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A study has been made of pseudoe las t ic i ty  and the s t r a i n - m e m o r y  effect in ~ Ag-Cd al loys 
having a low t empe ra tu r e  m a r t e n s i t i c  t r ans fo rma t ion .  Tes t s  on s ingle  c r y s t a l s  showed that 
max imum pseudoe las t ic i ty  occur red  in spec imens  with the tens i le  axis or iented  close to 
(001)~ at t e m p e r a t u r e s  20 ~ to 50~ above Ms. The habit  plane for s t r e s s - i n d u c e d  m a r t e n -  
s i te  (SIM) was found expe r imen ta l ly  to be ~(155)B and agreed  well  with a value obtained 
f rom the phenomenologica l  theory a s suming  a (110)[ l i0]~ l a t t i c e - i n v a r i a n t  shear .  It is 
suggested that the macroscopic  shear  accompanying the t r ans fo rma t ion  gives r i s e  to the 
pseudoelas t ic  s t r a i n s ,  ag r eemen t  with the expe r imen ta l  s t r a in  va lues  being sa t i s fac to ry .  
The s t r a i n - m e m o r y  effect was explained as being due to a change f rom the (011) [0T1]Z 
l a t t i c e - i n v a r i a n t  shear  assoc ia ted  with t he rma l  m a r t e n s i t e  to the (110) [ll0]B shear  a s -  
socia ted with SIM. 

THE effect of applied s t r e s s  on mar t ens i t i c  t r a n s f o r -  
mat ions  is well  e s t a b l i s h e d )  The appl icat ion of an 
un iax ia l  tens i le  s t r e s s  can i n c r e a s e  the t r ans fo rma t ion  
t e m p e r a t u r e ,  the change in this t empera tu re  being a 
funct ion of the heat of t r a n s f o r m a t i o n  and the volume 
change assoc ia ted  with the change pa ren t  to m a r t e n -  
s i te .  2 If the t empe ra tu r e  is favorab le ,  the m a r t e n s i t e  
thus formed r e v e r t s  to the paren t  phase on r e l e a se  of 
the s t r e s s  giving r i s e  to the wel l  known pseudoelas t ic  
effect.  This  effect was f i r s t  observed in Au-Cd a l loys;  3 
and indeed Au-Cd is probably  the prototype sys t em for 
nonfe r rous  mar t ens i t i c  t r a n s f o r m a t i o n s .  Cons ide rab le  
amounts  of pseudoelas t ic  s t r a in  have also been ob- 
se rved  in In-T1,  2 Cu-A1-Ni,  4'5 C u - Z n - S n ,  8'7 and 
C u - Z n - S i  8 a l loys .  The effect is more  spec tacu la r  in 
s ingle  c ry s t a l  spec imens  compared  to po lyc rys t a l l i ne  
ones.  

Another  effect re la ted  to s t r e s s - i n d u c e d  m a r t e n s i t e  
(SIM) fo rmat ion  is the s t r a i n - m e m o r y  effect in which 
a spec imen  that is deformed at low t e m p e r a t u r e s  
(below Ms) r e t u r n s  to i ts  in i t ia l  shape on heating above 
Af. The s t r a i n - m e m o r y  effect has been observed  in 
Au-Cd,  8 In-T1,  9 T i - N i ,  1~ T i - N b , H , C u - Z n - S n ,  7 Cu-A1- 
Ni,  5'~2 and C u - Z n  13 a l loys .  The deformat ion  at  low 
t e m p e r a t u r e  r e su l t s  in a r e a r r a n g e m e n t  of the m a r -  
tens i t ic  p la tes ,  so as to accommodate  the tens i le  s t r a i n .  
A lmos t  a l l  a l loys  which exhibi t  s t r a i n - m e m o r y  effect 
have twinned mar t ens i t i e  s t r u c t u r e s :  The r eo r i en t a t i on ,  
the re fo re ,  r e f e r s  to the p r e f e r en t i a l  growth of one twin 
or ien ta t ion  over the other.  

The p r e s e n t  inves t iga t ion  was under taken  to study 
SIM format ion  in Ag-45 at.  pct Cd a l loys .  Both s ingle  
and po lyc rys t a l l i ne  spec imens  were  examined.  Te ns i l e  
t es t s  were  c a r r i e d  out over a wide t e m p e r a t u r e  range  
and d i r ec t  observa t ion  of the s t r e s s - i n d u c e d  m a r t e n -  
s i te  was made.  The s t r a i n - m e m o r y  ef fec twas  examined 
in s ingle  c ry s t a l  spec imens .  A method was developed 
to calcula te  the amount  of pseudoelas t ic  s t r a in  that a c -  
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companies  the t r ans fo rma t ion .  The s t r a i n - m e m o r y  
effect is explained on the bas i s  of a spec ia l  choice of 
the l a t t i c e - i n v a r i a n t  shear  accompanying the t r a n s f o r -  
mat ion .  

EXPERIMENTAL 

Alloys were  p repa red  by mel t ing known weights of 
s i l ve r  (99.95 pct) and cadmium (99.99 pct) in evacuated 
quar tz  tubes.  These  were  subsequent ly  homogenized at 
680~ for 48 h. Po lyc rys t a l l i ne  spec imens  were  made 
by hot ro l l ing at 650~ to give s t r ip  0.030 in.  thick. 
Single c r y s t a l  spec imens  were  produced by a modified 
s t r a i n  annea l  method. '4 Str ips  2 by 0.25 in.  were  cut 
f rom 0.045 in. thick rol led m a t e r i a l  us ing a j e w e l l e r ' s  
saw, and these were annealed  and quenched to give the 
high t empera tu re  cubic s t ruc tu r e .  These  spec imens  
were  then s t r a ined  approximate ly  5 pct us ing an Ins t ron  
tens i le  tes t ing machine .  Following this the spec imen  
was slowly lowered into a molten sa l t  bath held at 680~ 
at  a ra te  of 10 c m / h ,  so that a c rys t a l  of the ~ phase 
was grown f rom one end of the spec imen .  The spec i -  
men was then quenched into iced caust ic  solut ion to r e -  
tain the ~ phase s ingle  c rys t a l .  The su r faces  were  then 
mechanica l ly  polished to remove  the contaminated  l ay -  
e r s  and the gage sect ion of the spec imen  was spark  m a -  
chined.  

Te ns i l e  tes ts  were  genera l ly  c a r r i e d  out on an Ins t ron  
machine  at a c r o s s - h e a d  speed of 0.005 i n . / m i n  ( co r r e -  
sponding to a s t r a i n  ra te  of ~1.4 • 10 -4 s - l ) .  Single 
c r y s t a l  spec imens  were  not no rma l ly  taken to f r ac tu re  
but r a the r  to a point where  the whole gage length was 
comple te ly  m a r t e n s i t i c .  Po lyc rys t a l l i ne  spec imens  
were  taken to a s t r a in  of 5 pct before unloading.  Chil led 
ethanol was used to vary  the t empera tu re  of the spec i -  
me ns .  

E lec t ropol i sh ing  of the spec imen  was ca r r i ed  out 
us ing  a 6 pct KCN solut ion.  A s t a in less  s teel  con ta iner  
was used as a cathode and a voltage of 2 V gave opti-  
mum r e s u l t s .  This  pol ishing gave a br ight  pink color to 
the re ta ined  ~ phase.  Observa t ions  on the change in 
m i c r o s t r u c t u r e  produced on deformat ion  were  made 
us ing a low power microscope  equipped with a long-  
work ing-d i s t ance  object ive.  

The habit  plane of s t r e s s - i n d u c e d  m a r t e n s i t e  was 
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found by s t a n d a r d  two su r f ace  a n a l y s i s  within an a c -  
c u r a c y  of +3 deg ,  s p e c i m e n  o r i en ta t ions  being d e t e r -  
mined  by the Laue  b a c k - r e f l e c t i o n  technique.  

The s t r a i n - m e m o r y  effect  was s tudied  as  fo l lows:  3 0 
s ing le  c r y s t a l  s p e c i m e n s  we re  taken to a cons tan t  
va lue  of 5 pc t  s t r a i n  a t  v a r i o u s  t e m p e r a t u r e s  and r e -  
l e a s e d .  Th i s  gave the amount  of e l a s t i c  and p s e u d o -  
e l a s t i c  r e c o v e r y .  The s p e c i m e n  was  then a l lowed to 
w a r m  up to r o o m  t e m p e r a t u r e  caus ing  the r e v e r s e  
t r a n s f o r m a t i o n  to the fl m a t r i x .  Th is  r e s u l t e d  in a 
bu i ld -up  of s t r e s s  in the m a t e r i a l  which was l a t e r  r e -  " 

' ~ 2 0  
l e a s e d .  The  s t r a i n  a s s o c i a t e d  with this  was an a p p r o x i -  O 
ma te  m e a s u r e  of the s t r a i n - m e m o r y  ef fec t ,  o O 

RESULTS AND DISCUSSION 

Single C r y s t a l  Spec imens  " '  
ar  

The Ag-45  a t .  pe t  Cd a l loy  used  had the fol lowing ~ 10 O3 
t r a n s f o r m a t i o n  t e m p e r a t u r e s :  Ms = -74~ M / =  -98~ 
As = -80~ and A f  = -67~ 

E F F E C T  OF T E M P E R A T U R E  

F ig .  1 shows a s e r i e s  of t ens i l e  c u r v e s  a t  d i f f e ren t  
t e m p e r a t u r e s  for  a s p e c i m e n  whose ax i s  i s  c l o s e  to the 
[001]* c o r n e r  of the unit  t r i a n g l e .  At t e m p e r a t u r e s  

*All indices are given with respect to the parent cubic phase unless indicated 
otherwise. 

(-90~ below M s , the s p e c i m e n  i s  p a r t i a l l y  or  ful ly  
m a r t e n s i t i c  to s t a r t  wi th ,  and app l i ca t ion  of e x t e r n a l  
s t r e s s  c a u s e s  both f o r m a t i o n  of new m a r t e n s i t e  and 
d e f o r m a t i o n  of ex i s t ing  m a r t e n s i t e .  The m a r t e n s i t e  
i s  s t ab le  and the s p e c i m e n  shows v e r y  l i t t l e  r e c o v e r y  
on unloading.  

At  t e m p e r a t u r e s  above M s ,  the s t r e s s - s t r a i n  cu rve  
i s  i n i t i a l ly  l i n e a r  up to a s t r e s s  l eve l  at  which s t r e s s -  
induced m a r t e n s i t e  f o r m s .  SIM f o r m s  in b u r s t s  a t  
lower  t e m p e r a t u r e s  (-60 ~ and -55~ but  f o r m s  m o r e  
g r a d u a l l y  a t  h igher  t e m p e r a t u r e s  a s  i s  r e v e a l e d  by 
the absence  of s e r r a t i o n s  in the t r a n s f o r m a t i o n  p o r -  
t ion of the cu rve  (-45 ~ and -10~ 

The m a r t e n s i t e  f o r m a t i o n  in these  c a s e s  is  m o r e  of 
the t h e r m o e l a s t i c  type c o n s i d e r i n g  the fac t  that  t he re  
i s  v i r t u a l l y  no h y s t e r e s i s  a s s o c i a t e d  with the t r a n s f o r -  
mat ion .  
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Fig. l ~ t ress -s t ra in  curves (over a series of temperatures) 
for a specimen whose tensile axis is oriented close to [001]. 
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F i g .  2 - - V a r i a t i o n  o f  t h e  s t r e s s  n e c e s s a r y  t o  f o r m  SIM w i t h  
temperature for a specimen oriented close to [001]. 

Upon unloading,  the m a r t e n s i t e  thus f o r m e d  r e m a i n s  
s t ab le  or  d i s a p p e a r s  depending upon the t e m p e r a t u r e  of 
the t e s t .  The m a r t e n s i t e  is  uns tab le  at  t e m p e r a t u r e s  
above Af ,  and t h e r e f o r e ,  should d i s a p p e a r  c o m p l e t e l y  
on unloading (see  -60~ -55~ -45~ If the t e m p e r a -  
tu re  i s  below A s ,  then m a r t e n s i t e  should r e m a i n  s t ab le  
(e.g.  at  -90~ In fac t  the t e s t  a t  -65~ shows non-  
r e v e r s i b l e  m a r t e n s i t e ,  p e r h a p s  ind ica t ing  that  s t r e s s i n g  
the s p e c i m e n  h inde r s  the r e v e r s i o n  of m a r t e n s i t e  to 
the ~ m a t r i x .  F ig .  2 shows a p lo t  of the s t r e s s  needed  
to f o r m  SIM as  a function of t e m p e r a t u r e .  I t  a l so  in -  
c ludes  the s t r e s s  l eve l  c o r r e s p o n d i n g  to the point  when 
the l a s t  t r a c e  of m a r t e n s i t e  d i s a p p e a r s  on unloading.  
The  s t r e s s  n e c e s s a r y  to f o r m  the m a r t e n s i t e  v a r i e s  
l i n e a r l y  with t e m p e r a t u r e ,  exhib i t ing  a two- s t age  b e -  
ha v io r .  The t r a n s i t i o n  f r o m  one r eg ion  to the o ther  
c o r r e s p o n d s  to the change in the na tu re  of f o r m a t i o n  
of m a r t e n s i t e .  The  s t r e s s  n e c e s s a r y  to f o r m  m a r t e n -  
s i t e  i s  by def in i t ion  z e r o  at  the Ms t e m p e r a t u r e .  The 
in i t i a l  po r t ion  of the cu rve  mus t ,  t h e r e f o r e ,  e x t r a p o l a t e  
to the Ms t e m p e r a t u r e  at  z e r o  s t r e s s .  The e x t r a -  
po la ted  value i s  -70~ c o m p a r e d  to the e x p e r i m e n t a l l y  
d e t e r m i n e d  value  of -74~ 

At h igher  t e m p e r a t u r e s , - 1 0 ~  in F ig .  1, the s t r e s s  
n e c e s s a r y  to fo rm m a r t e n s i t e  e xc e e ds  the y ie ld  s t r e s s  
of the m a t e r i a l .  At  th is  s t age  the m a t e r i a l  d e f o r m s  
p l a s t i c a l l y  in i t i a l ly  unt i l  a point  i s  r e a c h e d  when the 
m a t e r i a l  is  suf f ic ien t ly  work  ha rdened  to sup po r t  the 
s t r e s s  needed  to f o r m  m a r t e n s i t e  at  that  t e m p e r a t u r e .  
The m a r t e n s i t e  thus f o r m e d  is  r e v e r s i b l e ,  a s  i t  i s  we l l  
above the A /  t e m p e r a t u r e .  If ,  however ,  the s p e c i m e n  
i s  t e s t ed  at  this  t e m p e r a t u r e  aga in ,  then m a r t e n s i t e  
wi l l  f o rm  f r o m  the s t a r t  without  any p l a s t i c  d e f o r m a -  
t ion having to p r e c e d e  i t .  

4 2 4 - V O L U M E  4, F E B R U A R Y  1973 M E T A L L U R G I C A L  T R A N S A C T I O N S  



SPECIMEN ORIENTATION-~33] 30[" I O ~  

.60eC o55~ -45~ / / J 

u~ SPECIMEN ORIENTATION -11111 - 3 5 o c ~ / ~  

"' -6o~c -ss~ 4s~ 

e.- ~" 30 ,s ~ 30 
,c ~ 12~ ,c , ~,o 

0 2 4 0  2 4 0 2 4 (>0 2 4 6 
STRAIN (%) 

Fig.  3 - - - -S t r e s s - s t r a in  c u r v e s  a t  d i f f e r e n t  t e m p e r a t u r e s  f o r  
s p e c i m e n s  with the  t e n s i l e  a x i s  o r i e n t e d  c l o s e  to [133] and  
[111]. 

E F F E C T  OF ORIENTATION 

S t r e s s - s t r a i n  c u r v e s  a t  d i f f e ren t  t e m p e r a t u r e s  a r e  
shown in F i g s .  1 and 3 for  s ingle  c r y s t a l  s p e c i m e n s  
with t h ree  s e p a r a t e  o r i en t a t i ons  of the t ens i l e  a x i s - -  
c l o s e  to [001], F ig .  1, c lo se  to [133], and [111], F ig .  3. 

At  -60~ a l l  s p e c i m e n s  exhib i t  a s e r r a t e d  s t r e s s -  
s t r a i n  c u r v e ,  ind ica t ing  that  m a r t e n s i t e  was  f o r m e d  
in b u r s t s .  The [001] o r i en t a t i on  shows ful l  r e c o v e r y ,  
wh i l s t  the o ther  s p e c i m e n s  do not show any r e c o v e r y  
o ther  than the t rue  e l a s t i c  r e c o v e r y .  

At  -55~ the m a r t e n s i t i c  f o r m a t i o n  is  s t i l l  of the 
b u r s t  type ,  but  now is r e c o v e r e d  in a l l  t h r ee  s p e c i -  
mens  (-55~ i s  we l l  above the Af  t e m p e r a t u r e  for  the 
a l loy ,  -67~ The  r e c o v e r y  i s  c l o s e  to 100 pc t  for  the 
[001] o r i en ta t ion ,  w h e r e a s  for  the o ther  two o r i e n t a -  
t ions  i t  is  90 pc t .  

At  -45~ the [001] s p e c i m e n  t r a n s f o r m s  a t  a con-  
s tan t  load giving a s ign i f i can t ly  h igher  s t r a i n  c o r r e -  
sponding to comple t e  t r a n s f o r m a t i o n  to m a r t e n s i t e .  
The  o ther  two s p e c i m e n s  s t i l l  show s e r r a t e d  s t r e s s -  
s t r a i n  c u r v e s .  Again  r e c o v e r y  is  comple t e  for  the 
[001] o r i en t a t i on ,  but  only ~95 pc t  for  [133] and ~85 
pc t  for  [111]. 

At  -35~ the [001] and [133] s p e c i m e n s  behave  as  
b e f o r e ,  but  the [111] o r i en ta t ion  g ives  a c o n s i d e r a b l e  
amount  of p e r m a n e n t  s e t  a f t e r  unloading with only 75 
pc t  r e c o v e r y .  No fu r the r  h igher  t e m p e r a t u r e  t e s t s  
w e r e  c a r r i e d  out on this  s p e c i m e n .  

A t - 1 0 ~  the [001 ] s p e c i m e n  in i t i a l ly  d e f o r m s  p l a s -  
t i c a l l y ,  be fo re  the t r a n s f o r m a t i o n  t akes  ove r .  The r e -  
v e r s a l  of m a r t e n s i t e  is  c o m p l e t e ,  but  the in i t i a l  p l a s t i c  
d e f o r m a t i o n  g ives  a p e r m a n e n t  s e t  to the s p e c i m e n .  
The  [133] s p e c i m e n  t r a n s f o r m s  on app l i ca t ion  of s t r e s s  
and r e c o v e r s  a l m o s t  95 pct .  However ,  the amount  of 
s t r a i n  given to cause  comple t e  t r a n s f o r m a t i o n  to m a r -  
t ens i t e  i s  s m a l l .  

The  amount  of p s e u d o e l a s t i c i t y  obta ined i s  l e a s t  for  
the s p e c i m e n  whose ax i s  is  c lo se  to [111] and a l s o  the re  
i s  l e s s  tendency for  comple t e  r e c o v e r y  in th is  c a s e .  
The  s p e c i m e n  whose ax i s  is  c lo se  to [001] can be e x -  

tended ~9 pc t  without  having any p e r m a n e n t  se t .  Th is  
o r i en t a t i on  shows the c l e a r e s t  t r a n s i t i o n  be tween the 
s e r r a t e d  s t r e s s - s t r a i n  cu rve  and the smooth  high t e m -  
p e r a t u r e  c u r v e .  

P o l y c r y s t a l l i n e  Spec imens  

P o l y c r y s t a l l i n e  s p e c i m e n s  we re  t e s ted  over  the c o m -  
p le te  r ange  of t e m p e r a t u r e s .  F ig .  4 shows r e p r e s e n t a -  
t ive  t ens i l e  c u r v e s  a t  d i f f e r en t  t e m p e r a t u r e s  and F ig .  5 
shows the va lue s  of the s t r e s s  a t  which the c u r v e s  d e v i -  
a ted  f r o m  l i n e a r i t y .  F ig .  5 can be d iv ided  into th ree  
d i f f e r en t  r e g i o n s ,  depending on the t e m p e r a t u r e  r e l a -  
t ive to Ms. 

REGION b 

This  r eg ion  c o v e r s  the t e m p e r a t u r e  range  f rom -75  ~ 
to -20~ i.e. f r o m  M s to 47~ above Af. On loading 
the s p e c i m e n  in th is  t e m p e r a t u r e  r e g i o n ,  the m a t r i x  
d e f o r m s  e l a s t i c a l l y  up to a c e r t a i n  value  of the s t r e s s ,  
which is  a function of the t e m p e r a t u r e ,  and above this  
s t r e s s  t r a n s f o r m s  to m a r t e n s i t e . *  The s t r e s s  needed  

*The formation of SIM could easily be detected because of the accompanying 
color change in the specimen, from pink to silver. 

for  the f o r m a t i o n  of m a r t e n s i t e  i n c r e a s e s  with i n c r e a s e  
in the t e m p e r a t u r e  of t e s t ing ,  as  expec ted .  

REGION a: (T < Ms) 

In th is  r e g i o n ,  the s p e c i m e n  is  p a r t l y  or  ful ly  m a r -  
t ens i t i c  to s t a r t  wi th .  The i n c r e a s e  in the appl ied  
s t r e s s  c a u s e s  r e o r i e n t a t i o n  and d e f o r m a t i o n  of the 
ex i s t i ng  m a r t e n s i t i c  p l a t e s  and a l so  the f o r m a t i o n  of 
SIM. The  f o r m a t i o n  of SIM is  comple t ed  at  Mf (-98~ 
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Fig.  4 - - - S t r e s s - s t r a i n  c u r v e s  f o r  p o l y c r y s t a l l i n e  s p e c i m e n s  
over a ser ies  of temperatures.  
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Fig. 5 - - S t r e s s  l eve l  c o r r e s p o n d i n g  to the  in i t ia l  dev i a t i on  f r o m  
l i n e a r i t y  in the t e n s i l e  c u r v e s  of Fig.  4 p lo t ted  a s  a func t ion  of 
t e m p e r a t u r e  for  p o l y c r y s t a l l i n e  s p e c i m e n s .  

and below this there  is only a r eo r i en ta t ion  of the 
exis t ing  the rma l  m a r t e n s i t e .  

REGION c 

For  t e m p e r a t u r e s  more  than 50~ above Af, the 
t r a n s f o r m a t i o n  s t r e s s  is so high that p las t ic  d e f o r m a -  
t ion of the spec imen  occurs  f i r s t .  The s t r e s s  c o r r e -  
sponding to the point  of devia t ion in the tens i le  curves  
then equals  the yield s t r e s s  of the m a t e r i a l  at  that t e m -  
pe r a tu r e .  The drop in the yield s t r e s s  with t e m p e r a -  
ture  is in keeping with the behavior  of bee m a t e r i a l s .  
Even though the m a t e r i a l  de forms  p las t ica l ly  in the 
in i t i a l  s tages ,  it  is poss ib le  that the spec imen  wil l  u l t i -  
mate ly  t r a n s f o r m  to m a r t e n s i t e  provided the s t r e s s  
level  is high enough to cause the t r an s fo rma t ion ,  (com- 
pare  this with Fig .  1 at  -10~ 

The m a r t e n s i t e  thus formed r e v e r t s  back to the/3 
phase upon unloading if the tes t  t empe ra tu r e  is above 
As .  The r e v e r s i o n  is nea r ly  complete in the ease  where 
the tes t  t e m p e r a t u r e  is above Af and is only pa r t i a l  in 
the t e m p e r a t u r e  range  As to Af. 

The m a x i m u m  recove ry  obtained was always less  
than 100 pet ,  unl ike single c r y s t a l s ,  and this is b e -  
l ieved to be due to the plas t ic  deformat ion  occur r ing  
along the gra in  boundar i e s .  

S t r a i n - M e m o r y  Effect 

Fig .  6 shows the s t r a i n - m e m o r y  r ecove ry  plotted as 
a funct ion of t e m p e r a t u r e  for spec imens  s t r a ined  ap-  
p rox ima te ly  5 pct.  The amount  of pseudoelas t ic i ty  ob- 
se rved  is a l so  included.  E i s e n w a s s e r  and Brown 7 
showed that the s t r a i n - m e m o r y  effect and pseudoe las t i c -  
ity were  complemen ta ry  in na tu re  and the re la t ive  
amounts  depended on the t empe ra tu r e  of the tes t .  The 
p r e s e n t  work shows a s i m i l a r  effect.  At low t e m p e r -  

a tu r e s  there  is re la t ive ly  l i t t le pseudoe las t ic i ty  and 
mos t  of the r ecovery  is by the s t r a i n - m e m o r y  effect.  
The s t r a i n - m e m o r y  effect drops  d r a s t i c a l l y  above Af 
and at the same time there is a s ign i f ican t  i n c r e a s e  in 
pseudoelas t ic i ty  f rom approximate ly  15 to 97 pct.  The 
total  r ecove ry ,  however,  is always close to 100 pct.  

The changes that take place in the m i c r o s t r u c t u r e  of 
the spec imen  when deformed at  a t e m p e r a t u r e  below M/ 
are  shown in Fig .  7. The change in the d i spos i t ion  of 
the mar t ens i t e  p la tes  is c l ea r ly  revea led .  Whether  
there  is  a change in the s t ruc tu re  of the m a r t e n s i t e  
assoc ia ted  with this r eo r i en t a t i on  is not known, s ince 
it  was not p rac t i ca l  to obtain s ingle  c r y s t a l  d i f f ract ion 
pa t t e rns  at  low t e m p e r a t u r e s .  

Habit  P l anes  of SIM 

T h e r m a l  m a r t e n s i t e  in Ag-45 at.  pct  Cd al loys has 
an or thorhombic  c rys t a l  s t ructure.IS E l ec t ron  m i c r o -  
scopy of these al loys has proved compl ica ted  because  
of the spontaneous t r ans fo rma t ion  to m a r t e n s i t e  s i m i -  
l a r  to the one repor ted  by Hull.  16 In the case  of Ag-Cd 
al loys a twinned fcc s t r uc t u r e  has been observed  in 
some thin foils  at room t e m p e r a t u r e .  17'18 However ,  
this is not the s t r uc t u r e  of the low t e m p e r a t u r e  m a r t e n -  
s i te ,  which cons i s t s  of a faulted structure.15 The habit  
plane n o r m a l  was calcula ted us ing  the ana ly s i s  of 
Wechs le r  and Otte,19 a modif icat ion of the bas ic  W - L - R  
theory 2~ for a genera l i zed  l a t t i c e - i n v a r i a n t  shear  s y s -  
t em.  A lat t ice co r respondence  of [100]c II [110]o and 
(001)c II (001)o (GroupII  co r re spondence  in Ref. 19) was 
a s sumed .  

The lat t ice p a r a m e t e r s  used in the ca lcula t ions  were  
o o 

a = 3.314A for the cubic ~hase and a = 3.0968A, b 
= 4.8651~, and c = 4.7536A for the or thorhombic  m a r -  
tens i te  phase .  15 The probable  e r r o r  in the la t t ice  p a r -  
a m e t e r s  is e s t ima ted  to be no more  than +0.010A. 

Two calcula t ions  for the habit  plane were  c a r r i e d  

TOTAL RECOVERY 
IOO x x ~ ~ ~, 
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T E M P E R A T U R E , ~  
Fig. 6 - - - S t r a i n - m e m o r y  and  p s e u d o e l a s t i c  r e c o v e r y  v s  t e m -  
p e r a t u r e  for  a s ing le  c r y s t a l  s p e c i m e n .  The  to ta l  r e c o v e r y  
( s t r a i n - m e m o r y  + p s e u d o e l a s t i c )  is  i nd i ca t ed  a s  x. 
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(a) (b) 

(c) (d) 
Fig. 7--Changes in the mie ros t rue tu re  of the rmal  mar tens i te  on deforming below M[. Magnification 60 t imes.  
changes as the external  s t r e s s  is increased  gradually. 

through,  one us ing  the ac tua l  va lues  for  the l a t t i ce  
p a r a m e t e r s  and one a s s u m i n g  a d i l a t ion ,  6, of 1.0055 
so as  to give z e r o  vo lume change on t r a n s f o r m a t i o n .  
Th i s  l a t t e r  concept  l eads  to the to ta l  m a c r o s c o p i c  d i s -  
to r t ion  being in the fo rm of s i m p l e  s h e a r ,  which s i m p l i -  
f i e s  f u r t he r  c a l cu l a t i ons .  As  shown in F ig .  8 the e x -  
p e r i m e n t a l  habi t  p l anes  for  t h e r m a l  m a r t e n s i t e  l ie  
i n t e r m e d i a t e  be tween the two ca l cu l a t ed  va lues  if a 
(011) [011] l a t t i c e - i n v a r i a n t  s h e a r  is  a s s u m e d ,  c o r r e -  
sponding to the s t ack ing  faul t  s h e a r  o b s e r v e d  by e l e c t r o n  
m i c r o s c o p y .  

In SIM, the habi t  p lane  n o r m a l s  show some  s c a t t e r ,  
but  c l u s t e r  a round  [155] as  shown in F ig .  8 and so 
de f in i t e ly  have a d i f f e ren t  habi t  p lane f rom t h e r m a l  
m a r t e n s i t e .  If i t  is  c o n s i d e r e d  that  SIM has  the s ame  
c r y s t a l  s t r u c t u r e  as  t h e r m a l  m a r t e n s i t e ,  then the ob-  
s e r v e d  habi t  p lane  can be exp la ined  a s s u m i n g  a l a t t i ce  
i n v a r i a n t  s h e a r  of (110) [1i0] ,  ano ther  v a r i a n t  of the 
s t ack ing  faul t  s h e a r .  Other  p o s s i b l e  l a t t i c e - i n v a r i a n t  
s h e a r s  such as  {011} (315) and {112} (111) do not give 
hab i t  p lane n o r m a l s  c lo se  to the e x p e r i m e n t a l  va lue s .  
The  c r y s t a l l o g r a p h i c  p a r a m e t e r s  c a l cu l a t ed  f r o m  the 
theory  a r e  given in Tab le  I. 

F r o m  Tab le  I i t  is  c l e a r  that  the amount  of m a c r o -  
scop ic  s h e a r  aceompany ing  t h e r m a l  m a r t e n s i t e  f o r -  
mat ion  i s  l e s s  than that  a s s o c i a t e d  with SIM. T h e r e f o r e ,  

(a) ~ (d) show 

i t  is  concluded that  in the absence  of e x t e r n a l  s t r e s s ,  a 
m i n i m u m  value  of the m a c r o s c o p i c  s h e a r  gove rns  the 
choice  of p a r t i c u l a r  l a t t i c e - i n v a r i a n t  s h e a r  s e l e c t e d .  

The f o r m a t i o n  of SIM is a c c o m p a n i e d  by an i n c r e a s e  
in length of the s p e c i m e n  in the d i r e c t i o n  of the app l ied  
s t r e s s .  The m a c r o s c o p i c  s h e a r  a s s o c i a t e d  with the 
t r a n s f o r m a t i o n  may  be c o n s i d e r e d  r e s p o n s i b l e  for  this  
length i n c r e a s e .  F ig .  9 g ives  the g e o m e t r i c a l  c o n s t r u c -  
t ion involved ,  r eg ion  A B C D  t r a n s f o r m i n g  to m a r t e n s i t e  
with m a c r o s c o p i c  s h e a r  tan  "r = E B / O B  and a c o r r e -  
sponding length change B G .  Obvious ly  the l a r g e r  the 
m a c r o s c o p i c  s h e a r  the g r e a t e r  the length i n c r e a s e .  
Th i s  is  the r e a s o n  for  the s e l ec t i on  of the (110) [110] 
v a r i a n t  of the l a t t i c e - i n v a r i a n t  s h e a r  for  SIM, s ince  i t  
w i l l  give a l a r g e r  length i n c r e a s e .  

In g e n e r a l  only one o r i en ta t ion  of the habi t  p lane 
o c c u r s  in SIM, in c o n t r a s t  to the l a r g e  number  of o r i -  
en ta t ions  in t h e r m a l  m a r t e n s i t e .  The v a r i a n t  that  i s  
s e l e c t e d  is  the one for  which the app l ied  s t r e s s  p r o v i d e s  
the g r e a t e s t  a s s i s t a n c e  to m a r t e n s i t e  fo rma t ion .  Th is  
i s  c h a r a c t e r i z e d  by the r e s o l v e d  s h e a r  s t r e s s  being a 
m a x i m u m  in the d i r e c t i o n  of the m a c r o s c o p i c  s h e a r  
for  that  v a r i a n t .  The  r e s o l v e d  s h e a r  s t r e s s  i s  given by 
cos  q~ cos  X where  ~b is  the angle  be tween the t ens i l e  
ax i s  and the habi t  p lane n o r m a l  and X is  the angle b e -  
tween the t ens i l e  ax i s  and the m a c r o s c o p i c  s h e a r  d i -  
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Fig. 8--Experimental  habit plane normals for thermal  marten-  
site (�9 and SIM (E]). (&) and (0) are  calculated values of the 
same in the case of thermal  martensi te  for 6 = 1.0 and 
" = 1.0055. (111) is in the case of SIM calculated for 6 = 1.0055. 

r e c t i o n .  In T a b l e  iI  o b s e r v e d  v a l u e s  of the ang le  ~b a r e  
g i v e n  fo r  v a r i o u s  o r i e n t a t i o n s  of the t e n s i l e  a x i s ,  and 
a r e  c o m p a r e d  wi th  the c a l c u l a t e d  v a l u e s  fo r  the p o s -  
s i b l e  v a r i a n t s  in e a c h  c a s e .  In f ac t  the p r o c e d u r e  e m -  
p loyed  is  to s e l e c t  a p a r t i c u l a r  v a r i a n t  of the hab i t  
p l ane  n o r m a l  [n~ r~ n3] and the c o r r e s p o n d i n g  m a c r o -  
s c o p i c  s h e a r  [dl d2--d3] and then  to d e t e r m i n e  the v a l u e s  
of q~ and c o s  ~b c o s  X for  v a r i o u s  p o s s i b i l i t i e s  of the 
t e n s i l e  a x i s  (e.g. [911], [9[1] ,  [91~.], [9[[] )  that  would  
r e s u l t  in a p o s i t i v e  l i n e a r  s t r a i n .  T a b l e  II shows  
c l e a r l y  tha t  the  o b s e r v e d  hab i t  p l a n e s  do indeed  have  
n e a r  m a x i m u m  v a l u e s  fo r  the  r e s o l v e d  s h e a r  s t r e s s .  
T h e  s e c o n d  v a r i a n t  of the  hab i t  p l ane  n o r m a l  In1 nz-n3]  
and the c o r r e s p o n d i n g  s h e a r  d i r e c t i o n  [dl dz d3] a r e  e r y -  
s t a l l o g r a p h i e a l l y  e q u i v a l e n t  to the f i r s t  v a r i a n t  in SIM 
and w i l l  r e s u l t  in a p r e f e r r e d  t e n s i l e  ax i s  of the f o r m  
[hk-l]. H o w e v e r ,  the v a l u e  of ~b r e m a i n s  u n a l t e r e d .  
I t  i s  i n t e r e s t i n g  to note  that  if  one c o n s i d e r s  the r e -  
s o l v e d  s h e a r  s t r e s s  on the l a t t i c e - i n v a r i a n t  s h e a r  s y s -  
t e m  v i z .  (110) [ l i 0 ]  the d i f f e r e n t  o r i e n t a t i o n s  of the t e n -  
s i l e  a x i s  g ive  the s a m e  v a l u e  and t h e r e f o r e  th is  d o e s  
no t  p r o v i d e  a c r i t e r i o n  fo r  the s e l e c t i o n  of any  p a r -  
t i t u l a r  o r i e n t a t i o n  of the t e n s i l e  a x i s .  

F r o m  F i g .  9 i t  c an  be  shown that  the  s t r a i n  a s s o e t a t e d  
wi th  the f o r m a t i o n  of a m a r t e n s i t e  p l a t e  i s  -~ s in  2~b t a n ' / .  
H o w e v e r ,  th i s  i s  not  the  g e n e r a l  so lu t ion  s i n c e  i t  i s  a s -  
s u m e d  tha t  the  t e n s i l e  a x i s ,  hab i t  p l ane  n o r m a l  and the 
m a c r o s c o p i c  s h e a r  d i r e c t i o n  a r e  c o p l a n a r .  In the  g e n -  
e r a l  c a s e  the l i n e a r  s t r a i n  e q u a l s  -~ s i n 2 r  tan  ~ c o s  c~ 
w h e r e  (~ i s  the ang l e  b e t w e e n  the p l ane  of t e n s i o n  (plane 
con t a in ing  the  t e n s i l e  ax i s  and the habi t  p l ane  n o r m a l )  
and the p l ane  of s h e a r *  (plane de f ined  by the hab i t  p l ane  

*The plane of shear is different from the shear plane, which in this case is the 
habit plane and remains invariant. 

n o r m a l  and the m a c r o s c o p i c  s h e a r  d i r e c t i o n ) .  
F i g .  10 shows  the v a r i o u s  p l a n e s  and a n g l e s  i n v o l v e d  

in the c o n s t r u c t i o n .  F o r  a g i v e n  hab i t  p l ane  n o r m a l  n ,  
the  t e n s i l e  a x i s ,  p ,  m u s t  l i e  wi th in  the two g r e a t  c i r c l e s  
N and P f o r  p o s i t i v e  e l o n g a t i o n s  to be  ob ta ined .  

C a l c u l a t i o n s  w e r e  m a d e  f o r  a l a r g e  n u m b e r  of o r i -  
e n t a t i o n s  of the t e n s i l e  a x i s  (hkl) wi th  a (155) hab i t  
p l ane  to d e t e r m i n e  the m o s t  f a v o r a b l e  v a r i a n t  of the  
t e n s i l e  a x i s  and the c o r r e s p o n d i n g  e l o n g a t i o n .  The  r e -  
s u i t s  a r e  p lo t t ed  in F i g .  11 which  shows  con tou r  l i n e s  
j o in ing  o r i e n t a t i o n s  of the t e n s i l e  ax i s  wh ich  g ive  the 
s a m e  v a l u e  of l i n e a r  s t r a i n .  T h e  e l o n g a t i o n  i s  g r e a t e s t  
f o r  o r i e n t a t i o n s  c l o s e  to [001] and d e c r e a s e s  p r o g r e s -  
s i v e l y  on m o v i n g  a w a y  f r o m  th i s .  V e r y  l i m i t e d  e l a s t i c  

s t r a i n s  a r e  p o s s i b l e  fo r  o r i e n t a t i o n s  c l o s e  to [111] 
and i t  i s  c l e a r  that  any l a r g e r  s t r a i n  i s  t aken  up p l a s -  
t i c a l l y  and is  n o n r e v e r s i b l e .  

T h e  a m o u n t s  of s t r a i n  ob ta ined  e x p e r i m e n t a l l y  a r e  
in good a g r e e m e n t  wi th  the t h e o r y .  T h e  s p e c i m e n s  
shown in F i g s .  1 and 3 w e r e  s t r e s s e d  un t i l  they  had 
c o m p l e t e l y  t r a n s f o r m e d  to m a r t e n s i t e ,  so  tha t  the  
l eng th  of the p l a t e a u  c o r r e s p o n d s  to the s t r a i n  a s s o c i -  
a t e d  wi th  the m a r t e n s i t e  t r a n s f o r m a t i o n .  S u b t r a c t i n g  
any p e r m a n e n t  s e t  f r o m  th is  g i v e s  v e r y  a p p r o x i m a t e l y  
the  e x p e r i m e n t a l  p s e u d o e l a s t i c i t y .  R e s u l t s  at  --45~ 
w h e r e  a l l  the  s p e c i m e n s  had m a x i m u m  e l a s t i c i t y  gave  
p s e u d o e t a s t i c  s t r a i n s  of 6 p c t ,  3-~ p c t ,  and 2~ p c t  fo r  
s p e c i m e n s  o r i e n t e d  c l o s e  to [001], [133], and [111], 

Table I. Crystallographic Parameters Calculated From the Theory for ~; = 1.0055 

Stress-lnduced 
Thermal Martensite Martensite 

Lattice-invariaut shear system (01 I) [011 ] (110) [ 110] 
Amount of lattice-invariant shear g 0.054 0.059 
Habit plane normal n 0.6723 0.7136 

0.2822 0.1482 
0.6844 0.6847 

Macroscopic shear direction 0.6533 0.6704 
0.2092 0.1392 

-0.7276 -0.7288 
Amount of macroscopic shear 0.071 0.125 

Table II. Comparison Between the Observed and Calculated Values of q~ 
(Angle Between the Habit Plane Normal and the Tensile Axis) 

r Observed, Possible Variants r Calculated, 
Tensile Axis deg of Tensile Axis deg cos r cos ;k 

42 911 37.2 0.476 
<911 > 911 40.2 0.433 

40 911 49.8 0.489 
9il 52.2 0.446 

511 32.1 0.450 
<511> 55 571 37.8 0.378 

51 ] 54.3 0.473 
5~ 58.2 0.399 

13, 7, 5 28.2 0.341 
<13, 7, 5> 62 13, "7, 5 41.6 0.195 

13, 7, ~ 63.8 0.377 
13, 7, 5 72.0 0.225 

6, 5, 2 37.5 0.320 
<6, 5, 2> 69 6, 5-, 2 52.5 0.141 

6, 5, 2 63.1 0.347 
6, 5, 2 74.4 0.159 

16, 10, 5 33.3 0.363 
<16, 10, 5> 65 16, ]0, 5 46.8 0.199 

16, 10, 5 61.0 0.391 
16, 10, 5 70.5 0.222 

X_  A B G / Y 

V 

W 

Fig. 9--Geometr ical  construction to calculate the tensile s t ra in  
involved in the transformation.  
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n : Habit Plane Normal. 

p : Tensile Axis. 

s : Normal to Plane of 

t : Normal to Plane of 

_S : Macroscopic Shear 

= A ~ p  X= A ~  

Shear. 

Tension. 

Direction. 

a = A ! ~  
Fig. 10--Stereographic  pro jec t ion  showing the var ious  angular  
re la t ionsh ips  involved in the calculation.  

r e s p e c t i v e l y .  T h e  c o r r e s p o n d i n g  t h e o r e t i c a l  s t r a i n s  
a r e  6.3 p c t ,  3 p e t ,  and  1.9 p c t  f o r  the  t h r e e  o r i e n t a t i o n s  
in  a g r e e m e n t  w i t h  the  e x p e r i m e n t a l  v a l u e s .  N o t e  t h a t  
t he  t o t a l  e l a s t i c  s t r a i n s  in  the  s p e c i m e n s  a r e  c o n s i d e r -  
a b l y  g r e a t e r  owing  to t he  l a r g e  a m o u n t  of e l a s t i c  s t r a i n  
p r i o r  to  t h e  m a r t e n s i t i c  t r a n s f o r m a t i o n .  T h i s  i s  due  to 
t he  low r e s i s t a n c e  of the  ~ m a t r i x  to  (011} (011)  s h e a r  
a n d  h a s  b e e n  d i s c u s s e d  by  E i s e n w a s s e r  a n d  B r o w n .  7 

A c a l c u l a t i o n  s i m i l a r  to the  one  a b o v e  c a n  a l s o  be  
c a r r i e d  t h r o u g h  f o r  the  c a s e  of t h e r m a l  m a r t e n s i t e .  

1 
H o w e v e r  the  m a x i m u m  s t r a i n  p o s s i b l e  i s  -~ t a n y  ( for  
t he  c a s e  w h e n  q~= 45 deg  and  ot = 0 deg) ;  t h e r e f o r e ,  
e v e n  if  t h e r m a l  m a r t e n s i t e  w e r e  to f o r m  in  a n  o r i -  
e n t e d  m a n n e r ,  t he  m a x i m u m  p o s s i b l e  s t r a i n  wou ld  be  
~ 3 . 5  p c t .  H e n c e ,  i t  i s  s u g g e s t e d  t h a t  on s t r e s s i n g  t he  
t h e r m a l  m a r t e n s i t e ,  a c h a n g e  to SIM t a k e s  p l a c e ,  w i t h  
t he  SIM f o r m i n g  in s u c h  a n  o r i e n t a t i o n  a s  to  g ive  the  
r e q u i r e d  s p e c i m e n  e l o n g a t i o n .  T h e  c h a n g e  in  the  
m i c r o s t r u c t u r e  s h o w n  in F i g .  7 s u p p o r t s  t h i s  v i e w .  T h e  
a m o u n t s  of s t r a i n  a s s o c i a t e d  w i t h  t h i s  s t r u c t u r e  c h a n g e  
w i l l  be  s i m i l a r  to the  s t r a i n s  c a l c u l a t e d  f o r  the  c a s e  of 
p s e u d o e l a s t i c i t y .  

CONC LUSIONS 

1) P s e u d o e l a s t i c i t y  o c c u r s  in  b o t h  s i n g l e  and  p o l y c r y -  
s t a l l i n e  A g - 4 5  a t .  p c t  Cd a l l o y s  on d e f o r m a t i o n  a t  t e m -  
p e r a t u r e s  a b o v e  Af .  A t  l o w e r  t e m p e r a t u r e s  the  s t r a i n -  
m e m o r y  e f f e c t  i s  o b s e r v e d .  

2) P s e u d o e l a s t i c i t y  i s  g r e a t e s t  f o r  o r i e n t a t i o n s  of the  
t e n s i l e  a x i s  c l o s e  to [001] and  l e a s t  f o r  o r i e n t a t i o n s  
c l o s e  to [111].  

3) T h e  h a b i t  p l a n e  f o r  SIM i s  c l o s e  to (155) ,  d i f f e r e n t  

[J,i] 
IO2 

4"2 
6 " 2 3  3 " 0 6  

Fig. l l - - S t e r e o g r a p h i c  projec t ion  showing the magnitudes of 
s t r a i n  assoc ia ted  with the fo rmat ion  of SIM for var ious  o r i -  
enta t ions  of the tensi le  axis.  

f r o m  the  (133) o r i e n t a t i o n  found  f o r  t h e r m a l  m a r t e n s i t e .  
T h e  h a b i t  p l a n e  c a l c u l a t e d  f r o m  the  p h e n o m e n o l o g i c a l  
t h e o r y  a s s u m i n g  a ( 1 1 0 ) [ 1 1 0 ]  l a t t i c e - i n v a r i a n t  s h e a r  i s  
in  good  a g r e e m e n t  w i t h  e x p e r i m e n t .  

4) T h e  m a c r o s c o p i c  s h e a r  a s s o c i a t e d  w i t h  the  f o r m a -  
t i o n  of SIM a p p e a r s  to be  r e s p o n s i b l e  f o r  the  l a r g e  
p s e u d o e l a s t i c  s t r a i n s  o b s e r v e d .  T h e s e  a r e  c a l c u l a t e d  
to  b e  6,  3, and  2 p c t  f o r  o r i e n t a t i o n s  of the  t e n s i l e  a x i s  
of [001] ,  [133] ,  and  [111] ,  r e s p e c t i v e l y ,  in  m o d e r a t e  
a g r e e m e n t  w i t h  e x p e r i m e n t .  

5) A t  t e m p e r a t u r e s  a b o v e  M r ,  t he  s t r a i n - m e m o r y  e f -  
f e c t  i s  due  a t  l e a s t  p a r t l y  to t h e  f o r m a t i o n  of SIM w h i c h  
i s  s t a b l e  on r e m o v a l  of t he  s t r e s s .  T h e r m a l  m a r t e n -  
s i t e  a l s o  s h o w s  a s t r a i n - m e m o r y  e f f e c t  a n d  t h i s  a p p e a r s  
to  be  due  to a c h a n g e  f r o m  t h e r m a l  m a r t e n s i t e  w i t h  a 
(011) [ 0 i l ]  l a t t i c e - i n v a r i a n t  s h e a r  to  SIM w i t h  a 
(110) [110 ] l a t t i c  e - i n v a r  t a n t  s h e a r .  
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