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ABSTRACT 

A 1  2.5 w t %  L i  b ina ry  a l l o y s  wi th  smal l  6 ' p r e c i p i t a t e s  (Rm10 1) were 
c y c l i c a l l y  d e f o r m ~ d  i n  t o r s i o n  a t  c o n s t a n t  app l i ed  s t r a i n  amplitude AE , wi th  t h e  
same s t r a i n  r a t e  " . The s i z e  of  ' p r e c i p i t a t e s  was measured before  and a f t e r  
f a t i g u e  by X r ay  low ang le  s c a t t e r i n g .  We have shown by t h i s  method t h a t  an  enhanced 
coalescence t akes  p l ace  du r ing  f a t i g u e .  

I t  is concluded t h a t  t h e  behaviour of  6 ' p r e c i p i t a t e s  dur ing f a t i g u e  is 
governed by two competing phenomena : t h e  d i s s o l u t i o n  induced by shea r ing ,  and t h e  
coalescence induced by s u r s a t u r a t i o n  o f  p o i n t  d e f e c t s  produced by f a t i g u e .  

INTRODUCTION 

The behaviour o f  6 ' p r e c i p i t a t i o n  r e l a t e d  t o  p l a s t i c  l o c a l i z a t i o n  has  been 
s t u d i e d  i n  paper  11. The purpose o f  t h i s  paper is now t o  i n v e s t i g a t e  t h e  average 
behaviour o f  t h i s  second phase i n  a l l o y s  submit ted  t o  t o r s i o n  c y c l i c  load ing  a t  room 
temperature  ( t h e  macroscopic r e s u l t s  o f  t h i s  mechanical t e s t i n g  a r e  t o  be found i n  
paper  I ) .  

P l a s t i c  s t r a i n i n g  is known t o  produce an excess  i n  p o i n t  d e f e c t s  ( 1 )  and 
t h e r e f o r e  t o  enhance d i f f u s i o n  of s o l u t e  atoms. The 6 coarsening is known t o  fo l low 
( 2 , 3 )  very  accura t e ly  a  L i f s c h i t z  Slyosov Wagner k i n e t i c s  ( 4 )  one expects  p l a s t i c  
f a t i g u e  t o  i n c r e a s e  t h e  r a t e  of  p r e c i p i t a t e  coarsening ( 5 , 6 ) .  

MATERIALS and EXPERIMENTAL PROCEDURE 

The experiments were c a r r i e d  o u t  on t h e  same a l l o y s  used f o r  mechanical 
t e s t i n g  (paper  I )  before and a f t e r  f a t i g u e .  The A12.5% w t  L i  a l l o y s  were h e a t  t r e a t e d  
a t  100°C dur ing  l h  (sample A )  lh30 (sample B) 2h00 (sample C) 8h00 (sample D ) .  The 
f a t i g u e  t e s t s  were performed till r u p t u r e  a t  app l i ed  s t r a i n  amplitude i n  t o r s i o n  
of 0.3%, 0.5% and 0.8%. The s t r a i n  r a t e  was kep t  cons tan t  from an amplitude t o  
ano the r  one, s o  t h a t  t h e  pe r iod  had t o  be changed. For each t e s t  t h e  s t r e s s  amplitude 
and t h e  number o f  c y c l e  t o  r u p t u r e  ( t a b l e  1 )  were measured. 

The r a d i i  of 6 ' p r e c i p i t a t e s  were too  smal l  t o  be a c c u r a t e l y  measured by 
T.E.M. bu t  were i n v e s t i g a t e d  by smal l  ang le  X Ray s c a t t e r i n g .  

I n  t h e  smal l  angle  X Ray appa ra tus  a  copper source  ( h = 0.1542nm) has  been 
used,  wi th  a  N i  f i l t e r  t o  e l i m i n a t e  t h e  K p a r a s i t i c  r a d i a t i o n .  Our beam had a  p o i n t  

I3 focus geometry. S c a t t e r i n g  i n t e n s i t y  was c o l l e c t e d  on a  p o s i t i o n  s e n s i t i v e  d e t e c t o r  
i n  t h e  q ( =  4  IT s i n  fi ) range from 0.15 t o  6nm-I s p e c t r a  were recorded and t r e a t e d  
by a  S o l a r  minicomputer. C a l i b r a t i o n  o f  t h e  experiment has  been done by c a r e f u l  
measurements o f  t he  beam i n t e n s i t y  wi th  N i  f i l t e r s .  Cor rec t ions  were app l i ed  f o r  
background, brehmstrahlung, sample abso rb t ion  and geometr ica l  e f f e c t s .  

RESULTS 

The average r a d i u s  was e s t ima ted  from t h e  maxima o f  t h e  c u r v y  $ I ( ~ )  and o f  
q I ( q ) .  The f a t i g u e  t e s t s  were performed a t  a  s t r a i n  r a t e  6 = 10- 3 . The mean 
amplitude i n  s t r e s s  was taken t o  be equa l  t o  t h e  a r i t h m e t i c  mean between maxjmum 
s t r e s s  amplitude and s t r e s s  t o  f a i l u r e  ( c f  paper I )  ( t o  t a k e  i n t o  account t h e  l i g h t  
s o f t e n i n g ) .  
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TABLE 1 gives the average radius before and after fatigue for each sample 

I heat I strain ]mean stress1 Number of I Lasting of I average radius of I 
1 treatment 1 amplitude I amplitude I cycles to I the test 1 6 'precipitates ( A )  I 
1 4 E  /2 1 A 0  /2 1 failure / I 

A lbefore fatigue1 I Ro=8.5 
0.3% 194.5MPa 1 1430 1 17160s I R =13.5 

I 
I A l  I 

R = 11 
B before fatigue1 I I I R o = 8  1 B / 0.3% 189.5MPa 1 4050 148600s I R = 1 5  

I 
510 1 10200 S R = 13 

I 
I B 1 

C lbefore fatigue1 I 1 I R o = 7  
( 38160 s 1 R = 16 

I 
C 0.3 % 1 90.5 MPa 1 3180 
D before fatigue R = 10 

I 1 0.3% 193.5MPa / 3590 / 43080s / n 0 = 1 7  
1 0.5% 1116 MPa 1 290 1 5800s / R =13.5 

I 
I 

0.8% 1138 MPa 1 90 1 2880s I R =10.5 
I 
I 

DISCUSSION 

One can first notice that the relevant parameter to characterize the 
coalescence under fatigue is the lasting of the test more than the amplitude of 
straining. The coalescence observed is realy a plastic deformation effec whith an 

7' 2 -1 estimation of the diffusion coefficient at room temperature of D =  5.10-' 'm S (I), 
the maximum coalescence which would have been expected du 'ng a time t = 50000 s (the 
most lasting fatigue test) would have been of (3) 1.7 lo-'%, which is far under the 
observed coalescence during fati ne can have an order of magnitude of the 
enhanced coalescence by plotting F?: R: versus t (which would be a straight line in 
a LSW kinetics) (figure 1). 

A:A FIGURE 1 
0:. 
C:o 
0:. 

the estimation of the slope gives low3' m3sd1 : the coalescence which has taken 
place during fatigue is of the same order fXt magnitude of the one which would have 
taken place with a diffusion coefficient D 6 orders of magnitude larger than the 
room temperature diffusion coefficient. 

This order of magnitude of the ratio _of fatigue created vacancy concentration 
<C7 over thermal equilibrium concentration C can be estimated (6) from the Meckin 



E s t r i n  model of point  d e f e c t s  production /I// ,  assuming t h a t  dominant s i n k s  f o r  
vacancies a r e  d i s loca t ions  /7/8/ one g e t s  

< C 7  = -6 + O.I(E.A,~.~~ )/(2D,.ll  ) 

being t h e  densi ty  of d i s l o c a t i o n s ,  y t h e  shear  modulus, Do t h e  d i f f u s i o n  
c o e f f i c i e n t  f o r  vacancies a t  room temperature. 

A umerical es t imat ion 1 ads t o  $C>D 10-19 t o  lo-*'. A t  mom temperature 
ED therefore<C)/C w10+' t o  10- . h e  vacancies c rea ted  by f a t i g u e  a r e  f a r  
mose numerous than  t h e  t ermal ones. 3 

The p l o t  R~ - R as a func t ion  of t can give an idea  of the  o rder  o f  
magnitude of  t h e  f a t i g u e  Oinduced coalescence a t  room temperature, but  one cannot 
expect a t r u e  LSW k i n e t i c s  because of  t h e  red i so lu t ion  phenomenon s tudied i n  p a r t  11. 
The repeated shear ing of  p r e c i p i t a t e s  by d i s loca t ions  l eads  t o  a r ed i s so lu t ion  of  
p r e c i p i t a t e s  i n  s l i p  bands, and t h e  smal ler  t h e  p r e c i p i t a t e s  a r e ,  t h e  sooner they 
w i l l  be sheared enough t o  disappear ( / 7 / ) .  Therefore t h i s  mechanism adds a new 
dr iv ing  f o r c e  i n  the  coalescence process  which favours  the  l a r g e  p r e c i p i t a t e s  a t  t h e  
expense of  t h e  small ones : t h i s  d r iv ing  fo rce ,  d i f f e r e n t  from t h e  i n t e r f a c i a l  energy 
reduct ion which r u l e s  the  LSW k i n e t i c s  can be expected t o  change not  only t h e  speed 
of  t h e  coalescence process  bu t  a l s o  t h e  power law i t s e l f .  

CONCLUSION 

The behaviour of  6 ' p r e c i p i t a t e s  under f a t i g u e  appears t o  be con t ro l l ed  by 
two competitive phenomena : t h e  repeated shear ing which leads  t o  a d i s s o l u t i o n  of  
p r e c i p i t a t e s  ( p a r t  11) and the  f a t i g u e  induced coalescence which makes them grow. On 
t h e  average t h e  coalescence process  is dominant a s  can be seen from X Ray d i f f r a c t i o n  
experiments,  but  t h e  l o c a l i z a t i o n  of p l a s t i c  deformation i n  in tense  s l i p  bands 
c r e a t e s  regions of t h e  mate r i a l  where t h e  d i s so lu t ion  process is dominant. I n  these  
reg ions ,  vacancies c rea ted  by f a t i g u e  enhance t h e  d i f fus ion  of  l i th ium,  and prevent 
t h e  r e p r e c i p i t a t i o n  i n  t h e  bands. 
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