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ABSTRACT I n  the aerospace industry requirements f o r  new mater ia ls  w i th  h igh  
mechanical propepties and low dens i ty  has st imulated research works i n  RI-Li 
a1 loys. For ten  years numerous s tud ies  have been developed i n  order t o  promote 
complex a l l o y s  having convenient mechanical and physical  propert ies,  and able t o  
replace convent i ona l a 1 l oys 11 1 and 12,'. From a fundamental po in t  o f  view basic 
researchs t o  study the microscopic mechanisms c o n t r o l l i n g  the mechanical 
behaviour o f  HI-Li a l l o y s  have t o  entered upon because several microscopic 
mechanisms are nut we1 l understood. Such invest igat  ions were f i r s t  conducted on 
b inary  RI-L-i a l l o y  i n  s o l i d  so lu t i on  s t a t e  o r  having a f i n e  d i s t r i b u t i o n  o f  
& " ( R I ~ L ~ )  prec ip i ta tes ,  according t o  the amount o f  l i t h i u m  atoms.Tensile 
proper t ies  131 or  c y c l i c  behaviour /4/,15/ have been inuest igated,  The aim o f  
t h i s  paper i s  t o  determine i n  terms o f  d ia locat  ion-crystal  l ine defect 
in terac t  ions the m icroscopi c mechanisms inuol ued i n  the cycl  i c deformat ion o f  a 
sol  i d  s o l u t i o n  o f  a b inary  AI-Li a l l oy ,  conta in ing  0.7 W t  % o f  l i t h i u m .  This 
work i s  a pa r t  o f  a whole research progras devoted t o  A l -L i  b inary  a l  loys i n  our 
laboratory and there fore  i s  complementary t o  s tud ies  presented i n  reference /51.  

EXPER l i'lENTAL PROCEDURE 
R b inary  AI-Li a l l o y  conta in ing  0 .7  W t  % o f  l i t h i u m  has been used i n  

t h i s  present inves t iga t ion .  A f te r  heat ing a t  530°C fo r  two hours, then quenching 
i n  i ce  water and f i n a l  l y  ageing a t  room temperature f o r  several months the  0.7 
Ut W Rl-Li a l l o y  i s  kept i n  a s o l i d  so lu t i on  s t a t e  as can be i n fe r red  by small 
angle X r ay  sca t te r i ng  experiments and TEn observations. Host o f  fa t igue s tud ies  
presented here have been entered upon w i t h  f a t i gue  specimen i n  t h i s  s o l i d  
so lu t  ion s ta te ,  Some t e s t s  have been ca r r i ed  out w i th  samples a f t e r  undergoing 
t o  a sol  i d  sol  u t  ion heat treatment a t  320°C so as t o  reduce the thermal vacancy 
r a t e  and t o  understand b e t t e r  the  r o l e  o f  so lu te  l i t h i u m  atoms. 

Cy l indr i ca l  specimens w i t h  9 mm diameter and having a gauge length o f  
40 mm have been used i n  t h i s  study . Fat i gue t e s t s  have been performed i n  a push 
pul  l mode using a s p e c i f i c  f a t i gue  machine w i th  a very h igh  displacement 
s e n s i t i v i t y ,  t ha t  a l lows t o  perform fa t igue s tud ies  i n  a very large range o f  

fa t igue str>ain amp1 i tude (10-6 i BEt i 10-2). I n  fact ,  t h i s  fa t igue machine i s  

very convenient f o r  stud i ng a1 l types o f  i n te rac t  ions between d i s  l ocat ions and 
c r y s t a l l i n e  defects t ha t  occur dur ing  c y c l i c  deformation. Fatigue t e s t s  are 
conducted by a PUP 11 D i g i t a l  Computer w i th  a l i nea r  t ime deformation dependence 
and a frequency range between 0.2 and 10-3 Hz. Fat i gue t e s t s  have been ca r r i ed  
out under t o t a l  o r  p l a s t i c  s t r a i n  cond i t ions ,  The .specimen deformat ion i s  
recorded from a [ITS extensometer w i t h  a measurement length o f  25 mm. The appl ied 
s t ress  i s  deduced from data given by the  loading ce l  I . Both s t r a i n  and load data 
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are s tored i n  the computer memory. Then, parameters o f  the  fa t igue loop l f  igure 
1 )  are determined by processing the  stored mechanical data : 

i )  the  maximum fa t i gue  stress, rH, o f  the  fa t i gue  loop ( f i g u r e  1 ) .  ( A  
symetr i ca l behav i our i n  t r a c t  ion and compression i s  observed) . 

i i )  the  d iss ipa ted r e l a t i v e  energy, 8 ,  given by : 

a= cyc le  aera RBCDR 
aera OBF +aera ODE 

i i i )  the  unloading s t i f f n e s s  value R, determined by a least square 
method appl ied t o  an unloading s t ress  range,A , which i s  def ined by : A A  =(rM - 
-'&CM) figl . I n add i t ion  cont i nuous acoust i c em i ss i on (C . A .  E . ) measurements have 
been c a r r i e d  out i n  rea l  t ime dur ing fa t i gue  cyc l ing ,  i n  order t o  obta in  
informat ions on the dynamic behaviour o f  d is locat ions .  Technical problems and 
theo re t i ca l  processing, concerning the acoust ic  emission phenomenon, are given 
i n  reference /6/.  

A t  l a s t  , d i s l  ocat i on-structures have been i nuest i gated by TEfl 
observat ions using a 200 CX Jeo I Microscope . Thin f o  i l s have been cut  o f f  i n  
cycled sample according a d i r e c t i o n  p a r a l l e l  o r  perpendicular t o  the  t e n s i l e  
ax is .  Some i n  s i t u  t e n s i l e  experiments have been performed i n  the  e lec t ron i c  
microscope i n  order t o  study the local  movement o f  d i s l oca t i ons  w i t h i n  
d i s l oca t i on  s t ruc tu res  o f  t h i n  f o i l s  obtained from a prev ious ly  cycled sample. 

EXPER l HENTRL RESULTS 
i ) Hechan i ca l propert  i es 
The cycled 0.7 Ut %' RI-Li b inary  a l l o y  presents a c y c l i c  hardening a t  

the beginning o f  the  fa t igue process. R f t e r  some ten o f  f a t i gue  cycles the  
maxi mum f a t  i gue stress,  CMJ reaches a const ant ua l ue, 6 s J  t ha t  corresponds t o  
+he s tab i  l ized fa t i gue  range. However, a t  low s t r a i n  amp1 itude, a very weak 
cyc 1 i c hardening i s  observed < 5.10-5). On f i gu re  2 ,  the  dependence on both 
maximum fa t igue s t ress  cM and d iss ipa ted r e l a t i v e  energy A, w i t h  the amplitude 
o f  the  fa t igue p l a s t i c  s t r a i n  i s  reported f o r  the s t a b i l i z e d  fa t igue range. 
Corresponding curves o f  pure po l  yc rys ta l  l ine alum i n i  um (5N) and o f  RI-flg d i  l u t e  
a l l o y  (100 ppm flg) are a lso  reported i n  f i gu re  3. It can be seen i n  f i gu re  3 
s i m i l a r  va r i a t i ons  independently o f  the nature o f  mater ia ls  except i n  the  low 
s t r a i n  amp1 i tude range, Therefore, a "cyc l  i c  y i e l d  s t rength"  have been 
determined i n  order t o  reveal a s i m i l a r  behaviour i n  a l l  the s t r a i n  amplitude 
range. The c y c l i c  y i e l d  s t rength  i s  determined as fo l low : from r e s u l t s  o f  
f a t i gue  t e s t s  a t  d i f f e r e n t  s t r a i n  amplitudes i n  the s t a b i l i z e d  fa t igue range, 
the t o t a l  deformation EL,, corresponding t o  a p l a s t i c  deformat ionEp equal t o  
zero, i s  obtained by ex t rapo la t i on  i n  the (Et,EP) p l o t  ( f i g u r e  4) .  The " c y c l i c  
y i e l d  strengthm,tCO , i s  t he  p a r t i c u l a r  s t ress  value corresponding t o  the  
extrapolated s t r a i n  vaiuef&-For t he  th ree mater ia ls  t he  s t ress  value, CO , i s  
given i n  table. 

I n  f i gu re  5 i s  reported, f o r  the  th ree previous mater ia ls,  the  
d i f f e rence  between the  s t a b i l i z e d  s t ress  value, rj , and the c y c l i c  y i e l d  
strength,Cib, as a func t ion  o f  p l a s t i c  s t r a i n  amplitude. In t h i s  p a r t i c u l a r  p lo t ,  

~ C I  (UPa) 
0 .7  I t% Rl-Li  

11.5 
RI-Mg 

2.3 
A l  5N 

1 .l 



a s ing le  fa t igue behaviour i s  ascertained independently o f  the chemical 
composi t ion o f  invest i gated a l  loys.  

The Figure 6 shows the v a r i a t i o n  o f  the  s t i f f n e s s  value, R, versus the  
fa t igue s t r a i n  amp1 i tude a f t e r  c y c l i n g  i n  the  s t a b i l i z e d  s t ress  range. I n  fac t ,  
we have reported a reduced s t i f f n e s s  value R/Ro i n  order t o  re lease from 
sca t te r i ng  e f f e c t s  r e s u l t i n g  o f  the use o f  d i f f e r e n t  specimens, For a g iven 
sample, Rg i s  determined from a fa t i gue  loop having a t  zero s t ress  a width o f  

1 . lo-6. R t  low s t r a i n  amp l i t  ude the reduced s t  i f fness remains approx i mat i ve l y a t  
a constant ualue, q u i t e  c lose t o  one. Rlso a very weak level  o f  d iss ipa ted 
r e l a t i v e  energy i s  observed. From a s t r a i n  amplitude o f  ~Ep, '2  = 5.10-5 a strong 
decrease i n  the  reduced s t  i f fness var i a t  ion can be shown i n  f i gu re  4 .  I t i s  
r e l a t e d  w i th  a marked increase i n  the value o f  the r e l a t i v e  d iss ipa ted energy A .  

I n  s p i t e  o f  fa t igue t e s t s  ca r r i ed  out i n  a large frequency range 
0.2 -10-3 Hz and w i th  d i f f e r e n t  s t r a i n  amplitude higher than 5.10-5, no 

s i g n i f i c a n t  va r i a t i ons  i n  the maximum s t ress  o r  i n  the r e l a t i v e  d iss ipa ted 
energy has been obserued. Therefore, one may be considered tha t  the f a t  i gue 
behaviour o f  the 0.7 % RI-Li a1 loy presents a very pronounced athermal 
character . 

F i n a l l y ,  a decrease i n  the temperature o f  the  so l  i d  s o l u t i o n  
treatment leads t o  an increase i n  the  cycl  i c  hardening a t  the  beginning o f  the  
f a t  i gue process. However, a f t e r  severa l thousands o f  f a t  i gue cyc I es the f a t  i gue 
s t ress  I eve l becomes independent on the  temperature o f  the so l  i d  so l  u t  ion heat 
treatment. 

i i )  Continuous Rcoust i c  Emission (C.R,E.) 
A t yp i ca l  r e s u l t  o f  CRE measurements dur ing  fa t i gue  t e s t s  i s  reported 

i n  f i gu re  7. The rootmean square {r .m.s)  uol tage i s  very s t rong ly  increased j us t  
as the fa t i gue  s t ress  reaches the y i e l d  s t rength  i n  t r a c t i o n  as wel l  as i n  
compression. Then, a very marked peak i s  obserued and the CRE evo l u t  ion i n  the  
p las t  i c  domain i s  character ized by a s l  ight  decrease o f  t he  CRE level  tha t  i s  
c l e a r l y  h igher the level  t ha t  o f  the background noise.  During the quasi e l a s t i c  
unloading the r.m.s, vol tage presents a very weak ualue corresponding 
approximatiuely t o  the  background noise l eve l .  According t o  the  cyc le  number a 
decrement i s  observed i n  the  level  o f  CAE. When the  s t  abi l ized s t ress  domain i s  
reached, no va r i a t  ions o f  acoust ic  parameters can be detected. Below a s t r a i n  
fa t igue amplitude o f  2.10-3 , the va r i a t i ons  o f  the r.m.s, voltage have no 
physical  s ign i f i cance being included i n  the background noise.  It i s  no t iced tha t  
acoust ic  emission r e s u l t s  f o r  the  0.7 Wt % RI-L i  a l loy ,  are q u i t e  s i m i l a r  t o  
those observed i n  the  case o f  pure p o l y c r y s t a l l i n e  aluminium /7/.  

i i i ) MET observat ions 
No s ign  i f i cant d i f ference are gernera l l y detected bet ween d i s l ocat ion 

microstructures o f  the 0.7 W t  % RI-Li a l l o y  o r  the  pure p o l y c r y s t a l l i n e  
aluminium cycled under the  same condi t ions. The f i gu re  8 shows d i s l oca t  ion 
ce l I s  corresponding t o  the m i  c ros t  r u c t  ura l s t a t e  o f  f a t  igue specimens cycled a t  
s t r a i n  amplitude between 4.10q9and 2 . 1 0 - ~  . Ois locat ions c e l l s  o f  2-5 pm sized, 
having s t r a i g h t  d i s l oca t i on  wa l ls  (" 0.5 pm large) and a h igh  densi ty o f  tangled 
dis locat ions,  exh ib i t  a very weak v a r i a t i o n  i n  s i z e  as the cyc le  number o r  the  
s t r a i n  amp l i tude are increased. However a t  the highest s t r a i n  amp l i tude used i n  
t h i s  study ( 2 . 1 0 - ~  1, equiaxis d is locat ions  c e l l s  have been simultaneously 
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ctbserved w i t h  very e l  ongated ce l  I s .  They have very narrow wal I s  arranged such 
as they form a very marked " l aby r i n th "  s t ruc tu re  ( f i g  9). This s t ruc tu re  i s  very 
s i m i l a r  t o  the one observed i n  cooper s i n g l e  c r y s t a l s  cycled under s i m i l a r  
cond i t ions, Rs a matter o f  fac t ,  we have a l so  observed only two act i vated s i i p 
systems w i th  mainly screw d i s l oca t i ons  components. I n  s i t u  t e n s i l e  experiments 
c a r r i e d  out on l aby r i n th  s t ruc tu res  obtained from a mossiue specimen previous\  y 
cycled has shown tha t  the p l a s t i c  deformat ion occurs by c rea t i on  o f  edge 
d i s foca t i ons  and displacement o f  screw components i n  the channel between the  
u ~ a l l s  [ f i g u r e  105. 

DISCUSSION : The analysis o f  the  experimental r e s u l t s  shou~s a d i s t i n c t  ion 
between low and h igh  fa t igue s t r a i n  amplitude. 

i )  R t  low fa t i gue  s t r a i n  amplitude 
I n  t h i s  doma i n, a very ueak level  o f  the d i ss  i pnted r e  l a t  i ve energy A 

and a smal l cyc l  i c  hardening suggest tha t  d i s i oca t  ion c rea t i on  i s  probably not 
involved i n  the fa t i gue  process. This hypothesis i s  consis lent  w i t h  the fac t  
t ha t  the reduced s t i f f n e s s  R/Ru , which i s  sens i t i ue  t o  the  mobile d is locat ions  
densi ty /S/ remains constant independently o f  the s t r a i n  amplitude, A l l  the 
r e s u l t s  suggest t ha t  the microscopic mechanisms c o n t r o l l i n g  the c y c l i c  
deformation o f  the  0.7 llt X 81-Li a l l o y  i s  probably the  i n te rac t i on  betreen 
d is locat ions  and so lu te  atoms as i n  5N p o l y c r y s t a l l i n e  aluminium and Al-flg 
d i l u t e  a l l o y .  From the value o f  the  c y c l i c  y i e l d  s t rength  determined i n  52 
{ r o = 1 1 . 5  MPa) we have found a cyc l  i c  hardening value by atom per cent o f  l i thium 
o f  5 flPa/at %. Th is  value i s  i n  good agreement w i th  the one determined by P. 
SRINFORT /3/, i n  the case o f  t e n s i l e  monotonous deformation, However, we have 
observed tha t  the fa t igue s t ress  level  i s  s t rong ly  dependent on the temperature 
o f  the  so l  i d  s o l u t i o n  heat treatment, Thus, i t  seems tha t  the spat i a i  
d i s t r i b u t i o n  o f  l i t h i u m  atoms i n  the  aluminium mat r ix  can p lay  an important r o l e  
espec ia l l y  ot  the beginning o f  the c y c l i c  deformation, 

i i )  R t  h igh s t r a i n  amp1 i tude 
This f a t  i gue domain i s  character i zed by a very. pronounced a t  herma l 

behauiour and by a r a p i d  increase i n  the evo lu t ion  o f  d iss ipa ted r e l a t i v e  enepgy 
versus the  s t r a i n  amp l i tude. As i t  has been proposed by SL I RRN I and a I .  /7/ i n  
the case o f  pure a l um i n i urn the acoust i c emission peak, observed j u s t  a t  the 
beginning o f  the p l a s t i c  deformation, can be mainly in terpre ted by a s t rong r a t e  
o f  d i s l ocat ion loop creat  ion.  A l l these cons i derat ions lead t o  assume that  the 
in terac t  ion between d is locat  ions con t ro l s  the cyc l  i c  deformat ion s f  the  0.7 Ut % 
RI-Li a l l o y  a t  h igh  s t r a i n  amplitude. The same c y c l i c  behaviour i n  the p l a s t i c  
deformat ion domain beyond the cyc l  i c  y i e l d  s t rength  (see f i gu re  3) may be 
probably re la ted  w i th  s i m i l a r  d i s l oca t i on  s t ruc tu res  composed o f  d i s l oca t i on  
c e l t s .  Rs i n  the case o f  pure po l yc rys ta l  l ine aluminium /9/, / l o /  we th ink  tha t  
the fa t i gue  s t ress  i n  the s t a b i l i z e d  s t ress  range can be understood from a 
composite type model w i th  a hard phase assumed t o  be the c e l l  wa l ls  and a s o f t e r  
mat r ix  corresponding t o  the i n t e r i o r  o f  c e l l s  o r  t o  the channel o f  l aby r i n th  
s t ruc tu re .  

The maximum fa t i gue  s t ress  i s  considered t o  be the sum o f  two components : 



i )  the f i r s t  one i s  due t o  the  i n te rac t i on  o f  emit ted d is locat ions  mi th  
t rees  o f  the  d i s l oca t i on  fo res t  i n  the wa l ls  (as wel l  c e l l  wa l ls  than tha t  o f  
the  l aby r i n th  s t ruc tu re ) .  

i i ) the second component corresponds t o  t he  i nterna I stresses necessary 
t o  assume the s t r a i n  compa t i b i l i t y  between the  wal l  and the  c e l l  ins ide  , these 
two regions have not the  same p l a s t i c  behauiour.because the  mechanical 
p roper t ies  are s t rong l y  dependent on the value o f  d i s l oca t i on  dens i ty  t ha t  
depends i t s e l  f on the  respect i ve  degree o f  c rea t i on  and o f  anni h i  l a t  ion  o f  
d i s l ocat ions. The same behav i our ren t  i onned above f o r  both O.  7 Wt X a l I oy and 
aluminium suggest tha t  microscopic mechanisms wich cont ro l  the  c rea t i on  and the 
a n n i h i l a t i o n  o f  d i s l oca t i ons  are s l i g h t l y  sens i t i ve  t o  the add i t i on  o f  so lu te  
l i t h i u m  atoms. 
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1 stress 

Fig 1 : D&finition of the relative 
dissipated energy and of the maximum 
fatigue stress on a fatigue loop. 

Fig 3 : Maximum fatigue stress trersus 
plastic: strain for 3 materials. AL 5N ; 
Rl-Hg(100ppm) ; AI-Li 0,7 Ut8. 
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Fig 2 : Maximum fatigue stress (Tm and 
dissipated relative ertergy versus plastic 
stra i n amp I i tude JEp/2. Exper i mental values 
determined in the stabilized fatigue range. 

Fig 4 : Detei-mination of the total 
deformation corresponding to a plastic 
deformation equal to zero. 

30. 

- 20-  

Fig 5 : gar iat ion of the stress increment 
in the plastic range of the stabilized 
fatigue cycle versus plastic strain 

G 
amplitude. Observe the same behaviour 10 
independently of the investigated alloys. 
(Same curve for the three materials : A15# 
AI-Hg and AI-Li alloys.) 
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PLASTIC STRAIN AEp12 



Fig 6 : Uariation of the relative stiffness 
value RjRo, with the fatigue strain 
mplitude IRiRo definition in the text) 

Fig 7 : Continuous acoustic Emission 
recorded during a fatigue cycle . 
Test conducted in the stabilized 
range atACp/2 = 

10.' 10-1 

RASTIC  STRAIN AEp/2 

Fig 8 : Fatigue cells in stabilized 
stress range ; Afpi? = 1.2 .10-3 
cycle number N = 1000 

Fig 9 : Labyrinth structwe 
Sample cycled at sEP/2 = 2.10- 3 
Cycle number 1000 

A -B :screw component 
(oo')  fl C :edge component 
Fig 10: In si tu tensile test . 
Displacement of the dislocations 
between the wa I Is . 


