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The max i mum at ta inable  duct i l i ty  in the superp las t i c  Zn-22 pet A1 eutectoid depends c r i t i ca l l y  on the 
imposed s t r a in  rate,  the tes t ing  t empe ra tu r e ,  and the ini t ia l  g ra in  size.  High duc t i l i t i es  a re  observed 
at in te rmedia te  s t r a in  ra tes ,  and there  is a dec rease  at  both higher and lower r a t e s  of s t ra in .  It is 
shown that it the max imum ducti l i ty occurs  at higher  s t r a i n  ra tes  as the t e m p e r a t u r e  is  i nc reased  
a n d / o r  the ini t ia l  g ra in  size is decreased ,  and ii) the max imum at ta inable  duct i l i ty  i n c r e a s e s  with 
i nc reas ing  t empe ra tu r e  a n d / o r  dec reas ing  in i t ia l  g ra in  s ize.  For  spec imens  tes ted at different  t e m -  
pe ra tu res ,  s i m i l a r  macroscopic  f r ac tu re  c h a r a c t e r i s t i c s  a re  observed  in spec imens  exhibi t ing a 
s i m i l a r  max imum flow s t r e s s .  The expe r imen ta l  t r ends  a re  qual i ta t ive ly  explained by re la t ing  max i -  
mum duct i l i ty  to the max imum s t r a in  ra te  sens i t iv i ty  and examining  the influence of cavi ta t ion  on the 
t ime  to rup ture .  

S UPERPLASTIC m a t e r i a l s  are  usual ly  tes ted under  
t ens i l e  condit ions,  and the flow s t r e s s ,  e, is then r e l a -  
ted to the imposed s t r a in  rate,  ~, by an e m p i r i c a l  
equation of the form 

o" = B~ m [1] 

where B is a constant  for any given tes t ing  condi t ions  
and rn is the s t r a in  ra te  sens i t iv i ty .  The value of m is 
equivalent  to the r ec ip roca l  of the s t r e s s  exponent,  n, 
in the s tandard  re la t ionsh ip  for s t eady-s ta te  c reep .  

A detai led inves t igat ion of the mechanica l  c h a r a c t e r -  
i s t i cs  of the superp las t ic  Zn-22 pct A1 eutectoid has 
produced a comprehens ive  set  of expe r imen ta l  r esu l t s ,  
of which the three  p r i m a r y  f indings may be br ie f ly  
s u m m a r i z e d  as  under :  

i) There  is a s igmoidal  re la t ionsh ip  between s t r e s s  
and s t r a in  rate,  such that the value of m is ~0.25 at 
ve ry  low s t r a i n  r a t e s  (L 10-s s- ' ,  Region I), i n c r e a s e s  
to ~0.45 at i n t e rmed ia t e  s t r a in  ra tes  (~10-~--10 -2 s x, 
Region II), and then d e c r e a s e s  again  at  high r a t e s  of 
s t r a in  (Z 10 -2 s -1, Region IH). 1 

ii) The act ivat ion energy for plast ic  flow is close to 
that of lat t ice diffusion in Region I, but d e c r e a s e s  to a 
value s i m i l a r  to that ant ic ipated for  g ra in  boundary  
diffusion in Region II, and then i n c r e a s e s  again in 
Region III. 2 

iii) For  spec imens  having an average  gra in  size of 
2.5 p m  tes ted at a t e m p e r a t u r e  of 473 K, the p e r c e n t -  
age elongat ion of each spec imen  at f r ac tu re  i n c r e a s e s  
f rom <500 pct in Region I, r eaches  a value >2000 pct in 
Region II, and then d e c r e a s e s  to <500 pct in Region III. 3 

These r e s u l t s  show c lea r ly  that the superp las t ic  
p rope r t i e s  of the Zn-22 pct A1 eutectoid a re  opt imized 
within a nar row range of s t r a in  ra te  where  the value 
of m is a max imum and the ac t iva t ion  energy is  r e l a -  
t ively low, and the superp las t ic  c h a r a c t e r i s t i c s  a r e  
lost  at both higher and lower r a t e s  of s t ra in .  The 
p re sen t  work was the re fo re  under taken  to invest igate  
in more  deta i l  the p r ec i s e  inf luence of t e m p e r a t u r e  

and g ra in  size on the total  duct i l i ty  in this  superp las t ic  
al loy.  

EXPERIMENTAL PROCEDURE 

Sheets of the Zn-22 pct A1 eutectoid alloy, 0.254 cm 
in th ickness ,  were  obtained in superp las t ic  fo rm f rom 
The New Je r sey  Zinc Company. This  ma te r i a l ,  known 
c o m m e r c i a l l y  as Super -Z  200, had an a s - r e c e i v e d  
g ra in  size of the o rder  of 1 pm.  Tens i l e  spec imens ,  
having a gage length of 0.635 cm, were  cut f rom the 
sheets ,  and the spec imens  were  then annealed for dif-  
f e ren t  t i m e s  at 533 K to give average equiaxed spat ia l  
g ra in  d i ame te r s ,  d (defined as  1.74 x the mean  l inea r  
intercept) ,  of 2.5 and 4.2 pm, respec t ive ly .  The a c c u r -  
acy of these, and subsequent ,  g ra in  s ize  m e a s u r e m e n t s  
was  • 10 pct. A typical  photomicrograph of a longi tud-  
inal  sect ion of the 2.5 pm m a t e r i a l  is shown in Fig. 1. 

The spec imens  were  tes ted on an Ins t ron  tes t ing  
machine  having a constant  ra te  of c r o s s - h e a d  d i sp lace -  
meat :  the s t r a i n  r a t e s  quoted here in  the re fo re  re fe r  to 
initial s t r a i n  ra tes ,  ca lcula ted f rom the ini t ia l  gage 
length of the spec imen.  The Ins t ron  machine  was 
equipped with a high speed (0.25 s) r e c o r d e r  pen to 
faci l i ta te  m e a s u r e m e n t s  at very  rapid s t r a i n  ra tes .  

A uni form t e mpe r a t u r e  was main ta ined  over the en -  
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Fig. 1--Microstructure of the Zn-22 pct A1 alloy prior to 
testing. Average grain size d = 2.5/~m. Magnification 1860 
times. 
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t i r e  spec imen  gage length, even at very  high e longa-  
t ions,  by i m m e r s i n g  the spec imens  in a s i l icone oil 
bath which was e l ec t r i ca l ly  heated and s t i r r ed  with 
bubbling argon.  The bath t e m p e r a t u r e  was  cont inuously  
moni tored  with c h r o m e l - a l u m e l  the rmocouples  and 
main ta ined  constant  to +1 K. 

All spec imens  were pulled to f r ac tu re  at a s ingle 
ra te  of c r o s s - h e a d  d i sp lacement .  After f r ac tu re ,  lon-  
gi tudinal  sec t ions  of the gage length of s eve ra l  of the 
spec imens  were p repared  meta l lographica l ly  for 
m e a s u r e m e n t s  of the f inal  g ra in  s ize.  

EXPERIMENTAL RESULTS 

Effect of T e m p e r a t u r e  

Fig. 2 shows the expe r imen ta l  r e su l t s  obtained at 
423 and 503 K with an in i t ia l  g ra in  size of 2.5 '~m, 
together  with the datum points  repor ted  e a r l i e r  by 
Ishikawa et  al  a for a t e m p e r a t u r e  of 473 K. 

The lower por t ion of Fig. 2 shows the max imum ob-  
se rved  flow s t r e s s  plotted as  a funct ion of the in i t ia l  
s t r a i n  ra te .  These  cu rves  exhibit  the cha rac t e r i s t i c  
s igmoidal  shape repor ted  e a r l i e r  for Zn-22 pct A1 
(Ref. 1) and Pb-62  pct Sn, 4 so that the cu rves  divide 
read i ly  into three  d is t inc t  reg ions  of behavior .  The 
s t r a i n  ra te  sensi t iv i ty ,  m, is  ~ 0.22 at  very  low va lues  
of the imposed s t r a i n  ra te  (Region I), i n c r ea se s  to 
~0.5 at in te rmedia te  s t r a i n  r a t e s  (Region II), and then 
d e c r e a s e s  again at high s t r a in  r a t e s  (Region III). 

The upper port ion of Fig. 2 shows the percentage  
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Fig. 2--Tensile fracture strain as a percentage vs initial 
strain rate for an initial grain size of 2.5 I* m and testing 
temperatures of 423, 473, and 503 K (upper); the correspond- 
ing plots of maximum flow stress vs initial strain rate 
(Lower). 
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elongation of each specimen at fracture, ~L/Lo pct, as 
a function of strain rate, where &L is the total in- 
crease in length at the point of failure and L 0 is the 
initial gage length of the specimen. 

Although there is some scatter in the individual 
datum points, these experimental curves reveal four 
s ignif icant  f ea tu res :  

i) Maximum duct i l i ty  occurs  over an in te rmedia te  
range  of s t r a i n  ra te ,  and there  is a d e c r e a s e  in the 
s t r a in  to fa i lu re  at both high and low values  of ~. 

ii) As the tes t ing  t e mpe r a t u r e  is increased ,  the peak 
in the curve  of ZxL/Lo v s  ~ occurs  at higher  s t r a in  
r a t e s .  

iii) The max imum at ta inable  duct i l i ty  in the s u p e r -  
p las t ic  region  i n c r e a s e s  with i nc reas ing  t e m p e r a t u r e .  

iv) Maximum duct i l i ty  occurs  at the highest  tes t ing  
t e m p e r a t u r e  at high s t r a in  ra tes ,  but at low s t r a in  
r a t e s  this  t r end  is r e ve r s e d .  

At the macroscop ic  level, a marked  dif ference in 
appea rance  was observed in the f r ac tu red  spec imens  
tes ted at d i f ferent  s t r a i n  ra tes .  This  may be app rec i a -  
ted by a compar i son  of the va r ious  spec imens  af ter  
f r ac tu re ,  as  shown in Figs,  3 and 4 for  tes t ing  t e m -  
p e r a t u r e s  of 423 and 503 K, respec t ive ly .  In Figs.  3 
and 4, Specimen A is untested, and Specimens B to J 
were  pulled to fa i lu re  under  dec rea s ing  r a t e s  of s t r a in .  

At the lowest  t e m p e r a t u r e  and highest  s t r a in  ra te ,  
f a i lu re  occur red  in a q u a s i - b r i t t l e  m a n n e r  with l i t t le  
or no necking and an overa l l  duct i l i ty  of N70 pct 
(Specimen B in Fig. 3). As the in i t ia l  s t r a in  ra te  was 
dec reased  at this t empera tu re ,  the spec imens  began to 
exhibit  l a rge r  s t r a i n s  and ul t imately,  in the supe rp l a s -  
tic range,  pulled out to a fine point (Specimens F, G, 
and H in Fig. 3). At even lower s t r a in  ra tes ,  the duc-  
t i l i ty  was l imi ted  by the fo rmat ion  of necks within the 
gage length: two necks are  c l ea r ly  v is ib le  in the 
spec imen  tested at the lowest s t r a i n  ra te  (Specimen J 
in Fig. 3). 

A s i m i l a r  sequence of f r a c t u r e  c h a r a c t e r i s t i c s  was 
observed  at  503 K, but in this  case  even the fas tes t  
s t r a i n  r a t e  yielded a total  s t r a in  at f a i lu re  of ~430 pct 
(Specimen B in Fig. 4). A compar i son  of Figs.  3 and 4 
r e ve a l s  the s i m i l a r  appearance  of Specimen D tested 
at  1.33 • 10-* s -1 at 423 K and Specimen B tes ted  at 
1.33 s -* at 503 K: as  indicated in the plot of ~ v e r s u s  
in Fig. 2, both of these spec imens  gave s i m i l a r  va lues  
for the max imum flow s t r e s s .  The f r ac tu re  behavior  at 
the lower s t r a in  r a t e s  was a lso  s i m i l a r  for these two 
t e m p e r a t u r e s  (compare Specimens I and J in Figs .  3 
and 4), although, as a l r eady  noted, the lowest tes t ing  
t e m p e r a t u r e  led to a sma l l  but s ignif icant  i n c r e a s e  in 
the total  duct i l i ty  at fa i lu re .  

To check the magnitude of g ra in  growth dur ing  the 
l o n g - t e r m  tes t s  at low ra t e s  of s t ra in ,  the spec imens  
tes ted at the highest  t e m p e r a t u r e  (503 K) were  sec -  
t ioned near  to the point of f r ac tu re  and m e a s u r e m e n t s  
were  taken to de t e rmine  the f inal  g ra in  size,  d ' .  In 
prac t ice ,  g ra in  growth at an elevated t e m p e r a t u r e  may 
occur  by na tura l  coarsening ,  which is  t ime dependent,  
and by de fo rmat ion- induced  coa r sen ing  which is  de-  
pendent on plast ic  flow, and the ra te  of flow, in the m a -  
t e r i a l .  In o rde r  to d i f ferent ia te  between these two pos-  
s ib i l i t ies ,  an addi t ional  spec imen  having an in i t ia l  
g ra in  size of 2.5 ~m was held at a t e m p e r a t u r e  of 
503 K without s t r e s s  for  a per iod  of 85 h, c o r r e s p o n d -  
ing to the t ime  to f r ac tu r e  for  the spec imen  tested at 
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Fig. 3--Tensi le  specimens  having an initial grain s ize of 
2.5 #m. Specimen A is untested. The other spec imens  were 
tested to failure at 423 K at initial s t ra in  ra tes  of 1.33 s -1 (]3), 
3.33 • 10 -t s -1 (C), 1.33 x 10 -1 s -t (D), 6.67 • 10 -2 s -1 (E), 1.33 
x 10 -2 s -! (F), 3.33 x 10 -3 s -1 (G), 1.33 x 10 -3 s -1 (H), 1.33 
• 10 -4 s -1 (I), and 1.33 x 10 -5 s -1 (J). 
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Fig. 4--Tensile specimens having an initial grain size of 
2.5 #m. Specimen A is untested. The other specimens were 
tested to failure at 503 K at initial strain rates of 1.33 s -I (B), 
3.33 • i0 -Is -I(C), 1.33 • I0 -Is -I(D), 6.67 • 10 .2 s -I(E), 1,33 
x I0 -2 S -I (F),  3.33 x i0 -3 s -I (G), 1.33 x 10 -3 s -I (H), 1,33 
x 10 -4 s -I (1), and 1.33 • 10 -5 s -I (J). 

the lowest s t r a i n  r a t e  at this temperature (1.33 x 10 -~ 
s -~, Specimen J in Fig. 4), and the final grain size was 
measured as 3.2 urn. 

The results of the grain growth measurements are 
plotted in Fig. 5 as the normalized change in grain 
size, Ad/d, vs ~, where Ad = d --d. The lower point at 

= 1.33 x 10 -5 s -z shows the rather negligible change 
in grain size due only to natural coarsening in the ab- 
sence of a stress: the broken curve shows the total 
change in grain size, due both to natural coarsening and 
to deformation-induced coarsening. 
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Fig. 5--Normalized change in grain size vs initial strain rate 
for specimens having an initial grain size of 2.5 ~rn tested at 
503 K. The effect of natural coarsening in the absence of a 
stress is indicated by the lower point at 1.33 • 10 -5 s -~. 

T h e s e  r e s u l t s  c o n f i r m  tha t  g r a i n  g r o w t h  i s  of m i n o r  
i m p o r t a n c e  in t h i s  m a t e r i a l  in R e g i o n s  II and  III 
( c o r r e s p o n d i n g  to  ~ Z 2 x 10 -a s-~), s i n c e  the  m a x i m u m  
i n c r e a s e  in g r a i n  s i z e  in t h e s e  r e g i o n s  w a s  by a f a c t o r  
of ~ 1.4 f o r  the  s p e c i m e n  t e s t e d  at  an i n i t i a l  s t r a i n  r a t e  
of 3.33 x 10 -a s - t  n e a r  the l o w e r  end  of R e g i o n  II. G r a i n  
g r o w t h  i s  m o r e  i m p o r t a n t  in R e g i o n  I, bu t  t he  t o t a l  i n -  
c r e a s e  in  g r a i n  s i z e  w a s  n e v e r  l a r g e r  t h a n  a f a c t o r  of 
two ,  e v e n  f o r  t he  s m a l t e s t  g r a i n  s i z e  t e s t e d  a t  t he  
h i g h e s t  t e m p e r a t u r e  f o r  t he  l o n g e s t  p e r i o d  of t i m e  
(d = 2.5 ~m,  d '  = 5.0 ~ m  a f t e r  85 h, f o r  ~ = 1.33 

x 10 -5 s -z a t  T = 503 K). By c o n t r a s t ,  s o m e  o t h e r  m a -  
t e r i a l s  u s e d  in i n v e s t i g a t i o n s  of s u p e r p l a s t i c i t y  have  
e x h i b i t e d  v e r y  e x t e n s i v e  g r a i n  g r o w t h  d u r i n g  the  t e s t -  
ing  p r o c e d u r e .  F o r  e x a m p l e ,  in e x p e r i m e n t s  on the  
A1-33 p c t  Cu e u t e c t i c  a l loy ,  Ra i  and G r a n t  s o b s e r v e d  
i n c r e a s e s  in g r a i n  s i z e  of up to,  and  in e x c e s s  of, one  
o r d e r  of m a g n i t u d e .  T h e  s i g n i f i c a n c e  of c o n c u r r e n t  
grain growth is discussed in more detail later. 

Effect of Initial Grain Size 

The influence of initial grain size on the ductility 
curves is shown in the upper portion of Fig. 6 for 
specimens having grain sizes of 2.5 and 4.2 /ira tested 
at a temperature of 473 K: the corresponding plots of 
maximum flow stress vs initial strain rate axe shown 
in the lower portion of Fig. 6. 

Although there is again some scatter in the ductility 
results, three trends are visible: 

i) As the initial grain size is increased, the peak in 
the curve of AL/Lo vs ~ occurs at lower strain rates. 

if) The maximum attainable ductility in the super- 
plastic region increases as the grain size is decreased. 

iii} Maximum ductility occurs with the smallest ini- 
tial grain size at high strain rates, but at low strain 
rates this trend is reversed. 

To check the magnitude of grain growth when the 
initial grain size is 4.2 pro, a specimen was sectioned 
after fracture at the lowest strain rate and the final 
grain size was measured as 5.8 #m. A similar speci- 
men held at 473 K for 85 h in the absence of a stress 
yielded a final grain size of 4.6 /zm. The maximum 
grain growth in these specimens was therefore less 
than a factor of 1.4 at this testing temperature. 
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strain rate for a testing temperature of 473 K and initial 
grain sizes of 2.5 and 4.2 #m (upper); the corresponding plots 
of maximum flow stress us initial strain rate (lower). 

DISCUSSION 

Effect  of T e m p e r a t u r e  and Grain Size 

The duct i l i ty  c u r v e s  shown in the upper  por t ions  of 
F igs .  2 and 6 r e v e a l  s e v e r a l  f e a tu r e s  which were  s u m -  
m a r i z e d  e a r l i e r .  In o rde r  to i n t e rp re t  t hese  e x p e r i -  
menta l  r e su l t s ,  it is n e c e s s a r y  to cons ide r  two f a c t o r s  
which  affect  s p e c i m e n  duct i l i ty .  

Influence of Strain Rate Sensi t iv i ty  on Necking. The 
to ta l  duct i l i ty  obse rved  in a t ens i l e  tes t  is  g rea t ly  in-  
f luenced by the s t r a in  ra te  sens i t iv i ty ,  s ince  a high 
value  of m leads to a s i tuat ion in which the necks a r e  
diffuse and do not propagate .  Under these  condit ions,  
the a r e a s  of reduced  c r o s s - s e c t i o n  de fo rm at s i m i l a r  
r a t e s  to the r e m a i n d e r  of the spec imen,  and the behav-  
ior  is supe rp las t i c .  The r e q u i r e m e n t  of a high value 
of rn may be demons t r a t ed  by corabining Eq. [1] with 
the def in i t ions  of s t r e s s  

, ,  = P / A  [2] 

where  P is  the t ens i l e  fo rce  and A is  the c r o s s - s e c -  
t iona l  ar.,ea, and the s t r a in  ra te  at constant  vo lume 

: -- (1 /A)dA/d t  [3] 

whe re  t is the t ime,  to give 

d A ,  (P ) l / "  (h (1._l.,,,,)i,,, ) 
dt [4] 

Eq. [4] shows that dA/dt approaches  a c o m m o n  leve l  
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as  m ~ 1, and for  Newtonian v i s cous  flow when m = 1 
the value of dA/dt is independent of A.  It is  ant ic ipated 
t h e r e f o r e  that AL/Lo wil l  i n c r e a s e  with i nc rea s ing  m,  
and r e a c h  a m a x i m u m  in Region II.* F u r t h e r m o r e ,  it 

*The same general trend also follows from a detailed numerical analysis of 
plastic instabilities due to the growth of necks. 6 

s e e m s  l ikely  that the m a x i m u m  wi l l  occur  near  the 
c e n t e r  of Region II, where  the inf luence of Regions  I 
and III is a min imum.  

In p rac t i ce ,  an examina t ion  of F igs .  2 and 6 shows 
that  the peaks in the duct i l i ty  c u r v e s  tend to co inc ide  
with points  which a r e  within Region II but s l ight ly  
c l o s e r  to the points of t r ans i t ion  to Region I. Th is  
ef fec t  probably a r i s e s  because  a neck, once developed,  
wi l l  de fo rm at a s t r a in  r a t e  which is e f fec t ive ly  h igher  
than the r e m a i n d e r  of the gage length.  Thus,  for  the 
s p e c i m e n s  exhibi t ing m a x i m u m  duct i l i ty  in these  ex -  
pe r imen t s ,  any sl ight  neck wi l l  de fo rm at a point near  
the c e n t e r  of Region II.* 

*As demonstrated in Fig. 6, the peak in the curve of AL/Lo vs d is transposed 
to lower strain rates for larger initial grain sizes. This suggests the alternative possi- 
bility that the occurrence of grain growth tends to shift the peak to lower strain 
rates. In practice, the data in Fig. 5 indicate that grain growth was minimal (a 
factor of ~1.3) in these experiments in the vicinity of the peak ductility, so that 
this effect is necessarily of minor importance in the present work. 

The ef fec t  of r e l a t ing  AL/Lo to m is  i l l u s t r a t ed  
s c h e m a t i c a l l y  in Fig. 7, where  the solid cu rve  shows 
the ant ic ipa ted  behav io r  at 473 K and the upper b roken  
cu rve  shows the t rend  p red ic ted  at 423 K based  so le ly  
on the value  of the s t r a in  r a t e  sens i t iv i ty .  As ind ica-  
ted, the peak in the duct i l i ty  cu rve  occu r s  at  a lower  
value  of imposed s t r a in  ra te  with a d e c r e a s e  in t e m -  
p e r a t u r e .  The influence of s t r a in  ra te  sens i t iv i ty  is 
t h e r e f o r e  capable  of explaining the r e l a t i ve  positions 
of the peaks  in Fig.  2, but it is  unable to expla in  t he i r  
r e l a t i v e  magnitudes. 

Influence of Cavi ta t ion on T i m e  to Rupture.  To ob-  
ta in  an indicat ion of the magni tudes  of duct i l i ty ,  it is 
n e c e s s a r y  to cons ide r  the mode of f r a c t u r e .  A r e c e n t  
m e t a l l o g r a p h i c  examina t ion  of f r a c t u r e d  s p e c i m e n s  of 
the Zn-22 pct A1 eutectotd  r e v e a l e d  the p r e s e n c e  of 
e x t e n s i v e  cavi ta t ion  a f te r  de fo rmat ion  in the ]ow s t r e s s  
Region I, and significant ,  although substant ia l ly  less ,  

I I ~ ! I I 
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PREDICTED AT 423 K // ' f  " ~  \~ 
TIME TO RUPTURE / J  \ \ \  
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In ~ {orbi l rory units) 

Fig .  7 - -The  so l id  c u r v e  and the uppe r  b r o k e n  c u r v e  show the 

an t i c ipa ted  b e h a v i o r  at 473 and 423 K ,  r e s p e c t i v e l y ,  based 

solely on the value of the strain rate sensitivity, m. The 
lower broken curve schematically indicates the anticipated 
behavior at 423 K when the analysis includes the influence of 
cavitation on the time to rupture. 
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cavi ta t ion  af ter  de format ion  to ~ 2600 pct in the s u p e r -  
p las t ic  Region II.V 

Unfortunately,  the p rec i se  ro le  of these  cav i t i e s  is  
not known at the p r e sen t  t ime,  and it is  the re fore  not 
poss ib le  to quant i ta t ively  de te rmine  the i r  influence on 
the total  duct i l i ty .  However, in a qual i ta t ive  sense  the 
e x p e r i m e n t a l  r e s u l t s  a re  cons i s ten t  with the observed 
cavi ta t ion,  s ince more  t ime  is avai lable  at the lower 
s t r a i n  r a t e s  for  the cav i t ies  to grow and link, thereby  
d e c r e a s i n g  the ant ic ipated t ime  to rup ture .  

Two addit ional  fac tors  a re  a lso cons i s t en t  with the 
e x p e r i m e n t a l  t r ends .  F i r s t ,  cav i t ies  are  l e s s  l ikely to 
fo rm as the t e m p e r a t u r e  is inc reased ,  because  s t r e s s  
concen t r a t i ons  may be re l ieved more  eas i ly  through 
loca l ized  diffusion.  This  is cons i s t en t  with the data 
shown in Fig.  2. Second, it has been  demons t r a t ed  that 
f r ac tu r e  occur s  by a combina t ion  of ex te rna l  necking 
and an i n t e r g r a n u l a r  void sheet p rocess  at low s t r a i n  
r a t e s  in Region I. ~ For  the l a t t e r  p rocess ,  duct i l i ty  is  
cont ro l led  by the total  volume f rac t ion  of voids, 8 and 
this  gives  r i s e  to a dec rease  in duct i l i ty  with d e c r e a s -  
ing g ra in  s ize  because  of the l a r g e r  to ta l  g r a in  bound-  
a ry  a rea .  This  is cons i s ten t  with the data shown in 
Fig. 6. 

Although it is the re fore  not poss ib le  to ca lcula te  
p r ec i s e  va lues  for AL/Lo as a function of t empe ra tu r e ,  
the foregoing a rgumen t  suggests  that, when the t ime  to 
rup tu re  is a lso  cons idered ,  there  wil l  be a dec rease  in 
the ant ic ipated duct i l i ty  at the lower t e m p e r a t u r e .  Th i s  
effect is  indicated schemat ica l ly  by the lower b roken  
curve  for 423 K in Fig. 7. 

COMPARISON WITH OTHER INVESTIGATIONS 

Despite the cons ide rab le  c u r r e n t  i n t e re s t  in s u p e r -  
plast ic i ty ,  and the large number  of expe r imen t s  con-  
ducted on superp las t i c  ma te r i a l s ,  very  few t e s t s  have 
been pe r fo rmed  to specif ical ly  invest igate  the fac to rs  
inf luencing the total  duct i l i ty .  F u r t h e r m o r e ,  the r e s u l t s  
at p resen t  ava i lab le  tend to be confl ict ing.  

Tapl in  and c o - w o r k e r s  9-~2 used va r ious  Cu a l loys  to 
show that max imum ducti l i ty  occur red  at an i n t e r m e d -  
iate s t r a in  rate ,  of the order  of 10 -3 s -~, and there  was  
a drop in duct i l i ty  at both higher and lower va lues  of ~. 
This  t rend is therefore  s i m i l a r  to the p resen t  r e su l t s ,  
although the Cu a l loys  were  not highly superp las t i c  and 
the total  f r ac tu r e  s t r a i n s  observed in these m a t e r i a l s  
under  opt imum condi t ions  were <800 pct. It is i n t e r e s t -  
ing to note that one of the se ts  of data showing th is  
t r end  was  obtained under  condi t ions  of constant  t rue  
s t r a i n  ra te  r a the r  than constant  c r o s s - h e a d  d i sp lace -  
ment .  ~2 

Sagat and Tap l in  ~3 pe r fo rmed  expe r imen t s  on the 
Pb-Cd eutect ic  having two different  g ra in  s izes .  They 

r e p o r t e d  a l a r g e r  rup tu re  s t r a in  in spec imens  of the 
s m a l l e r  g ra in  size, which is again cons i s t en t  with the 
p r e s e n t  r e s u l t s  in Regions II and HI (see Fig. 6). 

By cont ras t ,  Rai and Grant  s invest igated the f r ac tu re  
c h a r a c t e r i s t i c s  of the A1-33 pct Cu eutect ic  alloy, and 
r epo r t ed  that the total  s t r a in  at f rac tu re  continued to 
i n c r e a s e  with dec reas ing  s t r a in  rate ,  down to s t r a in  
r a t e s  of at leas t  10 -~ s -~. At f i r s t  sight, these  r e s u l t s  
appear  incompat ible  with the p resen t  data, but c lo se r  
inspec t ion  r e v e a l s  s ignif icant  s i m i l a r i t i e s :  

i) Rai and Grant  s obtained a cons tant  value of m,  
equa l  to ~ 0.5, over  the lowest  two o r d e r s  of magnitude 
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of s t r a i n  ra te  used in the i r  work, and, with the excep-  
t ion  of data de sc r i be d  in the next section,  the re  was no 
evidence  for  the ex is tence  of Region I. The occur rence  
of the highest  duct i l i ty  at the lowest s t r a i n  ra te  is  
t he r e f o r e  addi t ional  conf i rma t ion  that AL/Lo r eaches  
a m a x i m u m  in the reg ion  of highest  m.  

ii) Rai and Grant  5 observed ma ss i ve  g ra in  growth in 
the i r  exper iments ,  with i nc r e a se s  in g ra in  size up to 
and exceeding an order  of magnitude.  For  example,  
the spec imen  showing max imum elongat ion (~ 1150 pct) 
at the highest  t e m p e r a t u r e  and lowest s t r a in  ra te  ex-  
hibi ted an inc rease  in g ra in  size f rom 1.5 to 20 ~m.  
As demons t r a t ed  in Fig.  6, even a sma l l  i nc rease  irt 
the in i t ia l  g ra in  size leads to a shift in the peak in the 
duct i l i ty  curve  to a lower s t r a in  ra te .  It is the re fore  
poss ib le  that  the very  large  changes  in g r a i n  s ize  r e -  
por ted for the AI-33 pct Cu eutect ic ,  both at i n t e r m e d -  
iate and very low s t r a in  ra tes ,  were  suff icient  to move 
the peak to the lowest avai lable  s t r a in  ra te .  By con-  
t r as t ,  only modera te  g ra in  growth was observed  in the 
p r e se n t  expe r imen t s  (_<2 t imes) ,  even at the s lowest  
r a t e s  of s t ra in .  

iii) Rai and Grant  5 repor ted  that, for  a cons tan t  
s t r a i n  rate ,  the observed duct i l i ty  inc reased  with in-  
c r e a s i n g  t e m p e r a t u r e .  Although th is  is genera l ly  t rue ,  
and is  in a g r e e me n t  with many of the r e s u l t s  obtained 
on Zn-22 pct A1, Fig. 2 shows that a r e v e r s a l  may oc-  
c u r  at the low s t r a i n  r a t e s  due to the onset  of Region I. 

THE E F F E C T  OF CONCURRENT GRAIN 
GROWTH 

As a l ready noted, the occu r r ence  of g ra in  growth 
du r ing  the t e s t s  tends  to shift the peak duct i l i ty  to 
lower  s t r a i n  ra tes .  In addition, Rai and Grant  s repor ted  
the appearance  of a Region I in some of the i r  expe r i -  
ments ,  but demons t r a t ed  that the t r end  was false and 
a r o se  because  of subs tan t ia l  g ra in  growth at the very  
lowest  s t r a in  ra te .  Although much l e s s  g r a i n  growth 
was  observed in the p resen t  e xpe r i me n t s  (see Fig.  5), 
it is impor tan t  to check whether  the sma l l  i nc r ea se  in 
g r a i n  size observed in this  work is  capable  of accoun t -  
ing for  the p resence  of a wel l -def ined  Region I. 

For  the lowest s t r a in  ra te  at 503 K, the max imum 
flow s t r e s s  was  a t ta ined af ter  a tes t ing  t ime  of ~ 15 h. 
Refe rence  to the gra in  growth data in Fig. 5 sugges ts  
that the gra in  size at this  t ime  was probably  ~3 .0  ~m.  
E x p e r i m e n t s  have shown that the s t r a i n  ra te  in Region 
II v a r i e s  inve r se ly  with the g ra in  size r a i s e d  to a 
power of ~2.3. ~ Since the s t r e s s  exponent in th is  r e g -  
ion is  ~2.2, the effect of an i nc r ea se  in gra in  s ize  
f rom 2.5 to 3.0 t~m is to in t roduce an apparent  i n c r e a s e  
in the s t r e s s  level  by the re la t ive ly  minor  factor  of 
~1.2.  By cont ras t ,  the exper imen ta l  s t r e s s  at this  point  
devia tes  f rom a l i nea r  ext rapola t ion of Region II by a 
factor  of ~4 (see Fig .  2). It is  the re fore  concluded that 
the occu r rence  of g ra in  growth is not able to account 
for the p r e s e n c e  of Region I in this  ma t e r i a l .  

Final ly ,  it should be noted that Nicholson ~4 has a l so  
r e p o r t e d  na tu ra l  and de fo rmat ion- induced  g ra in  c o a r s -  
en ing  in the Zn-22 pct A1 eutectoid, although his  t abu-  
lated r e s u l t s  show the l a rges t  g r a i n  size occu r r ing  in  
the spec imen  tes ted at the fastest s t r a i n  ra te  for the 
shortest per iod  of t ime .  This  c o n t r a s t s  with both the 
p r e s e n t  r e s u l t s  on the same m a t e r i a l  and the o b s e r v a -  
t ions  by Rai and Grant  s on the A1-33 pct Cu eutect ic  
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alloy, where maximum grain  growth was obtained at 
the slowest tes t ing s t ra in  ra te  af ter  the longest period 
of t ime.  It is suggested that the r e su l t s  of Nicholson 14 
a r e  probably not general ly  represen ta t ive  of super -  
plas t ic  mate r ia l s ,  and may a r i s e  from using specimens  
of very smal l  grain size which were  not annealed above 
the test ing tempera ture  p r io r  to the exper iments .  This 
poss ib i l i ty  is par t ia l ly  confirmed by noting that the 
gra in  s izes  repor ted  by Nieholson 14 were a l l  < 1 /~m. 

SUMMARY AND CONCLUSIONS 

1) The maximum attainable ductility in the super- 
plastic Zn-22 pct A1 eutectoid depends critically on the 
imposed strain rate, the testing temperature, and the 
initial grain size. 

2) The ductility reaches a maximum at intermediate 
strain rates, in the superplastic Region If, but de- 
creases at both higher and lower strain rates. Maxi- 
mum ductility is observed at higher strain rates as the 
temperature is increased and/or the grain size is de- 
creased. 

3) The maximum attainable ductility increases with 
increasing temperature and/or decreasing grain size. 

4) At high strain rates, maximum ductility occurs at 
the highest testing temperature and with the smallest 
initial grain size: at low strain rates, these trends are 
r eve r sed .  

5) For  specimens tes ted  at  different  t empera tu res ,  
s i m i l a r  macroscopic  f rac tu re  cha r ac t e r i s t i c s  a re  ob- 

se rved  in specimens  which exhibit a s imi l a r  maximum 
flow s t r e s s .  

6) The exper imenta l  t rends  may be explained, at 
l eas t  quali tatively,  by re la t ing maximum ducti l i ty to 
the maximum s t ra in  rate  sensi t ivi ty  and examining the 
influence of cavitat ion on the t ime to rupture.  
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