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Structural superplasticity in two phase alloys of the copper-nickel-zinc system (nominal 
composition in wt. pet Cu-15 Ni-38 Zn-0.2 Mn) occurs over a wide range of strain rates in 
the temperature range 850 to 1050~ (454 to 565~ The upper temperature limit for super-  
plastic behavior in this system is determined by the revers ion of the fine-grained two-phase 
structure to a single phase s tructure in which extensive grain growth is possible. Residual 
room temperature tensile propert ies and microst ructure  of the microduplex alloy after 
superplastic straining have been studied as a function of test temperature and total super-  
plastic strain. At test temperatures  sufficiently removed from the phase transformation 
temperature,  the high tensile propert ies and fine microst ructure  of the starting material  
are essentially retained after superplastic strains approaching 200 pet. In the immediate 
vicinity of the phase transformation temperature,  rapid degradation of the microduplex 
structure occurs  during superplastic deformation with a consequent severe degradation of 
the residual room temperature tensile properties.  

T H E  phenomenon of s tructural  superplasticity has been 
observed in a var iety of fine grained alloy systems and 
has been the subject of two recent review art icles.  1'2 
It has been suggested by several  authors 1-s that the phe- 
nomenon may be commercial ly  useful in low pressure  
forming of complex shapes. The initial work on super-  
plasticity in copper base alloys has centered on the alu- 
minum bronzes 5-e and binary brasses .  7,9 The present 
work reports  on the occurrence of structural  superplas- 
ticity in a two phase alloy of the copper-nickel-zinc 
system (nominal composition in wt pet: copper-15 Ni- 
38 Zn-0.2 Mn). This alloy offers the combined benefits 
of low superplastic forming temperatures  and excep- 
tionally high mechanical propert ies in the annealed 
(recrystall lzed) two-phase alloy. 4 

Cavitation and/or grain growth sometimes occur dur-  
ing superplasttc extension of a variety of alloys and 
various authors have investigated the problem, z'8'9''~ 
Davis et al.l have acknowledged the need for charac ter -  
ization of the properties of superplastic alloys after 
superplastic deformation since extensive cavitation 
would result  in poor properties.  The present work in- 
cludes an examination of the microst ructural  changes 
accompanying superplasttc extension as influenced by 
test temperature,  total strain, and alloy composition. 
In addition, the room temperature (residual) tensile 
propert ies of the alloy after superplastic extension 
have been determined and related to the residual mf- 
crost ructure .  

structure is produced by simultaneous recrystal l izat ion 
and/3 phase precipitation from a heavily cold worked 
metastable a structure.  A replica electron micrograph 
of the lightly etched microduplex structure is shown in 
Fig. 1. Compositions of the experimental heats pre-  
pared for the present experiments are shown in Table 
II. Two different deoxidants were explored since this 
factor had been found to be of importance in another 
alloy. 9 

Table I. Preparation Sequence for Experimental Microduplex 
Copper-Nickel-Zinc Alloys 

1. Aar induction melt virgin raw materials. 
2. Deoxidize with Mg or Ti preceded by Mn. 
3. Cast as 30 lb. (13.6 Kg), 4 X 4 in. (t0 X 10 cm) ingots. 
4. Forge and hot roll at 1500~176 to 0.5 in. (1.3 cm) plate. 
5. Solution anneal at 1300~176 and water quench to retain single phase fcc 

alpha structure. 
6. Cold roll metastable alpha 85 pet. 
7. Microduplex anneal at 950~176 to reerystallize alpha and precipitate beta. 

EXPERIMENTAL PROCEDURES 
Processing steps to produce the microduplex alloys 

are  similar  to those previously reported 4 and are 
listed in Table I. The microduplex structure is a fine 
grained intermixture of the fcc ~ and bcc/3 phases hav- 
ing an lnterphase spacing of approximately 1 pm. The 
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Stra in  r a t e  s e n s i t i v i t y  t e s t s  z~ were  p e r f o r m e d  on 
s t r i p  t en s i l e  s p e c i m e n s  [0.25 • 1.125 in. (0.63 • 2.86 
cm) gage sect ion]  in an a rgon  a t m o s p h e r e  at  t e m p e r a -  
t u r e s  rang ing  f r o m  850 to 1200~ (454 to 649~ on an 
Ins t ron  t e s t ing  mach ine .  The s t eady  s ta te  loads  at  v a r i -  
ous cons tan t  c r o s s h e a d  speeds  we re  taken  f rom a con-  
t inuous  r e c o r d  of load  vs  t i m e .  True  flow s t r e s s e s  and 
t rue  s t r a i n  r a t e s  we re  computed  f r o m  these  data .  

Addi t iona l  s t r i p  s p e c i m e n s  were  s u p e r p l a s t i c a l l y  ex -  
t ended  to to ta l  (engineer ing)  s t r a i n s  of 20 to 316 pc t  
with the " G l e e b l e " * ,  lz an a p p a r a t u s  which subj ec t s  

*Registered Trademark of Duffers Associates, Troy, New York. 

s p e c i m e n s  to a p r o g r a m m e d  t i m e - t e m p e r a t u r e - s t r a i n  
cyc le .  By t r i a l  and e r r o r ,  i t  was found that  a 1 • 9 in. 
(2.5 • 21.6 cm) s t r i p  s p e c i m e n  (heated e l e c t r i c a l l y  to 
the t e s t  t e m p e r a t u r e )  p r o v i d e d  r e a s o n a b l y  un i form d e -  
f o r m a t i o n  ove r  a 1 in. (2.5 cm) sec t ion  at  the cen t e r  of 
the s t r i p .  Sc r ibe  m a r k s  we re  p l aced  in th is  sec t ion  of 
the s t r i p  be fo re  the s t a r t  of each  t e s t  so that  to ta l  
s t r a i n  and a v e r a g e  s t r a i n  r a t e  ( total  s t r a i n  d iv ided  by  
t e s t  dura t ion)  in the s ec t ion  were  known. Spec imens  
we re  ex tended  at  875, 975, and 1075~ (469, 524, and 
580~ St ra in  r a t e s  in the 1 in. s ec t ion  v a r i e d  s o m e -  
what f r o m  t e s t  to t e s t  but  the a v e r a g e  s t r a i n  r a t e  was 
a p p r o x i m a t e l y  0.14 p e r  min.  

Room t e m p e r a t u r e  t en s i l e  t e s t  s p e c i m e n s  were  cut 
f rom the s u p e r p l a s t i c a l l y  ex tended  s t r i p s  with the i r  
0.25 • 1 .125-in.  (0.63 • 2.86 cm) gage sec t ions  loca ted  
in the h o t - d e f o r m a t i o n  zone.  The s u r f a c e s  of the t en -  
s i l e  s p e c i m e n  were  ground  f la t  and p a r a l l e l  to e l i m i -  
nate s l igh t  s u r f a c e  roughening  o c c u r r i n g  dur ing  s u p e r -  
p l a s t i c  ex tens ion .  These  t e n s i l e  s p e c i m e n s  were  t e s t e d  
at  r o o m  t e m p e r a t u r e  to d e t e r m i n e  r e s i d u a l  me c ha n i c a l  
p r o p e r t i e s .  Af ter  t e s t i ng ,  the  gage sec t ion  was e x a m -  
ined m e t a l l o g r a p h i c a l l y  for  ev idence  of cav i ta t ion  and 
g r a i n  growth.  

EXPERIMENTAL RESULTS AND DISCUSSION 

S u p e r p l a s t i c i t y  

Between 850 and 1050~ (454 and 565~ c l a s s i c a l  
s u p e r p l a s t i c  b e h a v i o r  is  o b s e r v e d  as  ev idenced  by the 
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F i g .  2 - - F l o w  s t r e s s  v s  s t r a i n  r a t e  f o r  m i e r o d u p l e x  C u - N i - Z n  
a l l o y  in  t h e  s u p e r p l a s t i c  a n d  n o n s u p e r p l a s t i c  t e m p e r a t u r e  r e -  
g i o n .  

Table II. Compositions of Experimental Copper-Nickel-Zinc Alloys (Wt. Pct) 

Heat No. Cu Ni Zn Mn Ti Mg 

1 Hal. 14.0 38.8 0.10 0.03 - 
2 Bal. 14.6 37.2 0.17 0.04 - 
3 Bal. 15.1 38.0 0.12 - 0.02 

high s t r a i n  r a t e  s e n s i t i v i t y  exponents  (m va lues )  shown 
by the t rue  f l o w - s t r e s s / t r u e  s t r a i n - r a t e  da ta  p lo t ted  in 
F ig .  2. At l l 0 0 ~  (594~ the f l o w - s t r e s s / s t r a i n - r a t e  
curve  is  somewhat  e r r a t i c  and the s t r a i n  r a t e  s e n s i t i v -  
i ty  exponent  has  d e c r e a s e d  in va lue .  This  t e m p e r a t u r e  
c o r r e s p o n d s  to the ~ +/3 ~ ~ so lvus  for  th is  c o m p o s i -  
t ion as  d e t e r m i n e d  by  Sch ramm.  za Above th is  t e m p e r a -  
t u r e ,  the mtc rodup lex  s t r u c t u r e  r e v e r t s  to a s ing le  
phase  a s t r u c t u r e  in which ex tens ive  g ra in  growth is  
p o s s i b l e  due to the a bse nc e  of a second  phase .  Such 
behav io r  is  r e f l e c t e d  in the l l S 0 ~  (622~ data .  The 
f l o w - s t r e s s e s  a r e  h ighe r ,  p a r t i c u l a r l y  at  low s t r a i n  
r a t e s ,  and the s t r a i n  r a t e  s e n s i t i v i t y  exponent  has  d e -  
c r e a s e d  to a value  where  s u p e r p l a s t i c  b e h a v i o r  would 
be unl ikely .  E x p e r i m e n t a l  da ta  obta ined  at  1200~ 
(649~ (not included in t he  f igure  for  the sake  of c l a r -  
ity) p a r a l l e l  those  obta ined  at  l150~ (622~ but  a t  
lower  flow s t r e s s e s .  

Fig .  3 shows the t rue  flow s t r e s s  da ta  of Fig .  2 r e -  
p lo t ted  as  a function of t e s t  t e m p e r a t u r e  and t rue  s t r a i n  
r a t e .  At the lowes t  s t r a i n  r a t e  (0.002 p e r  min),  the flow 
s t r e s s  d e c r e a s e s  s t e a d i l y  with i n c r e a s i n g  t e m p e r a t u r e  
in the s u p e r p l a s t i c  t e m p e r a t u r e  r ange  r e a c h i n g  a m i n i -  
mum value  of 500 ps i  (3.44 MN p e r  sq m) at  l l 0 0 ~  
(594~ The flow s t r e s s  then i n c r e a s e s  s h a r p l y  as  the 
phase  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  is  exceeded .  Growth 
of the a g r a i n s ,  p e r m i t t e d  by the so lu t ion  of the/3 phase ,  
i n c r e a s e s  the flow s t r e s s .  Examina t ion  of the two 
cu rves  for  h igher  s t r a i n  r a t e s  shows that  the phase  
t r a n s f o r m a t i o n  effect  is  l e s s  p ronounced  and sugges t s  
that  the ac tua l  phase  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  may  
v a r y  s l igh t ly  with s t r e s s  o r  s t r a i n  r a t e ,  p a r t i c u l a r l y  
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Table III. Residual Room Temperature Tensile Properties of Microduplex Cu-Ni-Zn Alloy* After Superplastic Extension 

Average Strain Total 
Test Temp. Rate at Strain at 0.2 pct YS UTS, ksi Pct 

Heat No. I)eoxldant ~ ( ~  Temperature (rain "1) Temp. (pct) ks] (MN per sq. m) (MN per sq m) Ehong. 

2 Ti 875(469) 0.066 20 88.7(612) 110.5(763) 22 
2 Ti 875(469) 0.110 43 88.8(613) 111.2(768) 22 
2 T] 875(469) 0.127 76 86.9(599) 109.3(755) 21 
2 "1"1 875(469) O. 131 92 86.9(599) 108.7(750) 19 
2 Ti 875(469) 0.179 143 85.8(591 ) 105.3 (727) ] 6 
2 Ti 875(469) 0.316 316 80.0(552) 85.4(589) 2 

3 Mg 875(469) 0.094 28 85.8(591 ) 110.8(764) 24 
3 Mg 875(469) 0.089 53 87.3(602) 111.8(770) 21 
3 Mg 875(469) 0.179 143 87.2(601 ) 103.9(716) 12 
3 Mg 875(469) 0.204 143 103.9(715) 127.5(880) 14 

2 Ti 975(524) 0.I 10 33 85.1(588) 106.1(732) 24 
2 Ti 975(524) 0.108 52 83.8(578) 103.8(715 ) 21 
2 Ti 975(524) 0.130 52 85.5(590) 104.5(721 ) 24 
2 Ti 975(524) 0.135 74 82.6(570) 102.0(704) 22 
2 Ti 975(524) 0.200 120 83.0(573) 102.2(706) 21 
2 Ti 975(524) 0.247 173 79.8(551 ) 88.7(612) 9 

3 Mg 975(524) O. 140 28 83.7(578) 107.7(743) 24 
3 Mg 975(524) 0.143 43 81.2(560) 105.2(726) 24 
3 Mg 975(524) 0.118 59 82.3(568) 105.0(724) 22 
3 Mg 975(524) 0.154 108 80.1(553) 98.9(682) 15 
3 Mg 975(524) 0.195 156 76.4(527) 95.0(655) 16 
3 Mg 975(524) 0.255 204 76.2(525) 80.6(556) 3 

1 Ti 1075(580) 0.070 21 17.9(124) 24.1 (166) 31 
1 Ti 1075(580) 0.095 66 16.1 (111) 22.8(157) 32 
1 Ti 1075(580) 0.084 126 11.5(79.4) 13.3(92) 3 
1 Ti 1075(580) 0.102 156 12.2(84.2) 13.7(95 ) 2 

3 Mg 1075(580) 0.094 28 72.6(501 ) 96.4(665) 28 
3 Mg 1075(580) 0.088 53 68.8(474) 92.0(635) 30 
3 Mg 1075(580) 0.115 92 68.9(475) 90.9(627) 28 
3 Mg t 075(580) 0.100 100 62.3(430) 85.6(591 ) 25 

*Starting properties of annealed microduplex alloy 84 ksi (580 MN per sq m)YS, 102 ksi (704 MN per sq. m) UTS, 25 pct elongation. 

in  t h e  s t r a i n  r a t e  r a n g e  0 .002  to  0 .02  p e r  r a in .  
A c t i v a t i o n  e n e r g i e s  f o r  s u p e r p l a s t i c  d e f o r m a t i o n  of  

34.2  a n d  35 .0  k e a l  p e r  m o l e  w e r e  d e t e r m i n e d  f r o m  
A r r h e n i u s  p l o t s  of S t r a i n  r a t e  v s  i n v e r s e  t e m p e r a t u r e  
f o r  t h e  t e m p e r a t u r e  r a n g e  850 to  1050~  (454 to 565~ 
(0.6  to  0 . 7T in )  a t  t r u e  s t r e s s  l e v e l s  of 3000 a n d  6000 
p s i  (20.7  a n d  41 .4  MN p e r  s q  m)  r e s p e c t i v e l y .  V o l u m e  
d i f f u s i o n  a c t i v a t i o n  e n e r g i e s  f o r  f cc  c o p p e r - b a s e  a l l o y s  
c o n t a i n i n g  a p p r o x i m a t e l y  18 to  21 wt  p c t  Ni a n d  24 to 
31 p c t  z i n c  f o r  a l l  t h r e e  s p e c i e s  a r e  in  t he  r a n g e  43 to 
47 k c a l  p e r  m o l e .  la T h u s ,  t h e  e x p e r i m e n t a l l y  d e t e r -  
m i n e d  a c t i v a t i o n  e n e r g y  f o r  s u p e r p l a s t i c  d e f o r m a t i o n  

d o e s  no t  c o r r e s p o n d  to v o l u m e  d i f f u s i o n  of  a n y  c o n s t i t -  
u e n t  a t o m  in t h e  f cc  a p h a s e .  As  H a y d e n  et  al .  ~4 h a v e  
s h o w n ,  t h e  a c t i v a t i o n  e n e r g y  f o r  s u p e r p l a s t i c i t y  m a y  
v a r y  w i t h  t he  t e m p e r a t u r e  r e g i m e  of  t h e  e x p e r i m e n t s  
( i .e . ,  wi th  t h e  m e c h a n i s m )  a n d  t h e  low v a l u e s  o b t a i n e d  
in t he  p r e s e n t  w o r k  m a y  c o r r e s p o n d  to d i f f u s i o n  v i a  a 
s h o r t  c i r c u i t i n g  p a t h  o r  p e r h a p s  to  r a t e - c o n t r o l l i n g  
c r e e p  p r o c e s s e s  in  t he  b c c  ~ p h a s e .  T h e r e  a r e  no t  s u f -  
f i c i e n t  e x p e r i m e n t a l  d a t a  ye t  a v a i l a b l e  o n  d i f f u s i o n  in  
t h e  t e r n a r y  to r e l a t e  t h e  e x p e r i m e n t a l  a c t i v a t i o n  e n e r g y  
to  a p a r t i c u l a r  p r o c e s s  o r  to  s a y  in  w h i c h  p h a s e  t h e  d e -  
f o r m a t i o n  p r o c e s s e s  a r e  r a t e  c o n t r o l l i n g .  

R e s i d u a l  T e n s i l e  P r o p e r t i e s  

A f t e r  s u p e r p l a s t i c  e x t e n s i o n  a t  875 o r  975~  (469 o r  
524~ to s t r a i n s  a p p r o a c h i n g  200 p c t  t he  p r o p e r t i e s  o l  
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Fig. 4--Room t e m p e r a t u r e  (residual)  yield s t r eng th  of m i c r o -  
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Fig. 5-Mieros t ruc tures  af ter  indicated superplast ic s t rain and subsequent tensile testing at room temperature.  Tensi le  axis is 
horizontal;  (a) 143 pct, 875~ (469~ Heat No. 2 (b) 143 pct, 875~ (469~ Heat No. 3; (c) 173 pct, 975~ (524~ Heat No. 2; 
(d) 156 pct, 975~ (524~ Heat No. 3; (e) 156 pct, 1075~ (580~ Heat No. 2; (.f) 92 pct, 1075~ (580~ Heat No. 3. 
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t h e  m a t e r i a l  a r e  e q u i v a l e n t  to  t h o s e  of t h e  s t a r t i n g  m a -  
t e r i a l  a s  s h o w n  in  T a b l e  III  a n d  F ig .  4. T h e s e  t e m p e r -  
a t u r e s  a r e  w e l l  w i t h i n  t h e  a- /3  p h a s e  f i e l d  and  t h e  m i -  
c r o d u p l e x  s t r u c t u r e  i s  r e t a i n e d  w i t h o u t / 3  p h a s e  d i s s o -  
l u t i o n  o r  e x c e s s i v e  g r o w t h  of t h e  a p h a s e  g r a i n s  a s  
s h o w n  in F i g s .  5(a)  to  (d).  On ly  a s m a l l  v o l u m e  f r a c -  
t i o n  of  v o i d s  i s  g e n e r a t e d  in  t h e  m i c r o s t r u c t u r e  b y  
t h e s e  s u p e r p l a s t i c  s t r a i n s .  L a r g e r  s t r a i n s  g e n e r a t e  
a l a r g e r  v o l u m e  f r a c t i o n  of v o i d s  w h i c h  d e c r e a s e  t h e  
r e s i d u a l  t e n s i l e  p r o p e r t i e s ,  p a r t i c u l a r l y  t e n s i l e  e l o n -  
g a t i o n  a s  s e e n  in  T a b l e  III. T h e  v o i d s  p r e s u m a b l y  a c t  
a s  s e v e r e  i n t e r n a l  s t r e s s  c o n c e n t r a t o r s  due  to t h e i r  
i r r e g u l a r  s h a p e .  T h e r e  a p p e a r s  to  b e  no  p a r t i c u l a r  
e f f e c t  of  t h e  s p e c i f i c  d e o x i d a n t s ,  Mg o r  Ti ,  on  r e s i d u a l  
t e n s i l e  p r o p e r t i e s  o r  t h e  s e v e r i t y  of  c a v i t a t i o n  in t he  
m i c r o s t r u c t u r e .  

A f t e r  e x t e n s i o n  a t  1075~  (580~ r e d u c t i o n s  in  t he  
r e s i d u a l  s t r e n g t h  of b o t h  a l l o y s  o c c u r  a f t e r  s t r a i n s  of 
20 to  30 p c t .  R e s i d u a l  m l c r o s t r u c t u r e s  of t h e s e  s a m -  
p l e s  a r e  s h o w n  in  F i g s .  5(e) a n d  ( f ) .  T h e  t e s t  t e m p e r a -  
t u r e ,  1075~  (580~ c o r r e s p o n d s  c l o s e l y  to  t h e  p h a s e  
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  a n d  s l i g h t  v a r i a t i o n s  in  
a l l o y  c o m p o s i t i o n  o r  t e s t  t e m p e r a t u r e  c o u l d  a f f e c t  t h e  
s t r u c t u r a l  s t a b i l i t y  of t h e  a l l o y  a t  t h i s  t e m p e r a t u r e .  
A t t e m p t s  to  s u p e r p l a s t i c a l l y  f o r m  c o m p l e x  s h a p e s  u s -  
ing  t h e  m i c r o d u p l e x  a l l o y  s h o u l d  a v o i d  t h e  c r i t i c a l  t e r n -  

perature range close to the phase transformation tem- 
perature. Even though forming stresses are somewhat 
higher in the lower forming temperature ranges, 
structural stability of the alloy and excellent residual 
tensile properties are achieved. 
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