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Abstract.-  Two types  o f  Cu-Zn-A1 b i c r y s t a l  specimens having e/azl.4,  one 
wi th  t h e  boundary p a r a l l e l  t o  and t h e  o t h e r  perpendicular  t o  t h e  t e n s i l e  
d i r e c t i o n ,  were extended a t  room temperature.  The morphological change nea r  
t h e  boundary was cont inuously  observed by a  microscope wi th  a  VTR dur ing  t h e  
extension.  For a  p a r t i c u l a r  o r i e n t a t i o n  wi th  r e spec t  t o  t h e  t e n s i l e  d i r ec -  
t i o n ,  t h e  same v a r i a n t  c r y s t a l  o f  6; mar tens i t e  a s  t h a t  which would be 
s t ress- induced i n  an i n d i v i d u a l  component c r y s t a l  is produced with  t r a n s f o r -  
mation s t r a i n s  which occas iona l ly  cont inue a c r o s s  t h e  boundary. However, a  
d i f f e r e n t  v a r i a n t  c r y s t a l  from t h a t  i n  t h e  ind iv idua l  component c r y s t a l  i s  
usua l ly  formed n e a r  t h e  boundary depending on t h e  o r i e n t a t i o n  o f  t h e  o t h e r  
gra in .  This v a r i a n t  has  an o r i e n t a t i o n  such t h a t  t h e  s t r a i n  f i e l d s  co inc ide  
wi th  those  produced by a  v a r i a n t  which is  transformed s imul taneously  i n  t h e  
o t h e r  g r a i n  nea r  t h e  boundary. Since t h e  p o s s i b l e  number of shear  systems 
producing t h e  i n t i m a t e  6i v a r i a n t s  i n  both  g r a i n s  is l i m i t e d ,  t h e  f r a c t u r e  
t a k e s  p l a c e  o f t e n  a t  t h e  g r a i n  boundary. However, when a: mar tens i t e s  a r e  
formed a t  t h e  boundary, a s  f r equen t ly  observed, the  f r a c t u r e  is suppressed t o  
a  g r e a t  e x t e n t ,  because of inc reas ing  numbers of independent shear  systems. 
Consequently, t h e  degree  of ease  o r  d i f f i c u l t y  i n  producing a: m a r t e n s i t e s  
is  c l o s e l y  a s s o c i a t e d w i t h  t h e  cha rac te r  of f r a c t u r e  i n  Cu-Zn-Al a l l o y .  An 
extended work on f r a c t u r e  us ing p o l y c r y s t a l l i n e  specimens of d i f f e r e n t  e / a  
va lues  a l s o  supported t h e  above r e s u l t s .  

In t roduct ion. -  The mechanical behavior a s soc ia ted  wi th  t h e  shape memory e f f e c t  and 
p s e u d o e l a s t i c i t y  i n  p o l y c r y s t a l l i n e  Cu-base m a r t e n s i t i c  a l l o y s  is  remarkably a f f e c t -  
ed by t h e  s i z e  and c r y s t a l l o g r a p h i c  o r i e n t a t i o n s  of t h e  ind iv idua l  g r a i n s [ l ,  21. 
This i s  because t h e  g r a i n  boundary has  t h e  l ife-and-death power over  t h e  r e v e r s i -  
b i l i t y  of m a r t e n s i t i c  t ransformat ion and t h e r e f o r e  t h e  i n v e s t i g a t i o n  concerning t h e  
e f f e c t  of boundary[3, 41 is  unavoidable work p r i o r  t o  t h e  i n d u s t r i a l  use of t h e s e  
phenomena. I n  t h e  p resen t  work a  d e t a i l e d  morphological examination was performed 
on va r ious  b i c r y s t a l s  of Cu-Zn-A1 a l l o y s  wi th  d i f f e r e n t  o r i e n t a t i o n s  of compo- 
nent  c r y s t a l s .  At tension was paid t o  t h e  s t r a i n  compa t ib i l i ty  of t h e  s t ress- induced 

Fig. 1 Two types  of b i c r y s t a l  t e n s i l e  specimens. 
(a)  Type A ( equ i - s t r a in )  (b) Type B ( equ i - s t r e s s ) .  
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m a r t e n s i t e  a t  t h e  boundary. As r e p o r t e d  s o  f a r [ 5 ] ,  s i n c e  t h e  t r a n s f o r m a t i o n  pro- 
ceeds  by two s t e p s  i n  t h i s  a l l o y  sys tem,  i .e . ,  B1+Bi+cii ,  t h e  behav io r  of  n o t  on ly  
B i  b u t  a l s o  ci i  m a r t e n s i t e s  h a s  been s t u d i e d  i n  r e l a t i o n  t o  t h e  f a c t u r e  a t  t h e  boun- 
dary .  

Exper imenta l  procedure . -  I n g o t s  of  Cu-Zn-A1 a l l o y s  w i t h  v a r i o u s  composi t ions  were 
prepared  from h igh  p u r i t y  Cu, Zn and Al by m e l t i n g  a t  1373 K i n  argon f i l l e d  s i l i c a  
capsu l e s .  The m e l t s  were s l owly  coo l ed  t o  1143 K and homogenized f o r  1 h r  a t  t h i s  
tempera ture , fo l lowed by quenching.  The g r a i n  s i z e  of  t h e  i n g o t  was l a r g e  enough t o  
p r epa re  b i c r y s t a l  t e n s i l e  specimens.  Two t y p e s  o f  b i c r y s t a l  specimens,  one w i t h  
t h e  boundary p a r a l l e l  t o  ( t ype  A, e q u i - s t r a i n )  and t h e  o t h e r  p e r p e n d i c u l a r  t o  ( t y p e  
B ,  e q u i - s t r e s s )  t h e  t e n s i l e  d i r e c t i o n  were c u t  from t h e  i n g o t  by a  s p a r k  machine 
a s  shown i n  Fig.  1. The composi t ions  of  a l l o y s  were set s o  a s  t o  keep t h e  M s  tem- 
p e r a t u r e  c o n s t a n t ,  i .e.  260 K,  u s i n g  an e m p i r i c a l  formula  o f  Ms(K)=3350-ROCZ-llOCA, 

where CZ and C a r e  t h e  c o n c e n t r a t i o n  of  Zn and Al, r e s p e c t i v e l y .  P o l y c r y s t a l l i n e  
A 

t e n s i l e  specimens w i t h  d i f f e r e n t  composi t ions  were a l s o  prepared .  The morphologi- 
c a l  change n e a r  t h e  boundary was con t inuous ly  observed by a  microscope w i t h  a  VTR 
du r ing  t h e  e x t e n s i o n  o f  t h e  specimen by a n  I n s t r o n  t ype  machine, t h e  s t r e s s - s t r a i n  
curve  be ing  recorded a s  we l l .  

Strain (%) 

Fig.  2 S t r e s s - s t r a i n  cu rve  f o r  a  Type A 
b i c r y s t a l  specimen of  Cu-31.6at% 
Zn-4.2at%A1 a l l o y .  The t e n s i l e  
d i r e c t i o n s  a r e  [ 9 z y ]  and 152 01,  
f o r  component c r y s t a l s ,  respec-  
t i v e l y .  

Photo.1 Change i n  macrographic s t r u c t u r e  
upon l o a d i n g .  The macrographs 
were t a k e n  a t  t n e  p o i n t s  numbered 
i n  Fig .  2 .  



Resu l t s  and d i scuss ion . -  Fig. 2  shows an example of t h e  s t r e s s - s t r a i n  curves  ob- 
t a ined  f o r  a  type A b i c r y s t a l  specimen of Cu-31.6at%Zn-4.2at% Al a l l o y .  The t e n s i l e  
d i r e c t i o n z w i t h  res_pect t o  t h e  component c r y s t a l s ,  g r a i n  No. l(G1) and No. 2(G2), 
were [9 4  21 and [5  2  01 , re spec t ive ly .  The numbers i n  t h e  f i g u r e  i n d i c a t e  t h e  p o i n t s  
where macrographs were taken f o r  t h e  morphological examination a s  shown i n  Photo. 1. 
As c l e a r l y  observed i n  Photo. 1, a s  soon as a  6; v a r i a n t  was induced i n  t h e  bottom 
g r a i n ,  G2, a t  t h e  po in t  ( 2 ) ,  another  6; appeared i n  t h e  o t h e r  g r a i n ,  G I ,  and these  
6; v a r i a n t  c r y s t a l s  i n  bo th  g r a i n s  grew coopera t ive ly  wi th  a  s i m i l a r  r a t e  up t o  (5). 
A t  (7) the  f i r s t  t ransformat ion was completed i n  G 1  and t h e  second one, ~ i - w i ,  
s t a r t e d  t o  appear i n  6; with new t r a c e s ,  and a s  inc reas ing  s t r e s s  t h e  number of a ;  
t r a c e s  was increased i n  both  g ra ins .  Moreover, one s e e s  zig-zag s l i p  l i n e s  i n  G 1  
nea r  t h e  boundary a t  (9 ) .  These l i n e s  l o c a t e  on ly  n e a r  t h e  boundary even a t  h igher  
s t r e s s  l e v e l  (11) .  

The most important f e a t u r e  i n  t h i s  type of morphological change i s  t h a t  t h e  
rna r t ens i t i c  t ransformat ion does  not  t a k e  p lace  independently i n  both  g r a i n s  bu t  pro- 
ceeds wi th  s t r o n g  i n t e r f e r e n c e  ac ross  t h e  boundary. This  is caused by a necessary 
cond i t ion  as soc ia ted  wi th  t h e  compa t ib i l i ty  of t ransformat ion s t r a i n s  a t  t h e  g r a i n  
boundary. When t h e  cond i t ion  can no t  be f u l f i l l e d  completely,  a  s l i p  deformation 
must be  operated a s  seen i n  Photo. l ( 9 ) .  The cond i t ion  of s t r a i n  compa t ib i l i ty  is  
t o  have t h e  same value of s t r a i n  components, eUU, E- and y i n  bo th  g r a i n s  f o r  

uw 
type A ( equ i - s t r a in )  specimen and of E and yvw f o r  type B ( equ i - s t r e s s )  
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specimen, r e s p e c t i v e l y ,  when we take u ,  v  and w axes  a s  shown i n  Fig .  1 [ 6 ,  71. 

Photo. 2  i s  a  macrograph showing homogenuously d i s t r i b u t e d  6; mar tens i t e  i n  
both  g ra ins .  The specimen con ta ins  4.2at%Al a s  weLl2 and t h e  t e n s i l e  d i r e c t i o n s  of 
component c r y s t a l s ,  G_1 and G2, a r e  [ 5 4 1 ]  and [1310-21, r e spec t ive ly .  Two v a r i a n t  
c r y s t a l s ,  having ( 1 2 2 1 1 )  h a b i t  p lane i n  G 1  and (12 2 1 1 )  i n  G2 s t i c k  toge the r  one by 
one a t  t h e  boundary. The s t r a i n  components, E e and y a r e  ca lcu la ted  t o  be uu' WW uw ' 
0.075x, - 0 . 0 2 1 ~  and - 0 . 0 4 1 ~  f o r  t h e  f i r s t  mar tens i t e  i n  G I  and 0.069x, - 0 . 0 1 9 ~  and 
- 0 . 0 5 3 ~  f o r  t h e  second one i n  G2, r e s p e c t i v e l y ,  where x means t h e  f r a c t i o n a l  volume 
of 6;. One s e e s  very good s t r a i n  compa t ib i l i ty  i n  t h i s  case .  It i s  i n t e r e s t i n g  
t h a t  a  c a l c u l a t i o n  d e r i v e s _ a s m a l l e r  value  of Schmid f a c t o r ,  0.37, f o r  t h e  v a r i a n t  
appeared i n  G2 having ( 1 2 2 1 1 )  h a b i t  p l ane  than t h a t  of 0.39 f o r  a  v a r i a n t  having 
( 1 2 2 1 1 )  h a b i t  p lane.  This means t h a t  a  d i f f e r e n t  v a r i a n t  from t h a t  which would be 
s t ress- induced i n  G2 was transformed by t h e  s t r a i n  compa t ib i l i ty  a t  t h e  boundary. 

Photo. 2  A macrograph showing homogeneously d i s t r i b u t e d  
6; mar tens i t e s  i n  both g r a i n s  of type A spec i -  
men. They meet one by one a t  t h e  boundary. 
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Photo. 3 A macrograph showing complex s t r u c t u r e  neaf- t h e  
boundary. Di f fe ren t  v a r i a n t  c r y s t a l s  of B1 
mar tens i t e  from those  wi th  maximum Schmid fac- 
t o r  were induced nea r  t h e  boundary i n  bo th  
g ra ins .  a; mar tens i t e s  a r e  a l s o  seen. 

A more s t r i k i n g  example o f _ t h e  above phenomenon is  represented i n  Photo. 3 .  
The t e n s i l e  d i r e c t i o n s  were [ 9  4 1 1  and [ 4 7 1 ]  f o r  G 1  and G2, r e spec t ive ly .  I n i t i a l -  
l y ,  a small  amount of B i  mar tens i t e s  having maximum Schmid f a c t o r s ,  i . e . ,  wi th  ( 1 2 1  
11)  h a b i t  p lanes ,  were in t roduced i n  both g r a i n s  except  nea r  t h e  boundary. However, 
s ince  t h e  s h e a r  components of t h e  t ransformat ion s t r a i n  of t h e s e  mar tens i t e s  were 
q u i t e  d i f  f r e n t  i n  both  g r a i n s ,  i . e .  , - 0 . 0 0 6 ~  i n  G 1  and 0 . 0 4 4 ~  i n  G2, a new v a r i a n t  
of 5; mar tens i t e  having ( 1 2 1 1 7 )  h a b i t  p l ane ,  which had y =0.027x, appeared nea r  

UW 

t h e  boundary i n s t e a d  of t h e  former one i n  G 1  and grew with  inc reas ing  app l i ed  
s t r e s s .  Furthermore, fo l lowing t o  t h e  growth of t h i s  v a r i a n t ,  t h e  second t r a n s f o r -  
mation ~;+ai took p lace  a t  t h e  boundary i n  G2 a s  seen i n  Photo. 3. 

The behavior  of s t ress- induced t ransformat ion i n  b i c r y s t a l  of type A (equi- 
s t r a i n )  i s  s t r o n g l y  a f f e c t e d  by t h e  g r a i n  boundary a s  descr ibed above. On t h e  o t h e r  
hand, i n  t h e  case  of type B b i c r y s t a l ,  t he  component crysta lsbehave a s  i f  each c rys -  
t a l  were i n d i v i d u a l l y  e longa ted ,  except  t h e  region nea r  t h e  boundary. So t h a t ,  i n  
t h i s  case  t h e  v a r i a n t  c r y s t a l  of 6; mar tens i t e  was t h e  same a s  t h a t  i n  a s i n g l e  
c r y s t a l  of each component and t h e  s t r e s s - s t r a i n  curve becomes simply a superposed 
curve of t h e  two i n d i v i d u a l  s t r e s s - s t r a i n  curves  of component c r y s t a l s .  At t h e  
g ra in  boundary, except  f o r  a p a r t i c u l a r  o r i e n t a t i o n  r e l a t i o n  between two component 
c r y s t a l s ,  complex morphological behaviors  a r e  generaly  observed by t h e  s t r a i n  com- 
p a t i b i l i t y .  I n  b i c r y s t a l  specimens wi th  31.6at%Zn and 4.2at%A1, a s  t h e  appl ied 
s t r e s s  was inc reased ,  t h e  a; m a r t e n s i t e s  were q u i t e  o f t e n  observed nea r  t h e  g r a i n  
boundary wi th  a number of s l i p  t r a c e s  ins ide .  However, c racks  were formed e a s i l y  
a t  t h e  boundary f o r  specimens con ta in ing  higher  A 1  con ten t s ,  independent of t h e  type 
of b i c r y s t a l ,  i n  which t h e  second t ransformat ion was ha rd ly  generated.  

In  Fig. 3 a r e  shown s t r e s s - s t r a i n  curves up t o  f r a c t u r e  f o r  specimens of s i n g l e  
c r y s t a l ,  b i c r y s t a l  and p o l y c r y s t a l  of two k inds  o f  a l l o y  wi th  d i f f e r e n t  A1 con ten t s .  
The curve (a )  obta ined f o r  a s i n g l e  c r y s t a l  of 4.2at%Al a l l o y  i n d i c a t e s  a l a r g e  
e longa t ion  of 20% corresponding t o  t h e  S1+f3i+ai t ransformat ion which was followed 
by an a d d i t i o n a l  255: p l a s t i c  deformation by s l i p  i n  t h e  mar tens i t e .  The s u r f a c e  
of f r a c t u r e  showed a t y p i c a l  p a t t e r n  of t h e  d u c t i l e  f r a c t u r e .  The curve (b) was 
recorded f o r  a specimen of type A b i c r y s t a l  having a p a r t i c u l a r  o r i e n t a t i o n  r e l a t i o n  
of component c r y s t a l s  such t h a t  t h e  6; mar tens i t e s  wi th  maximum Schmid f a c t o r  in -  
duced i n  bo th  g r a i n s  were we l l  connected wi th  each o t h e r  a s  shown i n  Photo. 2. The 
e longa t ion  was reached up t o  60% a t  t h e  f r a c t u r e .  I n  t h i s  case ,  t h e  mar tens i t e s  



were in t roduced q u i t e  homogeneously i n  t h e  specimen and s l i p  t r a c e s  of { l l l ~ ~ ; w e r e  
d i s t r i b u t e d  uniformly i n  two d i r e c t i o n s .  It seems p o s s i b l e  t o  understand t h a t  t h e  
boundary p a r a l l e l  t o  t h e  t e n s i l e  d i r e c t i o n  p lays  a r o l l  t o  keep homogeneous defor-  
mations i n  t h e  specimen. The r e s u l t  t h a t  t h e  value  of f r a c t u r e  s t r a i n  i n  b i c r y s t a l  
i n  (b) was l a r g e r  than t h a t  i n  (a) of s i n g l e  c r y s t a l  is  thought t o  be o r i g i n a t e d  by 
t h e  homogeneity i n  deformation as soc ia ted  wi th  t h e  formation of a; martensi te .  Con- 
t r a r y  t o  t h i s ,  f o r  a type B specimen of b i c r y s t a l ,  i t  is  supposed t h a t  t h e  g r a i n  
boundary might ope ra te  s o  a s  t o  inc rease  inhomogeneous deformations i n  t h e  specimen, 
because it  produces a s p e c i a l l y  deformed c ross - sec t iona l  region i n  t h e  specimen. I n  
f a c t ,  t h e  f r a c t u r e  s t r a i n s  i n  type B specimens were always smal l e r  than those  i n  
s i n g l e  c r y s t a l s .  

One s e e s  a q u i t e  d i f f e r e n t  s t r e s s - s t r a i n  curve f o r  a type  A b i c r y s t a l  specimen 
con ta in ing  15% A 1  a s  i n  (d) .  I n  t h i s  a l l o y ,  only  t h e  ~ ~ - f @ ;  t ransformat ion took 
p lace  and no remarkable s l i p  deformation was in t roduced.  The f r a c t u r e  occurred a t  
an e longa t ion  of only 10% and t h e  f r a c t u r e  su r face  showed a p a t t e r n  of b r i t t l e  
f r a c t u r e .  A s e p a r a t e  measurement [ 8 ]  showed t h a t  t h e  c r i t i c a l  resolved shea r  s t r e s s  
(CRSS) f o r  t h e  f3i-tai t ransformat ion,  Q,  was almost independent o f  temperature but  
s t r o n g l y  depended on t h e  composition i n  a l loys .  An example of measured T& f o r  

h 

V "''t (a-l - / V) a# 
b 100 
I/) 

10 2 0 30 40 50 60 Strain 

Fig. 3 S t r e s s - s t r a i n  curves  wi th  d i f f e r e n t  f r a c t u r e  s t r a i n .  
(a) Single  c r y s t a l  of Cu-31.6at%Zn-4.2at%AL a l l o y .  
(b) B i c r y s t a l  of Cu-31.6at%Zn-4.2at%Al a l l o y .  
(c) po lyc rys ta l  of Cu-31.6at%Zn-4.2at%Al a l l o y .  
(d) B i c r y s t a l  of Cu-16.7at%Zz-15.0at%Al a l l o y .  
(e) Po lyc rys ta l  of Cu-16.7at%Zn-15.Oat%Al a l l o y .  
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Fig. 4 

Var ia t ion  of c r i t i c a l  resolved 
shear  stress f o r  t r ans fo rmat ion  i n  
two Cu-Zn-Al a l l o y s .  T@ and TH a r e  
t h e  CRSS f o r  B1-t@i and @!+al t r a n s -  
format ions ,  r e spec t ive ly .  (a) Cu- 
19.5at%Zn-13.0at%Al a l l o y .  (b) Cu- 
31.8at%Zn-4Dat%Al a l l o y .  

Cu-31.8at%Zn-4.0at%Al (e/a=1.398, Ms=263"K) and Cu-19.5at%Zn-13.Oat%Al a l l o y  (e /a= 
1.455, Ms=263'K) i s  represented i n  Fig .  4 accompanying with  t h e  va lues  of T ~ ,  CRSS 
f o r  B 1 + @ i ,  a t  d i f f e r e n t  temperatures .  The above d a t a  on CRSS c l e a r l y  support  t h a t  
t h e  observed f r a c t u r e  i n  Fig. 3 (d) can be a t t r i b u t e d  t o  t h e  l a c k  of a i  mar tens i t e  
a t  t h e  boundary. Fig. 3 (c)  and (e)  a r e  t h e  s t r e s s - s t r a i n  curves  f o r  po lyc rys ta l -  
l i n e  specimens wi th  low and h igh  A l  con ten t s ,  r e spec t ive ly .  The f r a c t u r e  s t r a i n  i n  
(c) was apparen t ly  l a r g e r  than i n  ( e )  a s  expected. 

It is  concluded i n  t h e  p resen t  s tudy  t h a t  t h e  behavior of s t ress- induced t r ans -  
formation is  g r e a t l y  a f f e c t e d  by t h e  s t r a i n  compa t ib i l i ty  a t  t h e  g r a i n  boundary i n  
Cu-Zn-Al a l l o y s .  Moreover, i t  was found t h a t  t h e  format ion of a j  mar tens i t e  played 
an important r o l e  t o  a t t a i n  t h e  s t r a i n  compa t ib i l i ty  and t o  avoid t h e  f r a c t u r e  a t  
t h e  boundary. Even though t h e  c u t t i n g  of B i  mar tens i t e s  i s  d i f f i c u l t  t o  occur i n  
genera l ,  a p a i r  of s p e c i a l  v a r i a n t  c r y s t a l s  of @; can c r o s s  each o t h e r  t o  form a; 
mar tens i t e  a s  r epor ted  p rev ious ly  [ 5 ] ,  t h e  phenomenon being c l o s e l y  r e l a t e d  t o  t h e  
appearance of t h e  r e v e r s i b l e  shape memory e f f e c t  i n  Cu-Zn-A1 a l l o y s  [ 9 ] .  It i s  
s t r o n g l y  dependent on t h e  value  of T,! whether o r  no t  t h e  c r o s s i n g  of t h e  B i  marten- 
s i t e  can e a s i l y  occur.  So t h a t ,  i n  a l l o y s  wi th  high A 1  con ten t s ,  only one v a r i a n t  
of 5; mar tens i t e  can usua l ly  be  formed a t  t h e  boundary. Since poss ib le  shea r  
systems a r e  l i m i t t e d  t h e r e ,  because of the  c r y s t a l  s t r u c t u r e  of 9R, t h e  s t r e s s  is  
ha rd ly  r e l i e s e d .  On t h e  o t h e r  hand, i n  a l l o y s  wi th  low A l  con ten t s ,  not  only  a p a i r  
of v a r i a n t  6; i n  bo th  g r a i n s  can be  induced b u t  a l s o  a; mar tens i t e s  a r e  formed 
e a s i l y  a t  t h e  boundary. Consequently, t h e  number of p o s s i b l e  shea r  systems is  
increased by adding f o u r  {111}<110>~, s l i p  systems of mar tens i t e  and t h e  s t r a i n  
compa t ib i l i ty  can become a t t a i n e d  more e a s i l y .  
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