatures generated during f r e t t i n g  but t h e  specular  r e f l e c t i o n  and i n t e r f e r e n c e  
co lours  produced by heat ing a pol ished specimen do not correspond with t h e  o p t i c a l  c h a r a c t e r i s t i c s  of  f i n e l y  
divided f r e t t i n g  debr i s ,  which behaves as an e f f e c t i v e  l i g h t  s c a t t e r e r .  

3 . 1 . 2  Optical Microscopy 

Optical  microscopy s t u d i e s  of some tapered s e c t i o n s  o f  t h e  f r e t t i n g  f a t i g u e  cracks confirmed:- 

3 . 1 . 2 . 1  t h e  tendency f o r  nucleat ion j u s t  ou ts ide  the  visiblls scar: furthermore, i n  t h e  (a-p) structure of  
t h e  ( 6  A1:4 V) a l l o y ,  cracks tend t o  avoid t h e  /%phase but, where t h e  resolved shear  stress demands a 
f r o n t a l  approach t o  t h e  /%phase, t h e  crack d e v i a t e s  t o  propagate along t h e  (a-p)  boundaries. This  f e a t u r e  
is already well known i n  t h e  sense t h a t  t h e  bas ic  f a t i g u e  s t r e n g t h  o f  ( a - p )  titanium a l l o y s  depends 
c r i t i c a l l y  on t h e  micro-s t ructure  (Figs.’l,8,9), 

3 . 1 . 2 . 2  t h e  nucleat ion of 45’ cracks,  along t h e  ‘ p l a s t i c  wedge’ planes,  under t h e  a s p e r i t y  (Fig. 10). 

0 

3 . 1 . 3  Scanning Electron Microscopy (SEM) 

The topographical  d e t a i l s  o f  some of t h e  f r e t t i n g  f a t i g u e  f a i l u r e s  have been e s t a b l i s h e d  using t h e  ‘Scanning 
Electron Microscope’ . 
i n t e r e s t i n g  f e a t u r e  of  sur face  ‘ s t r i a t i o n s ’  , t h e  r e s u l t  o f  p l a s t , i c  deformation (Fig. 11). 

Again, t h e  c h a r a c t e r i s t i c  45’ crack o r i e n t a t i o n s  have been confirmed toge ther  with t h e  

4 .  THE FRETTING FATIGUE RESEARCHES 

4 .1  Elevated Temperature Tests 

I n  AGARD Advisory Report 8, cons idera t ion  was given t o  t h e  p r e - r e q u i s i t e s  f o r  an ‘an t i - f re t ’  medium f o r  use 
at e leva ted  temperatures; such f a c t o r s  as chemical compat ib i l i ty  and, adequate rheologica l  p r o p e r t i e s ,  among 
o t h e r s ,  were considered. As regards the  problems of f r e t t i n g  a t  e leva ted  temperatures  and, i n  p a r t i c u l a r ,  t h e  
immediate one i n  t h e  range from ambient t o  150’12, t y p i c a l  of Mach 2.2 c iv i l  t r a n s p o r t  a i r c r a f t ,  s e v e r a l  promising 
avenues of research have been examined, based, e s s e n t i a l l y ,  on the  appl ica t ion  of s o l i d  l u b r i c a n t s ,  such as 
molybdenum disu lphide  (MoS,), c a r r i e d  in a vehic le  with t h e  r e q u i s i t e  rheologica l  proper t ies ;  i n  f a c t ,  t h e  
“ a n t i - f r e t ”  primer LR.8123, which has  proved extremely valuable  for  ambient temperatures, on primary spar  
s t r u c t u r e s ,  wing s k i n  and pressure  cabin faying sur faces ,  was a d i r e c t  result of  our f r e t t i n g  f a t i g u e  researches.  

Unfortunately, i n  common with many o ther  similar “primer” schemes examined, t h e  rapid decrease of  flow 
r e s i s t a n c e  i n  t h e  range 8OoC - 100°C, l e d  t o  m e t a l l i c  contac t  through the  “primer” with subsequent unacceptable 
f r e t t i n g  damage. Further  work confirmed t h e  importance of  flow r e s i s t a n c e  a t  temperature and, i n  f a c t ,  MoS, i n  
an epoxy r e s i n  vehic le ,  cured at 15OoC, provides  an exce l len t  ” a n t i - f r e t ”  medium f o r  opera t ion  up t o  15OoC (Fig.5). 
No doubt, t h e r e  are many e leva ted  temperature cur ing polymers, which would work equal ly  wel l  a t  e leva ted  
temper at ures. 

In  p r a c t i c e ,  t h e r e  would be d i f f i c u l t i e s  i n  cur ing l a r g e  s t r u c t u r a l  elements which had been t r e a t e d  with 
such a n t i - f r e t  media and, t h e  p o s s i b i l i t i e s  of cur ing polyes te r  r e s i n s  in situ, with r a d i a t i o n  have been con- 
s idered.  
ob jec t  of increasing t h e i r  flow r e s i s t a n c e  at e leva ted  temperatures but ,  a f t e r  room temperature cur ing only. 

However, our  cur ren t  e f f o r t s  are d i r e c t e d  toward the  modif icat ion of  some s tandard polymers with t h e  

It may be noted t h a t  t h e  use of  materials such as “electro-deposi ted t i n - n i c k e l  a l l o y ”  ( a  promising a n t i - f r e t  
scheme f o r  t i t an ium a l l o y s )  anodising of aluminium a l loys :  t h e  majori ty  of  greases  (MHT being an except ion)  and 
“loaded primer schemes”, are inadequate f o r  aluminium a l l o y s  operat ing around 15OoC. 

It has been demonstrated t h a t  “loaded polymers” o f f e r  a s o l u t i o n  t o  t h e  f r e t t i n g  problems up t o  150°C. 
provided flow r e s i s t a n c e  can be markedly increased at e leva ted  temperatures; t h i s ,  n e c k s s i t a t e s  f u r t h e r  work 
on t h e  var ious  methods which are capable of acce lera t ing  polymeri.zation in situ. 

In  t h e  next phase of our f r e t t i n g  researches it is planned to: . -  

(1) consider  t h e  curing c h a r a c t e r i s t i c s  of  po lyes te r  r e s i n s  s u i t a b l e  f o r  use up t o  15OoC, 

(2) evaluate  t h e  e f f e c t  o f  “flame sprayed” s t a i n l e s s  s t e e l  loaded with s i n t e r e d  PTFE on aluminium a l l o y s ,  

(3) develop s u i t a b l e  anodised f i lms  on t i t an ium a l l o y s  subsequently loaded with var ious  s o l i d  l u b r i c a n t s  
(e.g. molybdenum disulphide,  boron n i t r i d e ,  s i l i c o n  nitridt!, e t c . ) ,  where t h e  f r e t t i n g  f a t i g u e  i n v e s t i -  
ga t ions  w i l l  cover t h e  range, ambient t o  50OoC. 
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4 .2  A F r e t t i n g  S e n s i t i v i t y  Index 

The author  proposed earlier on t h a t  t h e  r e l a t i o n s h i p  between 
and t h e  non-propagating f a t i g u e  s t r e n g t h  va lues  respec t ive ly  and t h e  appl ied nominal pressure  (p,) could be 
expressed i n  a revea l ing  manner by def in ing  a "Fre t t ing  S e n s i t i v i t y  Index" thus:  

f,, f,, and f n ,  t h e  unf re t ted ,  t h e  f r e t t e d  

(f , / fp)  - 1 
( f o / f n )  - 1 ' 

7 7 =  

and on t h e o r e t i c a l  grounds t h a t  

77 = ( 1  - exp(-yp,) . 
Whilst t h i s  formula g ives  extremely usefu l  es t imates  of  f r e t t i n g  f a t i g u e  s t rength ,  nevertheless ,  t h e r e  is 

no obvious c o r r e l a t i o n  of  y(Tab1e I )  and, s t a t i c  mechanical proper t ies ;  i n  f a c t ,  y, f o r  t h e  a l l o y s  t e s t e d ,  
seems t o  r e s i d e  i n  t h e  range (0.13 t o  0.22) and may, perhaps, i f  it is decided t o  ignore t h e  s p e c i a l  case of 
t h e  c lad  aluminium a l l o y .  be constant  and independent of a l l  o t h e r  proper t ies .  
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TABLE I 

(Solut  ionised)  

Nimonic 90 
(Solut ionised 

and P r e c i p i t a t e d )  

IMI 318A 

DTO 5070A (at  150°C) 

f P  f L Po f~ ( tons / in*)  

21.0 21.0 6.7 0.0.25 
21.0 12.6 6.7 2.0 
21.0 9.7 6.7 6.0 

21.0 7. 8 6.7 12.0 

19.5 7.8 6.7 12.0 

46.0 9.0 3.35 6.0 

26.0 9.0 3.35 6.0 
~~~~~ ~ 

4.53 2.05 1.295 3.0 

77 

0 

0.313 
0.548 

0. 798 

, 0.790 

0.132 

0.130 

0.585 0.147 

0.553 0.135 

0.483 0.220 
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Endurance (Cycks) 

Fig.1 Fretting fatigue. Nimonic 90 al loy (5% Ni: 20% Cr:  18% CO: 2.5% T i :  1.5% Al),  solution treated 1080°C 

I o4 10' IO6 I o7 IOd io9 
Endurance (Cycler) 

"Id 

Fig.2 Fretting fatigue. Nimonic 90 a l loy ,  solution treated 1080°C, precipitated iUO°C 
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Fig.3 Fretting fat igue.  Titanium al loy  (6% A1 4% V), annealed 7OO0C 

Id 
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Fig.4 Fretting f i t i g u e .  Titanium a l l o y  (2.6% Cu), annealed 79OoC 
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A--No Fretting. 
B--Epoxy Resin+ Moh.(Cured 150°C) 

IO' IO" 
Enduronco (cycle) 

Fig.5 Fretting fatigue. Aluminium a l l o y  DTD 5070A (2.5% Cu 1.3% Mg 1.2% N i )  

FATIGUE SPECIMEN 'ti 
FATIGUE STRESS - (0-r) 

- - -__  Residua I Tensile Field of Magnitude -Yo.(Primitive Yield Strength) 
r -.( 

And k A , = % A  A Real Area of Contact. 

& - Superficial Area. 

Fig. 6 Residual s t r e s s  f i e l d s  
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Fig. 8 Scanning electron micrograph (magnification x 1300). 45O fatigue crack delineating plastic w n e  
under scar. On IN1 318A 

Fig.9 Scanning electron micrograph (magnification x 6500) of tip of crack shown in Figure 8. 
Note the crack being constrained to ‘-j?’ boundary 
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Fig.10 optical photmicrogravh under ohliaw lighting (magnification x 1OOO). Illustration of plastic we&e 
and s l ip  under 'asperity-scar' with 45' fatigue crack in Nimonic 90 

Fig.11 Scanning electron micrograph photo of striations (magnification x 2800) 








