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ABSTRACT 

The Young's modulus, s h e a r  modulus and P o i s s o n ' s  r a t i o  were  
d e t e r m i n e d  u s i n g  a n  u l t r a s o n i c  p u l s e  e c h o  t e c h n i q u e .  T h r e e  
c o m m e r c i a l l y  f a b r i c a t e d  a l u m i n u m - c o p p e r - l i t h i u m  a l l o y s  and an 
aluminum-lithium binary  a l l o y  were examined. The e l a s t i c  p rope r t i e s  
were measured a s  a  func t ion  of aging time, aging temperature, amount 
of s t r e t c h i n g  and t e s t i n g  d i rec t ion .  An inc rease  i n  Young's modulus 
due t o  d e l t a  prime and T1 p r e c i p i t a t i o n  has been measured and t r e a t e d  
q u a n t i t a t i v e l y  i n c l u d i n g  p r e c i p i t a t i o n  k i n e t i c s .  A s i g n i f i c a n t  
d e c r e a s e  of a b o u t  5% i n  t h e  modulus of e l a s t i c i t y  was found i n  t h e  
peak age condit ion.  This  decrease can be a t t r i b u t e d  t o  p r e c i p i t a t i o n  
of t h e  T2 phase. The shear  modulus behaves s i m i l a r  t o  Young's modulus 
whi le  t h e  Poisson's r a t i o  remains unchanged. There is no s i g n i f i c a n t  
o r i e n t a t i o n  dependence of t he  e l a s t i c  p r o p e r t i e s  on t e s t i n g  d i r e c t i o n  
d e s p i t e  t he  f a c t  t h a t  a  typ ica l .  r o l l i n g  t e x t u r e  was present.  

INTRODUCTION 

It i s  wel l  e s t ab l i shed  t h a t  t he  a d d i t i o n  of l i t h i u m  decreases t he  
dens i ty  and increases  t he  e l a s t i c  modulus (1-4). This paper examines 
t h e  i m p o r t a n t  p a r a m e t e r s  which i n f l u e n c e  t h e  e l a s t i c  modulus i n  
commerc i a l l y  i m p o r t a n t  a luminum- l i t h ium a l l a y s .  These p a r a m e t e r s  
i n c l u d e  s o l i d  s o l u t i o n  c o n c e n t r a t i o n s ,  t h e i r  volume f r a c t i o n s ,  and 
o r i e n t a t i o n  e f f ec t s .  Indus t ry  can implement these  r e s u l t s  t o  produce 
aluminum-lithium a l l o y s  which possess  an optinium e l a s t i c  modulus. 

EXPERIMENTAL PROCEDURE 

?'he a l l o y s  s t u d i e d  i n  t h i s  i n v e s t i g a t i o n  were  dana t ed  by t h e  
Reynolds M e t a l s  Company, Richmond, V i r g i n i  a. The m a t e r i a l  was 
r e c e i v e d  a s  h o t  c r o s s - r o l l e d  p l a t e  w i t h  a  t h i c k n e s s  r f 12 mm. The 
compositions of the  a l l o y s  a r e  given i n  Table I. Alloy 7 3  i s  s i m i l a r  
i n  composition t o  ALCOA's 2090. 

The a l l o y s  were s o l u t i o n  hea t  t r e a t e d  a t  5500C f o r  30 minutes  i n  
a  s a l t  b a t h  and c o l d  w a t e r  quenched ( C W Q ) .  A l l  t h e  s a>xp le s ,  a l l o y s  
73 ,  81, 82 and t h e  b i n a r y  a l l o y  were  aged a t  l900C f o r  t i m e s  from 1 0  
m i n u t e s  up t o  300 hours .  They were  a l l  examined i n  t h e  u n s t r e t c h e d  
condit ion.  Alloy 7 3  was a l s o  examined i n  a  6 %  s t r e t c h e d  condition. 

(1) 
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Samples were machined f o r  u l t rasonic  measurement from the center  
of the  p l a t e .  The samples were r e c t a n g u l a r ,  about 1 2  x  7  x  5 mm3 i n  
dimensions. Longitudinal and transverse wave v e l o c i t i e s  were measured 
wi th  a  1 0  MHz ul t rasonic  pulse echo equipment. 

The e l a s t i c  modulus, shea r  modulus, and Poisson's  r a t i o  were 
ca lcula ted  using the following equations (5) :  

. . . . . . . . . . . . . .  R = ( V t / V L  ) 2  eq. 1 

P = (2*R-1)/(2*R-2) . . . . . . . . . .  eq. 2  

G = v ~ ~ * D  . . . . . . . . . . . . . . .  eq. 3 

E = D * v ~ ~ * ( ( ~ + P ) * ( ~ - 2 * ~ ) / ( l - P )  . . . . .  eq. 4 

R - Ratio of v e l o c i t i e s  squared 
P - Poisson's r a t i o  
G - Shear Modulus (GPa) 
E - Elas t i c  Modulus (GPa) 
D - Density (g/cc) 
V t  - Transverse veloci ty  (m/sec) 
V - Longitudinal ve loc i ty  (m/sec) 
Q 
The d e n s i t y  of each sample was measured us ing  Archimedes 

principle.  The density did not change upon aging wi thin  0.02%. 
Texture  a n a l y s i s  of t h e  a l l o y s  was performed us ing  a  Siemens 

texture  goniometer, s e t  up f o r  the  Schulz re f l ec t ion  technique. Pole 
f igures  were obtained from each sample. 

Transmission e lec t ron microscopy was performed using a  Ph i l l ips  
400 i l 2 0 ~ e v )  ins t rument .  Small ang le  x-ray s c a t t e r i n g  (SAXS) was 
performed a t  the National Laboratory i n  Oak Ridge, Tennessee with CuKa 
radiat ion.  A Huber Guinier Camera with a  quartz monochromator using 
Cu Ka r a d i a t i o n  was used i n  connect ion w i t h  t h e  d i r e c t  comparison 
methoa t o  determine volume f r a c t i o n s  of second phases. 

RESULTS AND DISCUSSION 

The m i c r o s t r u c t u r e  of a l l o y s  73, 81 and 82 d i s p l a y  an e longa ted  
f l a t  g r a i n  s t r u c t u r e  due t o  r o l l i n g .  Typical  dimensions a r e  220 x  
100 x  30 pm3. I n  a d d i t i o n  t h e r e  i s  a  subgra in  s t r u c t u r e  i n  t h e  s i z e  
range of 5 t o  30 pm p resen t .  The b ina ry  a l l o y  e x h i b i t e d  a  f u l l y  
recrys ta l l ized,  equiaxed gra in  s i z e  ranging from 340 t o  360 pm. 

F igure  1 d i s p l a y s  t h e  r e s u l t s  of TEM and 3 u i n i e r  x-ray a n a l y s i s  
w i t h  r e s p e c t  t o  second phase p r e c i p i t a t i o n  a t  190°C  a s  a  f u n c t i o n  of 
aging time. In the solut ion heat t r ea ted  condit ion the matrix, 6 '  and 
~ 1 3 z r  d i s p e r s o i d s  were e v i d e n t  i n  t h e  t e r n a r y  a l loys .  The l a t t e r  
change ne i the r  d i s t r ibu t ion  nor volume f rac t ion  during aging. 

A f t e r  1 0  minutes  aging a t  1 9 8 C  t h e r e  i s  evidence of t h e  T I  phase 
i n  a l loy  73, but  not i n  a l loys  81 o r  82. This can be explained by the  
h igher  Cu c o n t e n t  of 73 r e s u l t i n g  i n  a  s t r o n g e r  d r i v i n g  f o r c e  f o r  T1 
p r e c i p i t a t i o n .  The T 1  phase n u c l e a t e s  heterogeneously  a t  g r a i n  and 
subgrain boundaries. The p l a t e l e t s ,  a f t e r  1 0  minutes aging a t  190°C, 
a r e  approximate ly  72 nm long and 8  nm wide. 

A f t e r  approximate ly  90 minutes  aging t ime t h e  T1 phase i s  
apparen t  i n  a l l  t h r e e  a l l o y s .  A f t e r  8  hours aging a t  1900C, t h e r e  i s  
p r e s e n t  i n  a l l  t h r e e  a l l o y s  some T2 p h a s e  which  n u c l e a t e s  
p re fe ren t i a l ly  along the gra in  boundaries. 

The volume f r a c t i o n  of 6' a s  a  f u n c t i o n  of aging t ime was 
examined f o r  a l loy  81. 



Table I1 shows t h a t  t h e  d i r e c t  comparison method y i e l d e d  more 
c o n s i s t e n t  r e s u l t s  than the  TEM method. I n  the  former  method t h e  
in tegra ted in tens i ty  r a t i o  of the (200) and (100) d i f f r a c t i o n  l i n e  was 
measured from a Guin ie r  camera exposure compared t o  t h e  c a l c u l a t e d  
v a l u e  and solved f o r  t h e  volume f r a c t i o n .  At s h o r t  aging t imes  the  
s u p e r l a t t i c e  l i n e  was too  weak t o  be measured q u a n t i t a t i v e l y  and 
therefore  a  SAXS Kratky p l o t  was used. 

Figure  2 shows the  g' volume f r a c t i o n  i n  a l l o y  81 a s  a  f u n c t i o n  
of aging time.   he SAXS data po in t s  ( a s te r i sks )  have been cal ibra ted  
wi th  the d i r e c t  comparison r e s u l t s  ( c i r c l e s )  a t  40  min. aging time. 

It i s  evident from Guinier camera and TEM r e s u l t s  t h a t  the de l t a  
prime volume f r a c t i o n  remains  e s s e n t i a l l y  c o n s t a n t  a t  longer  aging 
times. SAXS data i n  Figure 2 shows an increase in  volume f rac t ion  of 
second phases beyond 1 0 0  min., caused by T1 and T2 precipi ta t ion.  The 
i n t e r p r e t a t i o n  of t h e  SAXS d a t a  i n  a  more q u a n t i t a t i v e  way i s  
r e s t r i c t e d  due t o  t h e  compl icated shape and s t r u c t u r e  of T 1  and T2. 
A l l  t e r n a r y  a l l o y s  e x h i b i t  t h e  same (110) [1 i2 ]  type  t e x t u r e  (F igure  
3 ) .  The maximum t imes  random number of t h e  (200) p o l e  was 11, 7  and 
10 f o r  a l loys  73, 81 and 82, respectively. 

Figure  4 shows t h e  Young's Modulus of t h e  b ina ry  a l l o y  a s  a  
f u n c t i o n  of aging t ime  a t  1900C. I t  e x h i b i t s  an i n c r e a s e  i n  t h e  
e l a s t i c  modulus up t o  approximate ly  80 minutes  aging time. The 
maximum modulus i s  approximately 80 GPa. 1 GPa i s  the l a r g e s t  overa l l  
change i n  modulus measured f o r  t h e  b ina ry  a l l o y  where 6' and s o l i d  
solut ion a r e  the only phases present. 

The e l a s t i c  modulus v e r s u s  aging t ime a t  190°C f o r  the  t e r n a r y  
a1 loys i n  the unstretched condition, longitudinal  d i rec t ion  is  given 
i n  Figure 5. They reach a  maximum e l a s t i c  modulus a t  approximately 1 0  
hours  aging a t  1 9 0 0 C .  The maximum modulus of a l l o y  73 i s  82 GPa. 
Alloys 81 and 82 reach a  maximum modulus of approximately 80 GPa. 

The shear modulus exhibi ts  the same trends as  the Young's modulus 
( s e e  Figure  6) .  The v a l u e s  ranged from 29 t o  31 GPa. The Poisson 's  
r a t i o  measurements d i d  not  e x h i b i t  any s i g n i f i c a n t  v a r i a t i o n  a s  a  
function of aging time. The values ranged between 0.30 and 0.33. 

The v a r i a t i o n  i n  t h e  e l a s t i c  modulus e x h i b i t e d  by t h e s e  a l l o y s  
can be explained by changes i n  the microstructure. During aging, the  
gra in  size,  grain o r i en ta t ion  ( texture)  and density remain unchanged. 
Therefore, the  p rec ip i t a t ion  of second phases i s  responsible f o r  the 
changes i n  e l a s t i c  behavior. 

The change i n  modulus of 1 GPa e x h i b i t e d  by t h e  b ina ry  a l l o y  i s  
due t o  t h e  i n c r e a s i n g  volume f r a c t i o n  of d e l t a  prime. Beyond 100 
minutes  aging the  volume f r a c t i o n  of d e l t a  prime remains  cons tan t .  
Coarsening of the d e l t a  prime has no measurable e f f e c t  on the Young's 
modulus. This has a l s o  been reported by Brous:;aud and Thomas (6). 

A volume f rac t ion  of 12.6% de l t a  prime was determined using the 
Guin ie r  camera on a  sample which had been aged 200 hours. Th i s  
corresponds well  with a  value of 11.5% calcula ted  using the l eve r  ru le  
with the m i s c i b i l i t y  gap data reported by Cocco e t  al. (7) .  

Using a  l i n e a r  r u l e  of m i x t u r e s  t h e  modulus of t h e  d e l t a  prime 
can be ca lcula ted  using the f  01 lowing equation: 

E = f g , E 6 , +  (1 - f6 . ) (EAl  + xcLi) . . . . . eq. 5. 
S S 

E - measured modulus 
f  - 6'volume f rac t ion  
Eg: - modulus of d e l t a  prime 
E A ~  - modulus of aluminum 
X - c o n s t a n t  which d e p i c t s  t h e  dependence of t h e  modulus of 

t h e  m a t r i x  phase  on t h e  amount of l i t h i u m  i n  s o l i d  
solution.  
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c:; - Li th ium c o n c e n t r a t i o n  i n  s o l i d  s o l u t i o n  (6.25 a t %  a t  
metas tab le  equi l ibr ium)  

EAl  and X have  been d e t e r m i n e d  by a  l i n e a r  r e g r e s s i o n  of d a t a  
repor ted  by Muller e t  a l .  (8). They a r e  70.8 and 1.235, respec t ive ly .  
The modulus of d e l t a  prime ca l cu l a t ed  using the  above equat ion  wi th  E 
= 80.7 GPa i s  97 G P ~ .  T h i s  v a l u e  i s  r e a s o n a b l y  c l o s e  t o  106 and 96 
GPa repor ted  e l  sewhere (6,8,9).  

Equa t ion  5  was a l s o  used  t o  p r e d i c t  t h e  change i n  modulus a s  a  
func t ion  of d e l t a  prime volume f r ac t ion .  The l i t h i u m  concent ra t ion  i n  
t h e  s o l i d  s o l u t i o n  ( C S S )  c a n  be  r e l a t e d  t o  t h e  d e l t a  p r ime  volume 
f r a c t i o n  according t o  t he  fo l lowing  equation: 

c&A = (yLi - c L i f s f ) / ( l  - f 6 1 )  . . . . . . . eq. 6  
s S 

yLi - t o t a l  atomic f r a c t i o n  of l i t h ium i n  t he  a l l o y  

c:; = 0.225 according t o  Cocco e t  a l .  ( 7 ) .  

Up t o  a p p r o x i m a t e l y  90 m i n u t e s  ag ing ,  t h e  u n s t r e t c h e d  t e r n a r y  
a l l o y s  can  be t r e a t e d  a s  two phase  m a t e r i a l s  compr i sed  of t h e  s o l i d  
s o l u t i o n  and d e l t a  p r ime  phases.  The a g i n g  k i n e t i c s  of d e l t a  p r ime  
can be descr ibed  using an equat ion from Turnbull (10): 

f  - equi l ibr ium volume f r a c t i o n  

f y ,  
- volume f r a c t i o n  of 6 '  a t  time, t 

to - cons tan t  
B - c o n s t a n t .  

T h i s  e q u a t i o n  d e s c r i b e s  w e l l  t h e  measured change i n  volume 
f r a c t i o n  of d e l t a  p r ime  up t o  a b o u t  100 m i n u t e s  a g i n g  t ime.  The 
p a r a m e t e r s  used  were  f  = 0.2, t o  = 2.7705 min. and B = 0.3196 min-l.  

Using e q u a t i o n s  5 ,  6, and 7  t h e  change i n  modulus f o r  a l l o y  81 
aged up t o  where T1 begins  t o  p r e c i p i t a t e  was ca l cu l a t ed  ( s ee  Figure 
7 ) .  One can  s e e  t h a t  6 ' p r e c i p i t a t i o n  h a s  o n l y  a  weak e f f e c t  on t h e  
Young's modulus. 

T h e  i n c r e a s e  i n  E b e y o n d  90  m i n u t e s  i s  c a u s e d  by T1 
p r e c i p i t a t i o n .  A T 1  volume f r a c t i o n  of .7% was d e t e r m i n e d  af  t e r  4  
h o u r s  a g i n g  u s i n g  t h e  d i r e c t  compar i son  method. Assuming a  l i n e a r  
r u l e  of m i x t u r e s  t h e  modulus of T1 can  be  c a l c u l a t e d  u s i n g  t h e  
fo l lowing  equation: 

Using c o n s t a n t s  from e q u a t i o n  5  f o r  t h e  modulus of t h e  s o l i d  
s o l u t i o n  (ESS) t h e  T1 modulus c a l c u l a t e s  t o  about 350 GPa. This va lue  
i s  o v e r  two t i m e s  h i g h e r  t h a n  a  rough app rox ima t ion  of t h e  l o w e r  
bound performed e a r l i e r  (14). 

The d rop  i n  E o c c u r s  a t  a p p r o x i m a t e l y  8  t o  10 h o u r s  a g i n g  t i m e  
w i th  the  p r e c i p i t a t i o n  of t h e  icosahedral  T2 phase. The d a t a  sugges ts  
t h a t  T2 hds  an  e x t r e m e l y  low i n t r i n s i c  modulus because  i t s  volume 
f r a c t i o n  appears  t o  be small.  From Figure 2  fo l lows  t h a t  the  volume 
f r a c t i o n  of d e l t a  p r ime  a t  t h e  l o n g e r  a g i n g  t i m e s  r e m a i n s  c o n s t a n t .  
This i n d i c a t e s  t h a t  t he  T2 phase may grow somewhat a t  t he  expense of 
t h e  T1 phase  b u t  n o t  a t  t h e  expense  of d e l t a  pr ime.  I t  may a l s o  t a k e  
l i t h i u m  o u t  of s o l i d  s o l u t i o n ,  t h u s  d e c r e a s i n g  t h e  modulus of t h e  
ma t r ix  phase even f u i  iher.  

The t y p e  of p r e c i p i t a t e s  a r e  t h e  same i n  a l l  t h r e e  t e r n a r y  
a l l o y s .  However, t h e  k i n e t i c s  of p r e c i p i t a t i o n  a r e  d i f f e r e n t .  The 



e a r l i e r  onse t  of T1 p r e c i p i t a t i o n  i n  t h e  high copper a l loy ,  73, shows 
up a s  an e a r l i e r  increase  i n  modulus and a  l a r g e r  d i f f e r ence  between 
s t a r t i n g  and peak modulus condition. The l a t t e r  may be explained by a  
h igher  T1 volume f r ac t ion .  

The modulus of a l l o y  73, s t r e t c h e d  6 % ,  i s  2  GPa l o w e r  t h a n  t h e  
uns t re tched  ma te r i a l  (Figure 8). This i s  due t o  t he  increased amount 
of d i s l o c a t i o n s  i n  t h e  s t r e t c h e d  m a t e r i a l  which can  r e s u l t  i n  
a n e l a s t i c  s t r a i n  e f f e c t s  thereby reducing t h e  neasured modulus. There 
i s  a  more homogeneous p r e c i p i t a t i o n  of t he  T1 ghase w i th in  t he  ma t r ix  
a t  d i s l o c a t i o n  j o g s  (11). The i n c r e a s e  i n  mo3ulus i n  t h e  s t r e t c h e d  
m a t e r i a l  o c c u r s  a t  a  s h o r t e r  age  t i m e  due t o  t h e  i n c r e a s e  i n  t h e  
kine t i c s  of p rec ip i t a t i on .  

Although we d i d  n o t  e x p e r i m e n t a l l y  obse rve  a n  i n f l u e n c e  of 
t e s t i n g  d i r e c t i o n  on t h e  modulus, we c a l c u l a t e d  moduli  f o r  v a r i o u s  
t e s t i n g  d i r e c t i o n s  from e l a s t i c  cons t an t  da t a  published by Mul le r  e t  
a l .  ( 8 ) .  

Linear  r eg re s s ion  a n a l y s i s  was performed t o  determine the  e l a s t i c  
c o n s t a n t s  of o u r  a l l o y s .  Using t h e s e  e l a s t i c  c o n s t a n t  v a l u e s  t h e  
modul; a r e  c a l c u l a t e d  and l i s t e d  according t o  (12) i n  Table 111, along 
wi th  pure aluminum from reference  (13). 

The h ighes t  modulus, a s  expected, i s  i n  t he  [ I l l ]  d i r ec t i on .  The 
maximum t h e o r e t i c a l  d i f f e r e n c e  i n  moduli  due t o  t e s t i n g  d i r e c t i o n  
(Emax) i s  only about ha l f  i n  aluminum-lithium a l l o y s  compared t o  pure 
aluminum. From a t h e o r e t i c a l  po in t  of view the  A 1 - L i  s o l i d  s o l u t i o n  
a l l o y s  can be expected t o  be even more e l a s t i c a l l y  i s o t r o p i c  than pure 
a luminum.  F i g u r e  9 shows t h a t  even  d u r i n g  a g i n g  t h e r e  i s  no 
d i r e c t i o n a l i t y  of t h e  Young's modulus observable w i t h i n  experimental 
e r r o r  d e s p i t e  t h e  f a c t  t h a t  a  w e l l  pronounced r o l l i n g  t e x t u r e  i s  
present .  

CONCLUSIONS 

1. The Young ' s  m o d u l u s  i n c r e a s e s  o n l y  s l i g h t l y  d u e  t o  t h e  
p r e c i p i t a t i o n  of d e l t a  prime , (about  0.1 GPa/vol%). 

2. The T1 phase  c o n t r i b u t e s  p o s i t i v e l y  t o  t h e  e l a s t i c  modulus. 
I t s  i n t r i n s i c  modulus i s  es t imated  t o  be approximately 350 GPa. 

3. A maximum inc rease  i n  E w i t h  aging time of approximately 5% can 
be  a t t r i b u t e d  t o  t h e  p r e c i p i t a t i o n  of T 1 ,  and t o  a  l e s s e r  
e x t e n t  of 6 ' ,  f o r  the  a l l o y s  examined. 

4. There  i s  a  s i g n i f i c a n t  d rop  i n  t h e  modulus a t  t h e  peak aged 
cond i t i on  (5%). I t  is a s soc i a t ed  w i t h  t he  p r e c i p i t a t i o n  of the  
T2 phase. 

5. Al-Cu-Li a l l o y s  which have  been  s t r e t c h e d  6% w i l l  show a  
s m a l l e r ,  b u t  f a s t e r  i n c r e a s e  i n  modulus upon ag ing .  E a r l i e r  
occurrence of t h e  T1 phase and enhanced p r e c i p i t a t i o n  k i n e t i c s  
a r e  respons ib le  f o r  t h i s  phenomenon, 

6. There  i s  no o r i e n t a t i o n  dependence of t h e  e l a s t i c  modulus 
observed i n  these  a1 loys. 
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TABLE I. ALLOY COMPOSITIONS 

ALLOY A 1  - Cu - L i - Z r - C u / L i  r a t i o  

w t %  - 
at8  

B i n a r y  9 7 . 8 5  2 . 0 0  
9 2 . 6 0  7 . 3 6  

TABLE 11. VOLUME FRACTION OF DELTA PRIME 

A 1  loy A g e  t i m e  TEM Direct C o m p a r i s o n  
a t  1 9 0  C M e t h o d  M e t h o d  

8 1  4 h r s  1 1 . 2  

8 h r s  
8 h r s  
8 h r s  

81 2 0  h rs  
8 1  2 0  h r s  

8 1 1 0 0  h r s  1 3 . 9  

TABLE 111. THEORETICAL MODULI FOR S O L I D  SOLUTIONS 

A1 loy C r y s t a l l o g r a p h i c  d i rec t ion  < h k l >  
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- - - - - A L L O Y  73 
- ALLOY 81, 8 2  

------- 
T2 - 

--------- - -- - ------ - - - - -p 
Tl * 

---- --------------- - - - - - - -  - - - - -  - - - - --p 
6' rn 

loa 
1 I I 

10' 1 o2 10" 12 
AGE TIME 9190 C (MINUTES) 

Figure 1. p r o f i l e  of t h e  o c c u r r e n c e  of t h e  d e l t a  pr ime,  T 1  and 
T2 phases  i n  a l l o y s  7 3 ,  81, and 82. 

AGE T I b ? E  1 190 C (MINUTES) 

Figure 2. The volume f r a c t i o n  of d e l t a  p r ime  i n  a l l o y  81 a f t e r  
a g i n g  a t  190 C. (0)  G u i n i e r  camera d a t a :  ( * )  S A X S  d a t a  
normalized. 



F i g u r e  3 .  P o l e  f i g u r e s  a )  A l l o y  7 3  (111). b) A l l o y  7 3  ( 2 0 0 ) .  c) 
A l l o y  8 1  ( I l l ) ,  d )  A l l o y  8 1  ( 2 0 0 ) ,  e )  A l l o y  8 2  ( I l l ) ,  a n d  
f )  A l l o y  8 2  ( 2 0 0 ) .  
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7 5 . 0 ~  ' " ' " ' "  ' """" ' ' ' ' ' ' ' ' 1 3  ' " " " ' I  
I oO 10' I o2 10 10'. 

ACE TIME (MINUTES) 

Figure 4. E l a s t i c  modulus versus  aging t ime a t  190°C of 
a l l oy .  
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Figure 5. Young's modulus ve r sus  aging t ime a t  190°C f o r  a l l o y s  73, 
81 and 82 i n  t h e  longi tudina l  t e s t i n g  d i rec t ion .  



Figure 6. Shear modulus vs. aging t ime a t  190°C f o r  a l l .oys  73 ,  81 
and 82. 
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Figure 7. E l a s t i c  modulus  v e r s u s  a g i n g  t i m e  f o r  a l l o y  81. 
E x p e r i m e n t a l  d a t a  i s  compared w i t h  a t h e o r e t i c a l  
predict ion.  
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Figure 8. Young's modulus v e r s u s  a g i n g  t i m e  a t  1900C of a l l o y  7 3  
s t r e t c h e d  6 % .  
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Figure 9. Young's modulus ve r sus  aging time a t  1900C f o r  t h e  s h o r t  
t ransverse ,  long t r ansve r se  and long i tud ina l  d i r e c t i o n s  
of a l l o y  82.  
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