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kdS 1'):ACT 
For s e v e r a l  y e a r s  i t  has  been w e l l  e s t a b l i s h e d  t h a t  aluminium a l l o y s  wi th  

l i t h i u m  a d d i t i o n s  a r e  very a t t r a c t i v e  f o r  aerospace a p p l i c a t i o n s ,  s i n c e  they o f f e r  
i n t e r e s t i n g  combinations of h igh s p e c i f i c  s t r e n g t h  and high s p e c i f i c  modulus / 1 / , / 2 / .  
Numerous s t u d i e s  were c a r r i e d  out i n  o rde r  t o  o b t a i n  optimum mechanical p r o p e r t i e s  by 
modifying su i t ab ly 'mic ros t ruc tu res  /3 / , /4 / , /5 / .  Mechanical p r o p e r t i e s  a r e  mainly de- 
pendent on i n t e r a k t i o n s  between d i s l o c a t i o n s  and p r e c i p i t a t e s ,  e s p e c i a l l y  6' (A13Li) 
p r e c i p i t a t e s .  Fundamental s t u d i e s  were c a r r i e d  ou t  on A1-Li b ina ry  a l l o y s  e x h i b i t i n g  
only  6'  p r e c i p i t a t e s  /6 / .  We have en te red  upon a  s tudy  concerning t h e  i d e n t i f i c a t i o n  
of microscopic mechanisms which c o n t r o l  t h e  c y c l i c  deformation of A1-Li b ina ry  a l -  
loys .  During f a t i g u e  t e s t s ,  we have discovered an i n t e r e s t i n g  s u b s t r u c t u r e  i n  hyste- 
r e s i s  loops  corresponding t o  s t r e s s  i n s t a b i l i t i e s  i n  f a t i g u e  behaviour which a r e  ri- 
gorously coupled with a  s t r a i n  age hardening phenomenon. The aim of t h i s  paper  is  t o  
desc r ibe  t h i s  phenomenon which is  t y p i c a l  of t h e  f a t i g u e  behaviour of A1-Li 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 .  I n  t h e  l a s t  p a r t  of t h i s  paper ,  t h i s  u n s t a b l e  be- 
haviour is compared t o  t h e  PORTEVIN-LE CHATELIER (PLC) phenomenon. I n  a d d i t i o n ,  m i -  
c roscopic  mechanism t h a t  c o n t r o l  s t r e s s  i n s t a b i l i t i e s  and s t r a i n  age  hardening a r e  
analysed i n  terms of i n t e r a c t i o n s  between d i s l o c a t i o n s  and 6 '  p r e c i p i t a t e s .  

1 . EXPERIMENTAL PROCEDURE 

Three p o l y c r y s t a l l i n e  A1-Li b ina ry  a l l o y s ,  con ta in ing  0.7,  1.7 and 2.5 W t  % 
r e s p e c t i v e l y  of l i t h i u m  were used f o r  t h e  present  i n v e s t i g a t i o n .  The 0.7 W t  % a l l o y  
was heated a t  530°C f o r  two hours then ice-water quenched and f i n a l l y  aged a t  room 
temperature  f o r  s e v e r a l  months. Under t h e s e  t r e a t e d  cond i t ions ,  t h e  0.7 W t  % L i  a l l o y  
was kept i n  a  s o l i d  s o l u t i o n  s t a t e  a s  could be i n f e r r e d  by TEM obse rva t ions  and small 
a n g l e  X r a y  s c a t t e r i n g  experiments.  I n  t h e  c a s e  of 1.7 and 2 .5  W t  % A1-Li a l l o y s ,  t h e  
same s o l i d  s o l u t i o n  t reatment  a t  h igh temperature,  water  quenching and ageing f o r  two 
months a t  room temperature  l e a d  t o  an homogeneous d i s t r i b u t i o n  of smal l  s p h e r i c a l  6 '  
(A13Li) p r e c i p i t a t e s .  The average diameter  of 6 '  p r e c i p i t a t e s  i s  approximat ively  
equal  t o  1  nm. Af te r  quenching and ageing a t  150°C f o r  5 hours ,  1.7 and 2 .5  W t  % L i  
a l l o y s  p resen ted  a coarsened S t p r e c i p i t a t i o n  wi th  an  average diameter  o f 4 5  nm. The 
average s i z e  of 1.7 W f l p r e c i p i t a t e s  was a  l i t t l e  h igher  than  t h a t  of 2.5 W t  % Li.  A l l  
t h e s e  r e s u l t s  a r e  i n  concordance wi th  those  r epor ted  i n  /7 / .  

Fa t igue  t e s t s  have been c a r r i e d  out  i n  a  push-pull mode, i n  a  temperature 
range between room and l i q u i d  n i t rogen  temperatures .  C y l i n d r i c a l  samples of 70 mm 
long wi th  a  diameter of 9 mm and a  u s e f u l  l e n g t h  of 40 mm were used i n  t h i s  s tudy.  
The specimen deformation recorded using a  MTS extensometer no 632-276-23 wi th  a  mea- 
surement l e n g t h  of 25 mm. The c y c l i c  deformation was c o n t r o l l e d  under t o t a l  o r  p las-  
t i c  s t r a i n  cond i t ions  us ing  a  s p e c i f i c  f a t i g u e  machine having a  v e r y  high d i sp lace -  
ment s e n s i t i v i t y  /8/.  Recently t h i s  t e s t i n g  machine was used t o  s tudy  i n t e r a c t i o n s  
between c r y s t a l l i n e  d e f e c t s  and d i s l o c a t i o n s  i n  t h e  c a s e  of f a t i g u e  of pure  aluminium 
/ 9 / .  Fa t igue  t e s t s  were conducted under c o n t r o l  of a  PDP 11 D i g i t a l  computer wi th  a  
l i n e a r  t ime deformation dependence i n  t h e  frequency range of 0.5-10-~ Hz. Most of fa-  
t i g u e  t e s t s  were c a r r i e d  out  a t  room temperature.  However, some t e s t s  were performed 
a t  lower temperature  i n  o rde r  t o  s tudy t h e  temperature  dependence of t h e  s t r e s s  ins-  
t a b i l i t y  phenomenon and of t h e  f a t i g u e  s t r a i n  age  hardening. Low temperature  t e s t s  
were performed by means of a  cryogenic  appara tus  belonging t o  t h e  f a t i g u e  machine and 
t h a t  was descr ibed i n  r e f e r e n c e  /8 / .  
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2. EXPERIMENTAL RESULTS 

2.1. The i n s t a b i l i t y  phenomenon 

A t  t h e  beginning of t h e  f a t i g u e  p rocess ,  a l l  a l l o y s  t e s t e d  presented a cy- 
c l i c  hardening and, a f t e r  a few hundred cyc les ,  t h e  maximal f a t i g u e  s t r e s s  remained 
a t  a cons tan t  va lue  both  i n  t ens ion  and compression. I n  t h e  case  of 2 .5  W t  % a l l o y  
aged a t  room temperature ,  f i g u r e  1 shows t h e  dependence of t h e  maximal f a t i g u e  s t r e s s  
a s  a func t ion  of t h e  number of cyc les .  

I 1 

CYCLE NUMBER 

FIG. 1 - Evolution of t h e  maximum 
f a t i g u e  s t r e s s  ve r sus  t h e  number 
of cyc les .  Case of t h e  2.5 W t  % 
a l l o y  aged a t  room temperature.  
P l a s t i c  s t r a i n  amplitude : 
AS 12 = 2.10-3. 

P 
Test  a t  room temperature .  

100 500 1000 

The mic ros t ruc tu re  of t h e  cycled samples i n  t h e  s t a b i l i z e d  s t r e s s  range is 
charac te r i zed  by smal l  b ' p r e c i p i t a t e s  independently of previously ageing cond i t ions .  
A s  a ma t t e r  of f a c t  by smal l  ang le  X r a y  s c a t t e r i n g  experiments,  i t  was observed 
a d i f f e r e n t  behaviour of cycled a l l o y s  according t o  t h e  temperature  of ageing. For 
t h e  2 .5  W t %  a l l o y  aged a t  room temperature ,  a cyc l ing  up t o  t h e  s t a b i l i z e d  s t r e s s  
range l e a d s  t o  a s l i g h t l y  coarsening of b '  p r e c i p i t a t e s ,  t h e i r  average diameter 
being approximatively equal  t o  1 .5  nm. I n  t h e  c a s e  of an  ageing a t  150°C f o r  
5 hours  (wi th  a p r e c i p i t a t e  diameter of 35nm) and d a c y c l i n g  i n  t h e  s t a b i l i z e d  
stress range,a dec rease  i n  t h e  average diameter  h a s  been observed. It is d i f f i c u l t  
t o  determine i f  t h e  decrement i n  average diameter is  due t o  t h e  shea r ing  of r f '  
p r e c i p i t a t e s  o r  t o  a new p r e c i p i t a t i o n  from t h e  s o l i d  s o l u t i o n  which can be  
favoured by a h igh  vacancy product ion dur ing t h e  c y c l i c  deformation. These two me- 
chanisms can be probably involved dur ing t h e  c y c l i c  process .  

The u n s t a b l e  phenomenon descr ibed he re  i n  has  been mainly s tud ied  i n  t h e  
s t a b i l i z e d  s t r e s s  range where no evo lu t ion  of f a t i g u e  loops  could be  de tec ted .  

Figures  2 and 3 show t h e  s t a b i l i z e d  f a t i g u e  loop f o r  2.5 W t  % L i  and 
1.7 W t  % L i  a l l o y s  r e s p e c t i v e l y .  These two a l l o y s  were aged a t  room temperature  and 
a t  150°C f o r  two hours  r e spec t ive ly .  Then, they were cycled a t  a p l a s t i c  s t r a i n  am- 
p l i t u d e  A E  12 of 2.  I n  t h e  p l a s t i c  range of t h e  f a t i g u e  loop, success ive  drops 2 i n  t h e  f a t i g u e  s t r e s s  could be  observed which a l s o  seemed t o  appear p e r i o d i c a l l y .  T k  
amplitude of s t r e s s  i n s t a b i l i t i e s  inc reased  p rogress ive ly  a t  t h e  beginning of t h e  
p l a s t i c  range ( f i g .  2 and 3) up t o  a maximum va lue .  This  maximum value,  a ,  and t h e  
i n c r e a s e  of t h e  t ime between two success ive  s t r e s s  i n s t a b i l i t i e s ,  A t ,  ( t h e s e  two va- 
l u e s  a r e  def ined on f i g u r e  3) depended on t h e  coupling of t h e  f a t i g u e  machine wi th  
t h e  phys ica l  phenomenon respons ib le  f o r  t h e  u n s t a b l e  behaviour.  Therefore ,  va lues  of 
t h e  i n s t a b i l i t y  ampli tude cannot be discussed q u a n t i t a t i v e l y  bu t  on ly  i n  a q u a l i t a t i -  
v e  way. 

4 Fat~gue 
I Stress 
(M Pa) FIG. 2 - S t r e s s  i n s t a b i l i t i e s  i n  s t a b i l i z e d  

f a t i g u e  loops  of t h e  2 .5  Xt % A1-Ci a l l o y  
aged two months a t  room temperature.  Plas-  
t i c  s t r a i n  ampli tude :&,,I2 = 2 . 1 0 - ~ .  Test  
frequency : 0.01 Hz. Test conducted a t  room 
temperature.  

Total Stra~n E E 



o F I G .  3 - S t r e s s  i n s t a b i l i t i e s  i n  
s t a b i l i z e d  f a t i g u e  loops  of t h e  
1.7 W t  % A1-Li a l l o y  aged f i v e  
hours  a t  150°C. Fa t igue  c o n d i t i o n s  

Tot01 Strain & a r e  i d e n t i c a l  t o  t h o s e  r epo r t ed  
i n  F ig .2 .  

2.2.  Condi t ions  f o r  t h e  i n s t a b i l i t y  phenomenon 

We have noted  t h a t  s t r e s s  i n s t a b i l i t i e s  could  be  observed under t h e  f o l l o -  
wing exper imenta l  c o n d i t i o n s  : 

1. At room t empera tu re ,  t h e  appearance  of i n s t a b i l i t y  r e q u i r e s  t h a t  cumula- 
t i v e  p l a s t i c  s t r a i n  cpc be  equa l  t o  0.1 (cpc is  given byEp = 4N(AcD/2), where N is 

t h e  number of c y c l e s  and& / 2  i s  t h e  p l a s t i c  s t r a i n  ampl i tude)  f o r  bo th  t h e  1.7 W t  % 

L i  and 2 .5  W t  % L i  a l l o y s ,  i ndependen t lyo f the  age ing  tempera ture .  During f a t i g u e  
t e s t s  no propagat ion  of s l i p  bands were v i s i b l e  t o  t h e  naked eye. On t h e  o t h e r  hand, 
t h e  beginning of s t r e s s  i n s t a b i l i t i e s  corresponds  w i t h  a  v e r y  s t r o n g  l o c a l i s a t i o n  of 
t h e  deformat ion on a  s i n g l e  s l i p  system i n  each g r a i n  of t h e  p o l y c r y s t a l l i n e  speci -  
men. 

I n  f i g u r e  4  l i g h t  micrographs show s l i p  l i n e s  a t  t h e  sample s u r f a c e ,  ob- 
t a i n e d  a f t e r  d i f f e r e n t  numbers of f a t i g u e  c y c l e s .  During t h e  f i r s t  f o u r t h  p a r t  of t h e  
f i r s t  c y c l e ,  t h r e e  d i f f e r e n t  s l i p  systems a r e  a c t i v a t e d  i n  a l l  g r a i n s .  However, only  
one s i n g l e  s l i p  l i n e  system is  g e n e r a l l y  observe  after s e v e r a l  f a t i g u e  c y c l e s  ; 
t hen ,  t h e  beginning of t h e  s t r e s s  + s t a b i l i t y  phenomenon is c h a r a c t e r i z e d  by t h e  i n i -  
t i a t i o n  of ve ry  c o a r s e  and r e g u l a r l y  spaced s l i p  bands.  Th i s  s l i p  band s t r u c t u r e  be- 
comes independent of t h e  c y c l e  number a s  t h e  s t a b i l i z e d  s t r e s s  range is  reached.  

The i n v e s t i g a t i o n  of corresponding b u l k  mic ros t ruc tu re sby  t r ansmis s ion  
e l e c t r o n  microscopy ( f i g u r e  4b) showsthat  t h e r e  a r e  d i f f e r e n t  wholes of ve ry  f i n e  
s l i p  l i n e s  t h a t  a r e  perhaps  i n  t h e  beginning o f  t h e  c o a r s e  s l i p  band. These f i n e  s l i p  
l i n e s  appear  c l e a r l y  i n  f i g u r e  4 a l t hough  they  seem t o  be  n o t  s o  marked a s  t h o s e  
d e s c r i b e d  i n  r e f e r e n c e  / lo / .  Moreover, i t  i s  n o t i c e d  t h a t  no coa r sen ing  e f f e c t  e x i s t s  
on t h e  s i d e  of t h e  s l i p  l i n e  and t h a t  no d i f f e r e n c e  can be observed i n  t h e  6' prec i -  
p i t a t e  d i s t r i b u t i o n  a s  i t  can be seen on dark  f i e l d  t r ansmis s ion  e l e c t r o n  micrograph. 

1 /4  c y c l e  1 c y c l e s  

FIG.46- Light  micrographs o f  t h e  s u r f a c e  sample of t h e  1 . 7  W t  I a l l o y  aged a t  room 

tempera ture  a n d  cycled  a t  d i f f e r e n t  numbeaof c y c l e s  w i th  a  s t r a i n  ampl i tude  

A c p / 2 = 2 .  Note t h e  evo lu t ion  of t h e  number of s l i p  sys tems.  
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FIG 4b: T.E.M. micrograph of a 
f a t i g u e  sample cycIed a t  room 
temperature i n  t h e  s t a b i l i z e d  st 
range wi th  a 2 t r e s s  amplitude: 
Ae / 2  = 2x10- . 

P 
Sample p rev ious ly  aged a t  room 
temperature.Test frequency:O.O 1 

2.  The amplitude va lue ,  a ,  of s t r e s s  i n s t a b i l i t i e s  i s  s t r o n g l y  dependent on 
t h e  t e s t  frequency ( f i g u r e  5). Above a t e s t  frequency of approximat ively  0.2 Hz, 
s t r e s s  i n s t a b i l i t i e s  r o u l d  n o t  be  de tec ted .  I n  a q u a l i t a t i v e  way, i t  can be observed, 
a s  i n  f i g u r e  5 t h a t  t h e  maximum va lue  of t h e  parameter a is  reached a t  a frequency 
of about 8. Hz corresponding t o  a p l a s t i c  s t r a i n  r a t e  of 6 .66.10-~ s - l .  Moreover, 
ve ry  l i t t l e  evolut ion of i n s t a b i l i t i e s  a r e  observed a t  lower s t r a i n  r a t e s .  

3. It was no t i ced  t h a t  t h e  s t r e s s  i n s t a b i l i t y  phenomenon is  t y p i c a l  of b i -  
nary A1-Li a l l o y s  which form 6 '  p r e c i p i t a t e s .  Indeed, i n  t h e  case  of t h e  0.7 W t  % Al- 
L i  a l l o y  wi th  l i t h i u m  atoms i n  a s o l i d  s o l u t i o n ,  we have never  observed s t r e s s  i n s t a -  
b i l i t i e s  i n  s p i t e  of a very l a r g e  range of v a r i a t i o n  of f a t i g u e  parameters ( t e s t  f r e -  
quency and f a t i g u e  s t r a i n  ampli tude) .  

4. On a sample p re fa t igued  a t  room temperature  i n  t h e  s t a b i l i z e d  s t r e s s  
range a decrease  of t h e  f a t i g u e  temperature  l e a d s  t o  a diminution of t h e  s t r e s s  ins-  
t a b i l i t y  amplitude. Moreover, no s t r e s s  i n s t a b i l i t i e s  could be  observed on t h e  
2.50 W t  % A1-Li a l l o y  aged a t  room temperature ,  when t h e  t e s t  temperature  i s  lower 
than  0°C. I n  t h e  same way, no s t r e s s  i n s t a b i l i t i e s  could be  de tec ted  on t h e  2.5 W t  % 
A1-Li a l l o y  aged a t  150°C f o r f i v e h o u r s  when t h e  f a t i g u e  t e s t  temperature  is  below 
-40°C. 

Fat~gue 
Stress 
(M Pa) 

150 

Total Strain 

1 
' > - 3  

2 3 4 XI0 
Test t-requency / Hertz 

FIG. 5 - Q u a l i t a t i v e  v a r i a t i o n  of FIG. 6 - Effec t  of an ageing time a t  
s t r e s s  i n s t a b i l i t y  amplitude a s  a room temperature  a f t e r  s topping i n  t h e  
func t ion  of t h e  t e s t  frequency. Case f a t i g u e  process .  A s t r e s s  i n c r e a s e  Ao is  
of 2 . 5  W t  % a l l o y  aged two months a t  observed when t h e  f a t i g u e  t e s t  is s t a r -  
room temperature.  P l a s t i c  s t r a i n  am- t e d  again .  Case of 2.5 W t  % A1-Li a l l o y  
p l i t u d e  : A E ~ = ~ . I O - ~ .  Test  a t  room aged a t  room temperature .  
temperature.  

5. F i n a l l y ,  a t  a given t e s t  temperature  f o r  which s t r e s s  i n s t a b i l i t i e s  
e x i s t ,  f o r  ins t ance  a t  room temperature ,  i f  t h e  f a t i g u e  process  is a r r e s t e d  a t  a gi-  
ven po in t  of t h e  f a t i g u e  loop and t h e  sample subsequent ly  aged a t  t h e  same tempera- 
t u r e ,  an  i n c r e a s e  i n  s t r e s s ,  AQ ( f i g u r e  6) could be  observed when t h e  f a t i g u e  t e s t  
i s  s t a r t e d  again. The smal l  s t r e s s  decrement i n  f i g u r e  4 from A t o  B,  when t h e  t o t a l  
s t r a i n  of t h e  sample is  kept a t  a cons tan t  va lue ,  could be  a sc r ibed  t o  a weak r e l a -  
x a t i o n  phenomenon. 



A f t e r  one o r  two f u r t h e r  f a t i g u e  c y c l e s ,  t h e  f a t i g u e  loop becomes i d e n t i c a l  
t o  t h e  one obta ined be fo re  t h e  a r r e s t  of t h e  f a t i g u e  process .  It is no t i ced  t h a t  t h e  
s t r a i n  age hardening is  r igorous ly  a s s o c i a t e d  wi th  f a t i g u e  s t r e s s  i n s t a b i l i t i e s  : no 
s t r e s s  i n s t a b i l i t i e s  were seen t o  occur i f  t h e r e  is  no s t r a i n  age hardening phenome- 
non. 

2.3.  Fa t igue  s t r a i n  age hardening 

The Ars t r e s s  i n c r e a s e  can be  q u a n t i t a t i v e l y  s tud ied  because t h e  coupl ing 
wi th  t h e  above mentioned f a t i g u e  machine i s  not  so  important a s  i n  t h e  case  of f a t i -  
gue s t r e s s  i n s t a b i l i t i e s .  

For t h e  same Sam l e  p re fa t igued  i n  t h e  s t a b i l i z e d  s t r e s s  range, f i g u r e  7 
shows t h e  dependence of A t t h e  s t r e s s  inc rease ,  a s  a func t ion  of ageing time a t  room 
temperature a f t e r  a r r e s t i n g  t h e  f a t i g u e  process  (always a t  t h e  same po in t  o f  t h e  s t a -  
b i l i z e d  f a t i g u e  loop) .  With ageing time, t h e  s t r e s s  inc rease ,  A D ,  i s  r a p i d l y  s t a b i l i -  
zed. A t  room temperature,  Ao s t a b i l i z e d  t o  a cons tan t  va lue  a f t e r  t e n  minutes.  

agelng tlme / seconds Test Frequency l Hertz 

FIG. 7 : Effec t  of t h e  ageing time on t h e  FIG. 8 - Effec t  of t h e  t e s t  frequency 
va lue  of t h e  maximum i n c r e a s e  s t r e s s .  Ca- of cycled sample on t h e  maximum increz- 
s e  of 2.5 W t  % A 1 - L i a l l o y  aged at-room s e  s t r e s s  obta ined by a r r e s t  of fa t igue1 
temperature and p rea lab ly  cycled i n  s t a -  and ageing a t  room temperature  f o r  t e n  
b i l i z e d  range a t  a s t r a i n  amplitude of minutes.  
2 . 1 0 - ~ .  

I n  f i g u r e  8 ,  t h e  v a r i a t i o n  of t h e  maximum va lue  of t h e  s t r e s s  i n c r e a s e ,  Ao, 
i s  shown a s  a func t ion  of t h e  f a t i g u e  t e s t  frequency. A s  i n  t h e  c a s e  of f a t i g u e  
s t r e s s  i n s t a b i l i t i e s ,  t h e  age hardening becomes s t a b i l i z e d  a t  frequency va lues  lower 
than 8 .10 -~  Hz. 

3.  DISCUSSION 

When t h e  s t r e s s  i n s t a b i l i t y  phenomenon was observed f o r  t h e  f i r s t  t ime,  we 
n a t u r a l l y  suspected i t  t o  becaused by some problemsln t e s t i n g  machine. However, re-  
peated obse rva t ions  and innumerable f a t i g u e  t e s t s  showed t h a t  i t  was not only  a ma- 
chine e f f e c t  but  a l s o  t r u e  m a t e r i a l  e f f e c t  t h a t  was a s s o c i a t e d  wi th  t h e  p l a s t i c  de- 
formation of t h e  specimen. Under exac t ly  same cond i t ions  of s e t t i n g  of t e s t i n g  machi- 
ne ,  when f a t i g u e  t e s t s  were performed with  ,-, 4 W t  % A1-Cu a l l o y  e x h i b i t i n g  shea rab le  
8" p r e c i p i t a t e s ,  we never observed s t r e s s  i n s t a b i l i t i e s  o r  s t r a i n  age hardening. Ho- 
wever, we t h i n k  t h a t  conclusive  evidences a r e  given by f a t i g u e  t e s t s  i n  t h e  low tem- 
p e r a t u r e  range f o r  which t h e  amplitude of s t r e s s  i n s t a b i l i t i e s  decreases  a s  t h e  t e s t  
temperature i s  diminished. A s  a ma t t e r  of f a c t ,  under t h e s e  cond i t ions ,  a l l  f a t i g u e  
parameters and s e t t i n g  cond i t ions  were kept r igo rous ly  i d e n t i c a l .  

The type  of i n s t a b i l i t i e s  observed seems t o  resemble t h e  type  C of t h e  
PORTEVIN-LE GHATELIER phenomenon descr ibed i n  / I l / .  Indeed, t h e  rough drop i n  t h e  fa- 
t i g u e  s t r e s s  seems occur from a s t r e s s  l e v e l  t h a t  corresponds approximatively t o  t h e  
f a t i g u e  s t r e s s  l e v e l  wi thout  i n s t a b i l i t i e s .  However, PLC phenomenon i s  genera l ly  
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ascribed t o  a  dynamic in te rac t ion  between d i s loca t ions  and so lu te  atoms / l o / .  The 
f a c t  t h a t  no i n s t a b i l i t i e s  a r e  detected i n  t h e  0 .7  W t  % A1-Li a l l o y  suggests t h a t  
dis locat ion-l i thium i n t e r a c t i o n s  a r e  probably not involved i n  t h e  observed phenome- 
non. Thus the  s t r e s s  i n s t a b i l i t y  seems t o  be associated with t h e  S '  p r e c i p i t a t e s  i n  
t h e  mater ial .  

In t h e  discussion,  i t  w i l l  be  considered t h a t  small 6 '  p r e c i p i t a t e s  a r e  ac- 
t u a l l y  responsible  of the s t r e s s  increase Au. In  order  t o  determine t h e  nature of t h e  
microscopic mechanism t h a t  is responsible  f o r  t h e  s t r e s s  i n s t a b i l i t y ,  t h e  dependence 
on s t r a i n  age hardening ( s t r e s s  increase Au) with temperature and s t r a i n  r a t e ,  has 
been invest igated i n  the  case of t h e  2 .5  W t  % a l l o y  aged a t  room temperature. The ex- 
perimental procedure was t h e  following : a f t e r  an a r r e s t  of the  f a t i g u e  t e s t  a t  a  gi- 
ven point  of t h e  s t a b i l i z e d  f a t i g u e  loop, obtained by cycling a t  room temperature and 
an ageing a t  the  same temperature f o r  t en  minutes, t h e  temperature of t h e  sample was 
decreased up t o  a  given temperature between room and l i q u i d  ni t rogen temperatures- 
Then, a t  a  given s t r a i n  r a t e ,  t h e  f a t i g u e  t e s t  was s t a r t e d  again i n  order  t o  determi- 
ne the  corresponding value of t h e  s t r e s s  increase  Au. After  t h i s  f a t i g u e  t e s t  a t  low 
temperature, t h e  temperature of t h e  sample was increased up t o  t h e  room temperature 
and ten  f a t i g u e  cycles  were performed i n  order  t o  ob ta in  t h e  previous s t a b i l i z e d  
f a t i g u e  loop. 

In  order  t o  determine a  new value of the  s t r e s s  increase,  AD, corresponding 
t o  d i f f e r e n t  condit ions i n  temperature and i n  p l a s t i c  s t r a i n  r a t e ,  a  new sequence of 
t e s t s  was then car r ied  out from one a r r e s t  on t h e  f a t i g u e  loop, exact ly a t  t h e  same 
point  t h a t  t h i s  defined i n  t h e  previously t e s t .  Different  values of s t r e s s  increases 
Ao were thus obtained with d i f f e r e n t  condit ions i n  temperature T and i n  p l a s t i c  
s t r a i n  r a t e ,  B .  According t o  the  theory of t h e  thermally ac t iva ted  deformation, t h e  
t h r e e  var iab les  6 ,  T and Au a r e  r e l a t e d  by t h e  following expression : 

AG 
E = E O  exp - I--/ ( I ) ,  with E o  t h e  pre-exponential f a c t o r ,  k  the  BOLTZMANN1s constant 

lkTl , , 
and AG t h e  a c t i v a t i o n  energy. According t o  experimental considerat ions,  it is  possi- 
b l e  t o  assume t h a t  t h e  s t r e s s  increase Ao is t h e  e f f e c t i v e  s t r e s s  component, t h e  fa-  
t igue  s t r e s s  of (see f igure  6) being considered a s  t h e  i n t e r n a l  s t r e s s .  In  these  con- 
d i t i o n s ,  i t  immediately follows t h a t  : 

with AGO t h e  t o t a l  ac t iva t ion  energy, v  the ac t iva t ion  volume, s t h e  mean SCHMID1s 
f a c t o r  and u = u + Au. By t h e  ana lys i s  method proposed by U.F. KOCKS and a l .  1 1 2 1 ,  

Ao 
t h e  p r o f i l e  of t h e  thermal b a r r i e r  ( s  - = f ( v )  with p t h e  shear modulus) has been 

P 
determined. 

Because the  i n  t h e  s t r e s s  increase,  A u , i s  r a t h e r  insen- 

s i t i v e  t o  t h e  s t r a i n  = 20), it has been considered /11/ t h a t  t h e  

' . Therefore, the  b a r r i e r  p r o f i l e  can a c t i v a t i o n  volume may be given by v = kT - 
a u  T 

be determined. It is  reported i n  f i g u r e  9 

In  f a c t ,  one may general ly  consider 1 1 2 1  t h e  v a r i a t i o n  of t h e  ac t iva t ion  
energy AG with t h e  applied s t r e s s  o t o  be given by : 

9 

AG = AGo[l -(??I , where p and q a r e  constant parameters and 2 is  t h e  resolved 

i 
shear s t r e s s  value a t  t h e  top of t h e  b a r r i e r  corresponding t o  t h e  value o f s b r a t  0°K. 
The value of parameters p and q and of the  t o t a l  ac t iva t ion  energy AGO can be 
i d e n t i f i e d  from the  experimental values of t h e  obs tac le  p r o f i l e  reported i n  f i g u r e  9 ,  
t h e  ac t iva t ion  volume being given by v = aAG/ao. The value of p ,  q and AGO a r e  equal 
t o  114, 2 and 1 eV respect ively.  That means /11/ t h a t  t h e  b a r r i e r  p r o f i l e  such a s  
t h a t  i n  f i g u r e  9 seems t o  correspond t o  a  microscopic mechanism involving t h e  crea- 
t i o n  of an i n t e r f a c e  s tep  by d i s loca t ions ,  r a t h e r  than t h e  generation of an ant iphase 



FIG. 9 - The apparent  o b s t a c l e  pro- 
f i l e  der ived from mesu5emehts of 
SAG a s  a func t ion  o f €  and T. Case 
of t h e  2.5 W t  % a l l o y  aged a t  room 
emperature and cycled a t  

12 = 2.  f o r  500 cyc les .  
S t r a i n  age hardening f o r  10 mn. 
Var ia t ion  of sAo/v v e r s u s  t h e  
a c t i v a t i o n  volume i n  b 
(b : t h e  burgers  v e c t o r  of 
d i s l o c a t i o n s  ) 

ACTIVATION VOLUME (b  3 4 

boundary i n s i d e  t h e  p r e c i p i t a t e .  A s  a m a t t e r  of f a c t  i n  t h e  c a s e  of very smal l  
p r e c i p i t a t e s ,  i t  is very genera l ly  accepted t h a t  t h e  shea r ing  of p r e c i p i t a t e s  
can be  c o n t r o l l e d  by t h e  c r e a t i o n  of an i n t e r f a c e  s t e p  1131. For A 1  L i - p r e c i p i t a t e s  3- t h i s  mechanism can be predominant i f  t h e  average diameter  of p r e c i p i t a t e s  becomes 
lower than approximately 1.5 nm 161. 

I n  conclusion of t h i s  d i scuss ion ,  i t  appears  t h a t  t h e  f a t i g u e  s t r a i n  age  
hardening and t h e r e f o r e  t h e  s t r e s s  i n s t a b i l i t y  phenomenon seems t o  b e  r e l a t e d  wi th  
t h e  shea r ing  of smal l  6' p r e c i p i t a t e s  c o n t r o l l e d  by t h e  c r e a t i o n  of an i n t e r f a c e  
s t e p .  F i n a l l y ,  t h e  mechanical i n s t a b i l i t y  of t h e  f a t i g u e  s t r e s s  could be  due t o  t h e  
i n s t a b i l i t y  of s m a l l d '  p r e c i p i t a t e s ,  a s  a r e s u l t  of success ive  r eve r s ions  and 
p r e c i p i t a t i o n s  ofthe&'phase i n  t h e  matr ix  r e l a t e d  wi th  t h e  movement of d i s l o c a t i o q  
Despi te  of v e r y  s t rong  arguments i n  favour  of t h e  i n t e r a c t i o n s  between d i s l o c a t i o n s  
and S m a l l ~ ' p r e c i p i t a t e s ,  t h e  e f f e c t  of d i s loca t ion- l i th ium atom i n t e r a c t i o n s  cannot 
be  e n t i e r l y  r e j e c t e d .  Therefore  cond i t ions  under which l i t h i u m  atoms d i f f u s e  i n t o  
aluminium ought t o  be s t u d i e d  i n  o r d e r  t o  determine p o s s i b l e  dynamic i n t e r a c t i o n s  
between d i s l o c a t i o n s  and l i t h i u m  atoms a t  room temperature .  
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