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The deformation behavior of a superplastic Ti-6A1-4V alloy at 927°C has been character-
ized by means of constant strain-rate tensile tests up to large plastic strain. Significant
hardening has been recorded in the course of deformation. Microstructural studies on de-
formed samples indicate the occurrence of simultaneous strain-rate induced gra in growth,
which explains nearly all of the hardening. A~s m a l l amount of hardening may also be ex:
pected from gra in elongation or g ra in clustering effects. As a result of concurrent g ra in
growth, the strain-rate sensitivity is found t o d e c r e a s e with strain, thus indicating that
stress-strain rate behavior determined initially may not be applicable a f t e r large amounts
of plastic strain. The stress/strain-rate data obtained from step strain-rate test for a
variety of g ra in sizes, together with the gra in growth kinetics plots, provide a m e a n s for
developing a constitutive description for this m a t e r i a l at large strains.

T HE superplastic properties of Ti- 6A1-4V alloy
above 900°C have now been demonstrated and f a b r i -
cation of components using this technique is under-
way.~ In the mill processed condition, the alloy typi-
cally has a fine gra in size, ~5 to 7 pm, and at tem-
peratures below the beta transus ( i . e . , about 999°C),
it contains a mixture of two phases: the more deform-
able/3 and the less deformable or. Presumably it is
the presence of two phases that r e t a r d s the gra in
growth in this alloy and permits a fair degree of
superplasticity; for example, a maximum strain-rate
sensitivity, m = ( d l n a / d l n ~), of about 0.85 at 927°C
has been reported.2'3 Large tensile elongations have
also been observed, however, they are somewhat
lower than what would be expected on the b a s i s of
t h e i r m values. Analytical prediction of elongation
from m values have been found satisfactory for a
n u m b e r of materials, 4 and, therefore, the s m a l l e r ob-
s e r v e d elongations r a i s e questions r e g a r d i n g the ac-
curacy of plastic flow properties (a-~ data) of this
m a t e r i a l determined within the f i r s t few percent of
deformation.

The primary intent of this work was to establish a
fairly accurate characterization of the flow properties
of this industrially important alloy for large plastic
strain levels at 927°C. The interest s t e m s obviously
from the standpoint of application of such information
in superplastic f o r m i n g of components where large
plastic strains are often encountered.

Seve ra l investigators have discussed the problems
of measuring the a-d behavior of a rate-sensitive ma-
t e r i a l .5'6 In step strain-rate tests in which ~ is sud-
denly incremented or decremented, the problem lies
with the interpretation of the transient behavior.
Load relaxation which appears to produce consistent
results in a number of materials is also question-
able since concurrent recovery at high temperatures
can obscure the results. Additionally, relationship of
this kind of measurement with forming characteristics
(in which strain-rate in a deforming element continu-
ously increases) has not been established yet.

Generally, superplastic materials a r e r ega rded as
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purely rate-sensitive, i . e . , no s t r a i n hardening o c c u r -
ring during deformation, for which stress is a unique
function of plastic strain r a t e . F i g u r e 1 shows the ex-
pected load-time behavior for such a m a t e r i a l sub-
jected t o a constant total (elastic and plastic) strain-
r a t e , ~t. The plastic response is assumed to be g iven
by a = K ~n , w h e r e ¢r = s t r e s s , ~p = plastic strain-
r a t e , K = constant, m = strain-rate sensitivity index,
and the e l a s t i c response given by cr = E ~ e , where ~e
= elastic s t r a i n and E = e l a s t i c modulus. The values
of the various parameters indicated on Fig. 1 are
chosen such that they roughly represent Ti-6A1-4V at
927°C.

It is seen from Fig. 1 that considerable time passes
before load maximum at a low applied strain-rate
(10-4 s-l). During this time, as shown in the upper
graphs, elastic strain-rate drops from an initial value
of 10-a s-1 while plastic strain-rate begins to rise from
z e r o . While dp approaches ~t only asymptotically, it is
reasonable to a s s u m e ~p = ~t at load maximum, which
is often utilized in the computation of m values. It is
c l e a r , however, that ~p is significantly lower than ~t
d u r i n g the r i s i n g part of the load curve on each point
of which ¢r = K ~n is satisfied. It may, therefore, be
difficult t o i n f e r such a material's plastic response
from this portion of the c u r v e without knowing the in-
stantaneous plastic strain-rate. It appears that this
is not commonly recognized, and in fact, the absence
of sigmoidal shape in log or-log ~ plots in Ref. 7 may
be a r e s u l t of selecting data from the r i s i n g part of
the load curve.

F i g u r e 1 also shows the expected toad-time results
for a higher applied strain-rate (10-~ s-l). Shorter
time t o load maximum followed by a faster load drop
a r e shown in this case, which is observed experi-
mentally in t h e s e materials. In spi te of a shorter
time t o load maximum, the strain t o maximum load
is g r e a t e r at h ighe r strain-rates, a fact often ig-
nored d u r i n g testing. The important point , however,
is that s t r e s s and strain-rate at maximum load should
reflect a n e a r l y steady-state. The locus of these
s t r e s s and strain-rate values from different constant
~t tests should then provide the flow properties for a
superpiastic material. Normally tests a r e conducted
at constant crosshead speeds instead of constant
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Fig. 1-Calculated engineering stress vs t ime plot for an elastic-visco-
plastic material for two applied total strain rates. The constitutive equa-
tions are chosen to approximately represent Ti-6A1-4V at 927°C. The
accompanyingstrain-rate vs t ime plot for et = 10-4/s shows initial elas-
tic straining followed by gradual build-up of plastic strain.

s t r a i n - r a t e s , a n d s e v e r a l s u c h s p e e d s a r e i n c l u d e d in
a s i n g l e t e s t by i n c r e m e n t i n g t h e s p e e d (by 2 / 2 . 5
t i m e s ) e v e r y t i m e t h e l o a d g o e s t h r o u g h a m a x i m u m .
S p e c i m e n e x t e n s i o n i s a s s u m e d to be u n i f o r m w h i c h
a l l o w s the use of c r o s s h e a d d i s p l a c e m e n t in t h e c a l -
c u l a t i n g of c u r r e n t s t r a i n - r a t e a n d c u r r e n t f l o w s t r e s s
a t e a c h l o a d m a x i m u m .

F i g u r e 2 i s a s c h e m a t i c l o a d v s t i m e p l o t d u r i n g a
s t e p s t r a i n - r a t e t e s t of T i - 6 A 1 - 4 V a t 9 2 7 ° C . T h e i n -
t e r e s t i n g f e a t u r e s a r e t h a t a t t h e l o w c r o s s h e a d
s p e e d s the l o a d d o e s n o t r e a c h a m a x i m u m but con-
t i n u e s to s h o w a g r ~ t d u a l r i s e , a t s o m e i n t e r m e d i a t e
s p e e d l o a d r e a c h e s c o n s t a n t p l a t e a u , a n d a t h i g h e r
s p e e d s i t g o e s t h r o u g h a m a x i m u m a n d b e g i n s to s h o w
a s h a r p d r o p . T h e l o a d r i s e a t the l o w s t r a i n - r a t e s ,
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Fig. 2-Schematic plot of load vs t ime in tensile pulling of a superplastic
material ( e . g . , Ti-6A1-4V at 927°C) at progressively increasingcross-
head velocities (step strain-rate test).

in s p i t e o f a s l o w d o w n in a p p l i e d s t r a i n - r a t e , i n d i c a t e s
h a r d e n i n g of t h e m a t e r i a l w i t h i m p o s e d s t r a i n . A p a r t
o f t h i s h a r d e n i n g i s due t o a r i s e in p l a s t i c s t r a i n -
r a t e a s s h o w n in F i g . 1 , w h i c h o c c u r s v e r y g r a d u a l l y
w h e n c r o s s h e a d s p e e d i s low. H o w e v e r , t h e e x t e n t of
h a r d e n i n g o b s e r v e d h e r e i s c o n s i d e r a b l e a n d d o e s not
s a t u r a t e e v e n a f t e r s i g n i f i c a n t p l a s t i c s t r a i n , w h i c h
s u g g e s t s o t h e r p o s s i b l e s o u r c e s of h a r d e n i n g . T h i s
k i n d of h a r d e n i n g h a s b e e n o b s e r v e d p r e v i o u s l y in
o t h e r s u p e r p l a s t i c m a t e r i a l s , s u c h a s A 1 - C u eu-
t e c t i c 8'9 a n d i s g e n e r a l l y a t t r i b u t a b l e t o g r a i n g r o w t h
o c c u r r i n g d u r i n g d e f o r m a t i o n . T h i s i s b e c a u s e a l a r g e
c o n t r i b u t i o n to d e f o r m a t i o n in t h e s e m a t e r i a l s a r i s e s
f r o m t h e i r g r a i n b o u n d a r y r e g i o n s , a r e d u c t i o n o f
w h i c h n a t u r a l l y l e a d s t o a n i n c r e a s e d r e s i s t a n c e to
f l o w . T h i s p o s s i b i l i t y of c o n c u r r e n t g r a i n g r o w t h d u r -
i n g s u p e r p l a s t i c d e f o r m a t i o n w h i c h a l so s u g g e s t s a
c o n t i n u e d c h a n g e in t h e a - ~ b e h a v i o r p r o m p t e d a c l o s e r
l o o k a t t h i s e f f e c t , p a r t i c u l a r l y s i n c e the p r e s e n t i n -
t e r e s t l i e s in the b e h a v i o r a t l a r g e p l a s t i c s t r a i n s . Su f -
f i c e i t to add t h a t p r e v i o u s w o r k '-9 did not a t t e m p t t h i s
in a n y s y s t e m a t i c m a n n e r . T h e f o l l o w i n g e x p e r i m e n t a l
p r o g r a m is t h e r e f o r e d e v e l o p e d to m e e t t h i s n e e d .

I n t h e c o u r s e o f t h i s p a p e r i t wi l l be f o u n d t h a t t h e
m o s t s i g n i f i c a n t i m p r o v e m e n t o v e r p a s t w o r k 7 i s t h e
use of a c o n s t a n t t r u e s t r a i n - r a t e t e s t w h i c h a v o i d s
t h e e x c e s s i v e s t r a i n - r a t e d r o p d u r i n g l a r g e s u p e r -
p l a s t i c e x t e n s i o n s . M i c r o s t r u c t u r a l o b s e r v a t i o n s
h a v e a l so b e e n c o r r e l a t e d we l l w i t h t h e d e f o r m a t i o n
p r o c e s s by r a p i d q u e n c h i n g f r o m t h e d e f o r m a t i o n t e m -
p e r a t u r e (not p o s s i b l e in R e f . 7 ) . F u r t h e r m o r e , s u p e r -
p l a s t i c d e f o r m a t i o n i s o f t e n a s s u m e d t o be h i s t o r y -
i n d e p e n d e n t 7 t h e r e b y l e a d i n g to e r r o r s in s t r e s s /
s t r a i n - r a t e c u r v e s . O n the o t h e r h a n d , s y s t e m a t i c
s t u d i e s of s t a t i c a n d d y n a m i c g r a i n g r o w t h h a v e b e e n
c o n d u c t e d in ou r r e s e a r c h p r o g r a m a n d r e l a t e d to t h e
f l o w s t r e s s e s . A n o t h e r i m p o r t a n t i n p u t h a s b e e n p r o -
v i d e d h e r e by a t e c h n i q u e of p r o d u c i n g m i n u s c u l e
s t r a i n - r a t e i n c r e m e n t s , w h i c h do not p e r t u r b the
s t r u c t u r e a p p r e c i a b l y a n d y i e l d e x c e l l e n t r a t e - s e n s i -
t i v i t y i n d i c e s . ( T h i s r a i s e s q u e s t i o n s r e g a r d i n g the
f i x e d v a l u e of 0.5 in R e f . 7.) T h u s , c o n s i d e r a b l e n e w
i n s i g h t into t h e s e a n d o t h e r a r e a s o f s u p e r p l a s t i c i t y
h a s c o m e o u t of t h i s s t u d y .

E X P E R I M E N T A L

A l l t e s t s w e r e c o n d u c t e d o n s p e c i m e n s t a k e n f r o m a
s i n g l e s h e e t ( 1 . 6 3 m m t h i c k ) o f T i - 6 A 1 - 4 V a l l o y .

M a t e r i a l s

T h r e e s t a r t i n g g r a i n s i z e s w e r e u t i l i z e d in the e x -
p e r i m e n t a l p r o g r a m . T h e s e g r a i n s i z e s w e r e 6.4, 9 . 0 ,
a n d 11.5 ~ m , r e s p e c t i v e l y . W h i l e the f i r s t one r e p r e -
s e n t s t h e a s - r e c e i v e d m a t e r i a l , t h e o t h e r s w e r e ob -
t a i n e d by h o l d i n g t h e a s - r e c e i v e d m a t e r i a l a t 9 5 5 ° C in
v a c u u m f o r 2 a n d 7 h , r e s p e c t i v e l y . E a c h of t h e s e r e -
p o r t e d g r a i n s i z e s was a c t u a l l y m e a s u r e d f r o m t e n -
s i l e s p e c i m e n s t h a t w e r e r a i s e d to t h e t e s t t e m p e r a -
t u r e s o f 9 2 7 ° C in t h e t e s t f i x t u r e s , h e l d f o r 10 r a i n ,
a n d q u e n c h e d , a n d , t h e r e f o r e , r e p r e s e n t t h e g r a i n
s i z e s i m m e d i a t e l y p r i o r t o the t e n s i l e t e s t . M o r e
a b o u t g r a i n s i z e wi l l be sa id l a t e r .
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T e n s i l e T e s t s

I n t e s t i n g s u p e r p l a s t i c m a t e r i a l s , c o n s t a n t c r o s s -
h e a d s p e e d g e n e r a l l y l e a d s t o a d e c r e a s i n g s t r a i n -
r a t e w i t h i n t h e s p e c i m e n gage l e n g t h , * w h i c h a d d i -

*At lower tempera tu res , when s t r a in u n i f o r m i t y i s n o t as grea t , t h e presence
o f f i l l e t s i n t h e spec imen can lead t o an inc rea s ing st ra in-ra te w i t h i n t h e gage
l e n g t h even u n d e r a r i s i n g l o a d . m

t i o n a l l y c o m p l i c a t e s t h e m e a s u r e m e n t of t h e i r m e -
c h a n i c a l b e h a v i o r . A n e f f o r t t o m a i n t a i n c o n s t a n t
s t r a i n - r a t e i n c l u d e d t h e f o l l o w i n g c h a n g e s ( s e e F i g .
3): 1) t h e s p e c i m e n f i l l e t r e g i o n was r e d u c e d to a m i n i -
m u m t o r e d u c e i t s c o n t r i b u t i o n t o the o v e r a l l e x t e n -
s i o n , a n d 2) t h e c r o s s h e a d s p e e d was p r o g r a m m e d to
i n c r e a s e w i t h s p e c i m e n e l o n g a t i o n so a s t o m a i n t a i n a
c o n s t a n t s t r a i n - r a t e ( a s s u m i n g t h e e l o n g a t i o n to a r i s e
e n t i r e l y o u t of t h e gage l e n g t h ) . T h i s l a t t e r f u n c t i o n
was p e r f o r m e d by a t t a c h i n g a v a r i a b l e s p e e d s t e p p i n g
m o t o r t o t h e d r i v e g e a r o f the I n s t r o n m a c h i n e a n d
u s i n g a p r o g r a m m a b l e c o m p u t e r ( V e r s a t r a k ) to a l t e r
t h e i n p u t v o l t a g e to t h e m o t o r in the f o l l o w i n g m a n -
n e r :

v o l t a g e cc c r o s s h e a d s p e e d = l o d t e x p (~t ~-)

w h e r e l o = i n i t i a l gage l e n g t h , ~t = a p p l i e d s t r a i n
r a t e , ~- = t i m e f r o m t h e s t a r t o f t e s t .

A f i v e z o n e r e s i s t a n c e f u r n a c e w i t h 305 m m c o n -
s t a n t t e m p e r a t u r e z o n e was u s e d f o r m a i n t a i n i n g t e s t
t e m p e r a t u r e . T o p r e v e n t o x i d a t i o n , a s t a t i c a r g o n a t -
m o s p h e r e w i t h s l i g h t p o s i t i v e p r e s s u r e was m a i n -
t a i n e d by s u r r o u n d i n g t h e s p e c i m e n a n d p u l l r o d s in
a l o n g I n c o n e l t u b e . T e m p e r a t u r e d u r i n g the t e s t was
h e l d a t 927 + 2 ° C w i t h l e s s than a d e g r e e v a r i a t i o n
a l o n g t h e s p e c i m e n l e n g t h . T h e s p e c i m e n h e a t - u p
t i m e was n e a r l y 90 m i n a n d a h o l d t i m e o f 10 m i n
was a l l o w e d b e f o r e e a c h t e s t . A t o t a l of f o u r s t r a i n -
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F i g . 3 - T e n s i l e s p e c i m e n g e o m e t r y wi th a m i n i m u m o f f i l l e t r e g i o n a n d
s c h e m a t i c r e p r e s e n t a t i o n f o r h o w c r o s s h e a d s p e e d was i n c r e m e n t e d as
a function of t ime in order to maintain constant total strain-rate within
the specimen.

r a t e s was i n v e s t i g a t e d . F o r t w o o f t h e s e , 2 × 10"~ a n d
1 0 - 3 / s , t h r e e s p e c i m e n s w e r e t e s t e d a t e a c h r a t e , a n d
s u b s e q u e n t l y u n l o a d e d a n d q u e n c h e d f o l l o w i n g t r u e
s t r a i n l e v e l s o f 0 . 3 , 0 . 6 6 , a n d 1.0, r e s p e c t i v e l y . F o r
t h e o t h e r t w o s t r a i n - r a t e s , 5 x 10-5 a n d 5 x 1 0 - 3 / s ,
o n e s p e c i m e n was t e s t e d a t e a c h r a t e a n d was q u e n c h e d
a f t e r u n l o a d i n g . T h e q u e n c h i n g was p e r f o r m e d by i n -
j e c t i n g a r g o n gas d i r e c t l y on to t h e s p e c i m e n a t h i g h
v e l o c i t y a n d was i n t e n d e d t o " f r e e z e " the h i g h t e m -
p e r a t u r e m i c r o s t r u c t u r e . W h i l e w a t e r q u e n c h i n g w o u l d
h a v e b e e n m o r e d e s i r a b l e , i t was a v o i d e d b e c a u s e of
t h e a s s o c i a t e d d i f f i c u l t y . Due to t h e p r o b l e m a s s o c i -
a t e d w i t h q u e n c h i n g , t h e m i c r o s t r u c t u r e s did e x h i b i t
v a r i a b l e m o r p h o l o g y of t h e t r a n s f o r m e d / 3 - s t r u c t u r e .
H o w e v e r , t h i s p o s e s n o p r o b l e m w i t h the i n t e r p r e t a -
t i o n of h i g h t e m p e r a t u r e s t r u c t u r e c o n t a i n i n g u n d e -
c o m p o s e d f l - p h a s e . In a n y e v e n t , a t e m p e r a t u r e d r o p
o f 6 0 0 ° C w i t h i n 2 r a i n was a c h i e v e d by t h e a r g o n
q u e n c h w h i c h i s so f a r o n e of t h e bes t f o r t h e s e t e s t s .

A 2.54 m m d i a m c i r c l e g r id p a t t e r n e t c h e d o n the
s p e c i m e n p r i o r t o t e s t i n g was u t i l i z e d f o r s t r a i n m e a -
s u r e m e n t s u p o n u n l o a d i n g . F i g u r e 4 s h o w s a x i a l
s t r a i n a s a f u n c t i o n of t e s t i n g t i m e f o r s t r a i n - r a t e s
o f 2 × 10-a a n d 1 0 - 3 / s . T h e v a r i a t i o n w i t h i n t h e gage
l e n g t h i s i n d i c a t e d by t h e b a r s , w h i l e the o p e n c i r c l e s
r e p r e s e n t the s p e c i m e n c e n t e r . T h e d e s i r e d c o n s t a n t
s t r a i n - r a t e , i n d i c a t e d by t h e s o l i d l i n e , i s s e e n to be
f o l l o w e d wel l by the s p e c i m e n . E v e n t h o u g h t h e s t r a i n
v a r i a t i o n d o e s i n c r e a s e w i t h i n c r e a s i n g s t r a i n - r a t e ,
the s p e c i m e n c e n t e r a p p e a r s to d e f o r m v e r y c l o s e to
the d e s i r e d r a t e . A r e a s s e l e c t e d f o r s u b s e q u e n t m e t a l -

1.(

.E

0.5

0

I I I I

Ti-6AI-4V ( 927% )
Initial Grain Size = 6.4 pm

{: = ? x 10- 4 sec- 1
T

J_

20 40

o Specimen Center

~ Observed Ranqe

1 I
60 8O

t i f T

Ti-GAI-4V ( 927% )
1 0• Initial Grain Size = 6.4 pm

o

r [ I
5 I O 15

Time, min
Fig. 4-Desired strain v s t ime plots in a tensile test (solid line) are com-
pared with measured grid strains from specimens tested up to various
strain levels. The bar indicates entire strain range in a specimen while the
open circle represents specimen center.
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l o g r a p h i c e x a m i n a t i o n w e r e a l so t a k e n f r o m s p e c i m e n
c e n t e r s .

A l t h o u g h the m a t e r i a l was f o u n d t o be f a i r l y i s o -
t r o p i c w i t h r e s p e c t t o s u p e r p l a s t i c p r o p e r t i e s , a l l
t e s t s w e r e c o n d u c t e d in t h e t r a n s v e r s e o r i e n t a t i o n in
o r d e r t o e x c l u d e t h e d i r e c t i o n a l i t y v a r i a b l e .

T h e r o l l i n g p l a n e s (i.e., p l a n e s p a r a l l e l to t h e s h e e t
s u r f a c e ) w e r e e x a m i n e d f o r g r a i n s i z e in e a c h s p e c i -
m e n a f t e r q u e n c h i n g a n d s t r a i n m e a s u r e m e n t . In
o r d e r to p r o v i d e c o m p a r i s o n w i t h s t a t i c g r a i n g r o w t h
b e h a v i o r , s p e c i m e n s w e r e h e l d f o r d i f f e r e n t t i m e s
( w i t h o u t d e f o r m a t i o n ) a t 9 2 7 ° C a n d w a t e r q u e n c h e d .
A l l g r a i n s i z e m e a s u r e m e n t s in t h i s w o r k w e r e c a r -
r i e d o u t by t h r e e m e t h o d s : 1) l i n e a r i n t e r c e p t s a l o n g
t h e r o l l i n g d i r e c t i o n , 2) l i n e a r i n t e r c e p t s a l o n g t h e
t r a n s v e r s e d i r e c t i o n , a n d 3) H i l l i a r d c i r c l e (20 c m ) .
B o t h or- a n d / 3 - g r a i n s a r e c o n s i d e r e d f o r g r a i n s i z e
e v a l u a t i o n . G r a i n s i z e s r e p o r t e d a r e a v e r a g e g r a i n
d i a m , a s d e t e r m i n e d by the f o l l o w i n g r e l a t i o n : ~' 1.68
L/MN, w h e r e N = n u m b e r o f i n t e r c e p t s , M = m a g n i f i -
c a t i o n a n d L = l e n g t h of l i n e . G r a i n s a r e f a i r l y e q u i -
a x e d in t h e s t a r t i n g c o n d i t i o n a s we l l a s a f t e r s t a t i c
g r a i n g r o w t h . H o w e v e r , t h e d e f o r m e d s p e c i m e n s do
s h o w g r a i n e l o n g a t i o n a l o n g t h e t e n s i l e a x i s . B a r s o n
d a t a p o i n t s a r e u s e d in t h e n e x t s e c t i o n to i n c o r p o r a t e
t h i s d i r e c t i o n a l v a r i a t i o n , t h e g r a i n s i z e f r o m H i l l i a r d
c i r c l e l y i n g w i t h i n t h i s r a n g e .

R E S U L T S A N D D I S C U S S I O N S

D u r i n g t e n s i l e t e s t s a t c o n s t a n t s t r a i n - r a t e , a c o n -
t i n u o u s l o a d r i s e was o b s e r v e d a t t h e s l o w e r s t r a i n -
r a t e s a n d l o a d d r o p at the h i g h e r s t r a i n - r a t e s . B e -
c a u s e of t h e h i g h d e g r e e o f s t r a i n u n i f o r m i t y h e r e , i t
i s r e a s o n a b l e to c a l c u l a t e i n s t a n t a n e o u s c r o s s - s e c t i o n
f r o m a x i a l s t r a i n a s s u m i n g v o l u m e c o n s t a n c y a n d
t h e r e b y c o m p u t e tho i n s t a n t a n e o u s f l o w s t r e s s e v e n
t h o u g h the l o a d d r o p s . T r u e s t r e s s - s t r a i n c u r v e s f o r
a l l t h r e e i n i t i a l g r a i n s i z e s a r e s h o w n in F i g . 5 f o r
s t r a i n - r a t e s o f 2 × 10-4 a n d 1 0 - a / s w h i l e t h o s e f o r

i I i - i i I
Ti-6AI-4V ( 927% )

Constant ~ test

.:~N~7~ ' s x 10-3
t

S t r a i n Rat,

. . . . . . : : :

30 Initial G r a i n S ize ,pro

......................... ;.13133112.1;:i
m t Y 9 ~ . . . . . . . . . . . . . . . .

20 .................

0 i I I I
0 0.2 0.4 0.6 0.8 1.0

S t r a i n
Fig. 5 True stress-strain curves for three initial grain sizes of 6.4, 9 ,
and 11.5 p m , respectively. The bottommost curve shown is for a strain-
rate of 5 × 10-S/s, and the topmost one for 5 × 10-3/s both for the
6.4 pm grain size material. The dotted part indicates significant strain
gradient developing in the specimen.

6.4 /xm m a t e r i a l a r e a l so s h o w n f o r 5 x 10 ~ a n d 5
x 1 0 - 3 / s . T h e s o l i d p a r t s of t h e c u r v e s i n d i c a t e e x -
t r e m e s t r a i n u n i f o r m i t y in the s p e c i m e n w h i l e the
f i n e l y d o t t e d p a r t s i n d i c a t e the u n c e r t a i n t y due to i n -
c r e a s i n g n o n u n i f o r m i t y . 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 was s h o w n f o r a s t r a i n - r a t e of 5 × 1 0 - 3 / s , p e r -
Imps i n d i c a t i n g t h e o c c u r r e n c e of d y n a m i c r e c r y s t a l -
l i z a t i o n . T h e s h a d e d b a n d e n v e l o p e s t h e m a x i m a a n d
m i n i m a o f s u c h a c u r v e .

A l l of t h e s e c u r v e s e x h i b i t h a r d e n i n g of t h e m a t e -
r i a l w i t h i n c r e a s i n g d e f o r m a t i o n . It a p p e a r s that the
e x t e n t o f h a r d e n i n g w i t h s t r a i n d e c r e a s e s w i t h i n -
c r e a s i n g s t r a i n - r a t e up t o n e a r 1 0 - a / s a n d then i n -
c r e a s e s a g a i n f o r 5 x 1 0 - 3 / s . T h i s i s p e r h a p s due t o
e x c e s s i v e s t r a i n h a r d e n i n g a t the h i g h e r r a t e . T h e
s t r e s s l e v e l i s a l so f o u n d to i n c r e a s e w i t h i n c r e a s i n g
g r a i n s i z e in a g r e e m e n t w i t h p r e v i o u s f i n d i n g s . 3'7-9

M i c r o s c o p i c e x a m i n a t i o n of d e f o r m e d a n d q u e n c h e d
s p e c i m e n s c l e a r l y i n d i c a t e d g r a i n g r o w t h o c c u r r i n g
d u r i n g t h e t e s t ( s i m i l a r to t h e o b s e r v a t i o n by L e e a n d
B a e k o f e n a) w h i c h m i g h t be r e s p o n s i b l e f o r t h e ob -
s e r v e d h a r d e n i n g . A n i n i t i a l g r a i n s i z e of 6.4 txm was
f o u n d to g r o w on t h e a v e r a g e of 7.6, 8 . 4 a n d 8.9 /xm
f o l l o w i n g s t r a i n i n g t o 0.3, 0 .6 , a n d 1.0, r e s p e c t i v e l y ,
a t 1 0 4 / s w h i c h wi l l be s h o w n t o be in e x c e s s of g r a i n
g r o w t h in a b s e n c e o f d e f o r m a t i o n . M e a s u r a b l e g r a i n
e l o n g a t i o n h a s a l so b e e n o b s e r v e d g e n e r a l l y i n c r e a s -
i n g w i t h i n c r e a s i n g s t r a i n a n d s t r a i n - r a t e .

G r a i n g r o w t h k i n e t i c s p l o t s of F i g s . 6 a n d 7 i l l u s -
t r a t e t h e a v e r a g e g r a i n s i z e v s t i m e o f e x p o s u r e w i t h
a n d w i t h o u t c o n c u r r e n t d e f o r m a t i o n . F i g u r e 6 i s f o r
a n i n i t i a l g r a i n s i z e of 6.4 /xm a t a l l the s t r a i n - r a t e s
u n d e r s t u d y . F i g u r e 7 s h o w s g r a i n g r o w t h c u r v e s f o r
s t r a i n - r a t e s of 0 , 2 x 10-4 a n d 1 0 - ~ / s f o r m a t e r i a l s
w i t h i n i t i a l g r a i n s i z e s of 9 a n d 11.5 /xm. T h e s t a t i c
g r a i n g r o w t h c u r v e s in t h i s f i g u r e a r e o b t a i n e d f r o m
a m a s t e r plot of s t a t i c g r o w t h k i n e t i c s by r e d u c i n g
t h e t o t a l t i m e of e x p o s u r e by the a m o u n t of t i m e r e -
q u i r e d to r e a c h 9 a n d 11.5 /xm, r e s p e c t i v e l y . It i s
c l e a r f r o m t h e s e p l o t s that g r a i n g r o w t h i s e n h a n c e d
by the i m p o s e d s t r a i n - r a t e a n d d e s p i t e l a r g e s c a t t e r
in t h e d a t a t h e t r e n d p e r s i s t s a t a l l s t a r t i n g g r a i n
s i z e s . L i m i t e d d a t a in R e f . 12 a l so s u g g e s t e d t h i s
p o s s i b i l i t y . S t r e s s - a s s i s t e d o r s t r a i n - r a t e a s s i s t e d
g r a i n b o u n d a r y m o b i l i t y h a s b e e n o b s e r v e d b e f o r e in

i I i

Ti-6AI-4V { 927°C )

I n i t i a l Grain Size - 6.4 pm

I /
5x lo-3< ,+c-1~ lo-3 / ~ 2 ~x lo-4 ~; 5~1o-~ . . . . . . < ~ - o/ / / T / ~ ± ~ . . . . . . .

+
5 / I I I I I 1 I I I I I I I I I I I

I 0 I ~ I000

Time, min.
Fig. 6-Grain growth kinetics at four different tensile strain-rates com-
pared with static kinetics for an initial grain size o f 6.4 p m .
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Fig. 7-Grain growth kinetics at two different tensile strain-rates com-
pared with static kinetics for initial grain sizes 9.0 and 11.5/2m,respec-
tively.

P b ( R e f . 13) a n d C u - A 1 - F e a l l o y s ~ a n d r e l a t e s t o the
enhanced grain growth observed in the present inves-
tigation.

For a unified view of the grain growth kinetics, the
time scale in each plot of Fig. 7 is translated such
that the initial grain size on these plots come to rest
on t h e c o r r e s p o n d i n g p l o t s of F i g . 6 ( i . e . , f o r t h e
s a m e s t r a i n - r a t e in e a c h c a s e ) . T h e r e s u l t i n g l o g
( g r a i n s i z e ) v s l o g ( t i m e ) p l o t s a r e s h o w n in F i g . 8 .
T h e a p p r o x i m a t i o n t o l i n e a r b e h a v i o r in t h e s e p l o t s
i s r e a s o n a b l e t h u s s u g g e s t i n g the r e l a t i o n s h i p :

d = do ( t / l O ) n [1]

w h e r e d = c u r r e n t g r a i n s i z e , do = i n i t i a l g r a i n s i z e ,
b o t h in m i c r o n s , t = t i m e , in m i n , n i s a p a r a m e t e r
t h a t i n c r e a s e s w i t h i n c r e a s i n g s t r a i n - r a t e . A n a p -
p r o x i m a t e v a l u e f o r t h i s p a r a m e t e r f o r T i - 6 A 1 - 4 V a t
9 2 7 ° C is f o u n d t o b e :

n = 1.8 (~t + 0.00005) °'2s7 [2]

w h e r e ~t h a s t h e d i m e n s i o n o f s - L E q u a t i o n s [1] a n d [2]
wi l l be u s e d s u b s e q u e n t l y in d e v e l o p i n g a c o n s t i t u t i v e
e q u a t i o n f o r s u p e r p l a s t i c f l o w in t h i s m a t e r i a l .

With e v i d e n c e s o f h a r d e n i n g a s we l l a s g r a i n g r o w t h
d u r i n g d e f o r m a t i o n a v a i l a b l e , a n a t t e m p t i s n o w m a d e

100

Ti-E~,I-4V ( 927°C )

=e ~ J o . . O . 1 ~:..~. ............

o IC .~.~-~ o o ~ . . . . . . . . .
"~ ~ . . . . . . . . . . ~ ( sec "l )
.SP ~ 5 x 10.5
cD

o 2 x I 0- 4

i0-3
• 5 x I 0-3

"~ t i t I [ k l , I i I I I L I I I I ~ i I I I i I I

10 100 1000 10000
Time, rain.

Fig. 8-Grain growth kinetics data from Figs. 6 and 7 have been reas-
sembled in a log-log plot .
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.

5 x 10 5 s e c 1
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6 10 14
G r a i n Size ( . m

Fig. Q-The change in flow stress as a function of grain size (changing
during tensile test) indicated by solid curves. The data points indicate
the three initial grain sizes from which tests were started. The appropri-
a te strain-rates are shown on the plot .

t o r e l a t e t h e t w o in F i g . 9 . T h i s i s d o n e by c r o s s -
p l o t t i n g f l o w s t r e s s f r o m F i g . 5 a g a i n s t g r a i n s i z e
d u r i n g d e f o r m a t i o n , o b t a i n a b l e f r o m t h e g r a i n g r o w t h
k i n e t i c s p l o t s of F i g s . 6 a n d 7 (for e a c h a p p l i e d s t r a i n -
r a t e ) . T h e s o l i d c u r v e s in F i g . 12 a r e t h u s g r a i n
g r o w t h h a r d e n i n g c u r v e s f o r i n i t i a l g r a i n s i z e s of 6.4,
9 , a n d 11.5 p m f o r t h e v a r i o u s a p p l i e d s t r a i n - r a t e s .
T h e f l o w s t r e s s c o r r e s p o n d i n g t o e a c h i n i t i a l g r a i n
s i z e i s i n d i c a t e d by a d a t a p o i n t ' t a k e n f r o m t h e " k n e e "
b e t w e e n t h e e l a s t i c a n d g r o s s l y p l a s t i c p a r t s of t h e

100 u , ' , , r , v , , , ,

"~ { s e c- 1 )

Ti-GAI-4V ( 927°C ) / 5 x 10-3

/ "

P 5 x 10-5

Slope 2. 0/ / =

1 I t I I i I I I I I I I I a a , I

10 100
Grain Size ( pm )

Fig. l 0-Grain growth hardening curves at various strain-rates obtained
by averagingeach envelope of curves in Fig. 9 .
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l o a d - e x t e n s i o n p l o t s a n d r e p r e s e n t s a s m u c h a s 3 pct
t o t a I s t r a i n . W h i l e t h e r e i s s o m e s u b j e c t i v i t y in d e -
t e r m i n i n g t h e s e p o i n t s , t h e e r r o r s a r e no m o r e t h a n
+1 M P a .

T h e l o c u s o f i n i t i a l f l o w s t r e s s e s f o r e a c h m a t e r i a l ,
s h o w n d o t t e d , d e f i n e s t h e b a s i c , o r i n i t i a l , g r a i n s i z e
d e p e n d e n c e of f l o w s t r e s s f o r t h e i n d i c a t e d s t r a i n -
r a t e . T h e s o l i d c u r v e s r i s i n g a b o v e t h i s i n d i c a t e t h a t
d e f o r m a t i o n p r o d u c e s a s m a l l a m o u n t of h a r d e n i n g in
e x c e s s o f w h a t m i g h t be e x p e c t e d f r o m g r a i n g r o w t h
a l o n e . T h i s h a r d e n i n g m a y a r i s e f r o m t h e f a c t that
g r a i n s do e l o n g a t e in t h e c o u r s e of d e f o r m a t i o n . O n
t h e b a s i s of A s h b y a n d V e r r a l ' s g r a i n s w i t c h i n g m o d e l
o f s u p e r p l a s t i c f l ow , ~ the d e p a r t u r e f r o m e q u i a x e d

lOO
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l I i i

Ti-6AI-4V ( 927°C )
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/ o / ? / / +/ . / , - / /
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1 . C

+ I r I

Ti-6AI-4V
927o C
m f r o m step strain-rate tests

I I I L

(c)

10(

T i - G A I - 4 V ( 9 2 7 ° C I

Initial Grain Size • 6 . 4 p m

Step ~ test

-

~ o 0 - 0. l l
1 , f / "

I
10-6 10-5 10-4 10-3 10-2

S t r a i n Rate ( sec"1 )
Fig. 1 l - ( a ) Stress vs strain-rateplots for four different initial grain
sizes obtained by step strain-rate test . The data for 20 #m grain size ma-
terial is from previous unpublished work, (b) Strain-ratesensitivity, m ,
given by the slopes of the curves in (a), (c) Stress vs strain-rate plots for
6.4 gm grain size material initially (i.e., up to e = 0.17), and after a
strain of 0.45 at a rate of 2 × 10-4/s, showing hardening contribution
due to the deformation exposure.

g r a i n s h a p e i s e x p e c t e d t o i n c r e a s e t h e r e s i s t a n c e to
b o u n d a r y s i i d i n g . E v e n t h o u g h t h e i r m o d e l was p r o -
p o s e d f o r a s i n g l e - p h a s e m a t e r i a l , t h i s w o u l d i n t u i -
t i v e l y a p p e a r t o be t r u e s i n c e t h e e a s e of g r a i n b o u n d -
a r y s h e a r wou ld be m a x i m u m w h e n b o u n d a r i e s a r e a t
45 d e g t o the t e n s i l e a x i s , w h i c h i s m o r e l i k e l y f o r a n
e q u i a x e d g r a i n s t r u c t u r e .

A n o t h e r p o s s i b l e r e a t i o n a l e f o r t h e e x c e s s h a r d e n -
i n g m i g h t l i e in t h e p h e n o m e n o n o f " g r a i n c l u s t e r i n g , ''16
w h e r e b y s o m e of t h e n e i g h b o r i n g l i k e g r a i n s ( e . g . , c~-a
o r ;3-/3) m i g h t b e h a v e a s a u n i t r a t h e r than i n d i v i d u a l
g r a i n s w h i l e p a r t i c i p a t i n g in t h e g r a i n s w i t c h i n g m e c h a -
n i s m . T h i s m a y i n c r e a s e t h e " e f f e c t i v e " g r a i n s i z e
a n d , t h e r e f o r e , f l o w s t r e s s . I r r e s p e c t i v e of the s o u r c e ,
t h i s h a r d e n i n g i s a s i g n i f i c a n t l y s m a l l e r e f f e c t in
c o m p a r i s o n to t h e p r i m a r y e f f e c t of g r a i n g r o w t h h a r d -
e n i n g . I f t h e e x c e s s h a r d e n i n g i s i g n o r e d , h o w e v e r ,
t h e s o l i d c u r v e s c o r r e s p o n d i n g t o e a c h s t r a i n - r a t e a r e
f o u n d to l i e w i t h i n a n a r r o w b a n d . A v e r a g e c u r v e s that
r e p r e s e n t t h e s e b a n d s a r e s h o w n in F i g . 13 f o r a l l
f o u r s t r a i n - r a t e s .

T h e g r a i n s i z e d e p e n d e n c e of f l o w s t r e s s in F i g . 10
i s f o u n d t o c h a n g e f r o m ~ d 2 d e p e n d e n c e f o r the l o w e r
s t r a i n - r a t e s t o l e s s t h a n ~ d f o r the h i g h e r s t r a i n -
r a t e s . I n t e r m e d i a t e s t r a i n - r a t e s a c t u a l l y s h o w a
g r a d u a l c h a n g e o v e r f r o m the h i g h e r p o w e r t o the
l o w e r d e p e n d e n c e . T h e s a m e is b e l i e v e d to h o l d f o r
o t h e r s t r a i n - r a t e s o v e r a w i d e r r a n g e of g r a i n s i z e s
than that i n v e s t i g a t e d h e r e . W h i l e t h e s e d e p e n d e n c i e s
a r e l a r g e r t h a n t h o s e o b s e r v e d by L e e a n d B a c k o f e n ,3
i t i s i n t e r e s t i n g t o no te that d i f f u s i o n a l m e c h a n i s m s
o f s u p e r p l a s t i c i t y do p r e d i c t g r a i n s i z e d e p e n d e n c i e s
of a s i m i l a r o r d e r . F o r e x a m p l e , N a b a r r o H e r r i n g
m o d e l17'18 of t h r o u g h - t h e - g r a i n d i f f u s i o n p r e d i c t s
a c c d2; C o b l e m e c h a n i s m l g o f b o u n d a r y d i f f u s i o n p r e -
d i c t s a oc d3; A s h b y - V e r r a l , s ~5 d i f f u s i o n a l a c c o m m o d a -
tion of g r a i n s w i t c h i n g p r e d i c t s ~ ( d 2 + d 3) d e p e n d e n c e .
D i s l o c a t i o n c r e e p r e c o v e r y m e c h a n i s m s , 2° o n the
o t h e r h a n d , p r e d i c t ~ ~ d i n a n d t h e c h a n g e o v e r in
s l o p e o b s e r v e d in F i g . 13 i s b e l i e v e d to r e l a t e to a
c h a n g e f r o m a d i f f u s i o n a l m e c h a n i s m f o r l o w e r s t r a i n -
r a t e s a n d / o r s m a l l e r g r a i n s i z e s t o a d i s l o c a t i o n
c r e e p m e c h a n i s m f o r h i g h e r s t r a i n - r a t e s a n d / o r
l a r g e r g r a i n s i z e s .

T h e i n f l u e n c e o f g r a i n g r o w t h o n s t r a i n - r a t e s e n s i -
t i v i t y i s i l l u s t r a t e d in t h e n e x t s e r i e s o f f i g u r e s . T h e
s t r e s s v s s t r a i n - r a t e p l o t s in F i g . l l ( a ) a r e o b t a i n e d
f r o m s t e p s t r a i n - r a t e t e s t in c o n t r a s t to t h e c o n s t a n t
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I I 1
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Fig. 12-A schematic representation showing how instantaneous mea-
surements of m was made at periodic intervals during the tensile test ,
by strain-rate increments of 25 pct .
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s t r a i n - r a t e t e s t d i s c u s s e d so f a r . T h e t e s t t e c h n i q u e
h a s b e e n i l l u s t r a t e d in F i g . 2 , w h i c h d o e s c a u s e a c -
c u m u l a t i o n o f s t r a i n a s s t r a i n - r a t e i s p r o g r e s s i v e l y
s t e p p e d u p . H e n c e t h e h i g h e r s t r a i n - r a t e p o r t i o n s of
t h e s e p l o t s c o n t a i n s o m e g r a i n g r o w t h h a r d e n i n g . H o w -
e v e r , s i n c e t h e a c c u m u l a t e d s t r a i n d o e s n o t e x c e e d
20 p c t a n d i t s h a r d e n i n g c o n t r i b u t i o n a t t h e h i g h e r
s t r a i n - r a t e i s v e r y s m a l l , t h e a - ~ c u r v e s in F i g . l l ( a )
a r e c o n s i d e r e d to r e p r e s e n t the t h r e e i n i t i a l g r a i n
s i z e s f a i r l y w e l l . R e s u l t s f r o m a p r e v i o u s s t u d y n on
a 20 p m g r a i n s i z e m a t e r i a l i s a l so i n c l u d e d . W h i l e
s i g n i f i c a n t g r a i n g r o w t h h a r d e n i n g i s e x h i b i t e d a t t h e
l o w e r s t r a i n - r a t e , t h e c u r v e s a p p r o a c h e a c h o t h e r a t
t h e h i g h s t r a i n - r a t e e n d , t h e r e b y s u g g e s t i n g a d r o p
in m (= d l o g a / d l o g ~) w i t h i n c r e a s i n g g r a i n s i z e .
F i g u r e l l ( b ) s h o w s m ( i . e . , s l o p e f r o m F i g . l l ( a ) ) a s
a f u n c t i o n o f ~ f o r the d i f f e r e n t g r a i n s i z e s . T h e s e
p l o t s s h o w a m a x i m u m in m a t a n i n t e r m e d i a t e s t r a i n -
r a t e . T h e v a l u e of m a x i m u m m d r o p s w i t h i n c r e a s i n g
g r a i n s i z e a s we l l a s t h e s t r a i n - r a t e a t w h i c h m m a x is
r e a c h e d f o r e a c h g r a i n s i z e . D a t a of t h i s n a t u r e h a v e
b e e n p r e v i o u s l y r e p o r t e d by L e e a n d B a c k o f e n . ~

T h e s e r e s u l t s on d i f f e r e n t g r a i n s i z e s c o m p a r e we l l
w i t h t h o s e o b t a i n e d f r o m t h e s a m e m a t e r i a l a f t e r d i f -
f e r e n t a m o u n t s o f s t r a i n . F i g u r e l l ( c ) s h o w s t h i s in a
m a t e r i a l w i t h i n i t i a l g r a i n s i z e of 6 . 4 ~ m a f t e r d e f o r m -
i n g t o a t r u e s t r a i n o f 0 . 4 5 . W h i l e the i n i t i a l t e s t a c -
c u m u l a t e d a s t r a i n of 0 . 1 7 , s u b s e q u e n t d e f o r m a t i o n a t
2 × 1 0 - ~ / s f o l l o w e d by s t e p s t r a i n - r a t e t e s t w i t h i n the
s t r a i n r a n g e o f 0.45 to 0.52 c l e a r l y s h o w s t h e h a r d e n -
i n g e f f e c t w i t h a s s o c i a t e d d r o p in rn .

T h e c h a n g e in m w i t h d e f o r m a t i o n i s bes t s t u d i e d in
a c o n s t a n t s t r a i n - r a t e t e s t , w i t h p e r i o d i c m d e t e r -
m i n a t i o n s by s t r a i n - r a t e d e p a r t u r e s o f s m a l l m a g n i -
t u d e . T h i s i s s c h e m a t i c a l l y i l l u s t r a t e d in F i g . 12 ,
w h e r e t h e s t r a i n - r a t e was i n c r e m e n t e d by 25 p c t o n l y ,
m a i n t a i n e d f o r 2 to 3 p c t p l a s t i c s t r a i n a n d b r o u g h t
b a c k t o t h e o r i g i n a l r a t e . (The c o n t r o l l e r was p r o -
g r a m m e d t o c o n t r o l t h e s e t e s t s a l s o . ) I t i s f e l t that
t h e s m a l l s t r a i n - r a t e d e p a r t u r e s did n o t a l t e r t h e p a t -
t e r n o f m i c r o s t r u c t u r a l c h a n g e that o c c u r s a t t h e
o r i g i n a l r a t e . T h e v a l u e o f m h e r e i s d e t e r m i n e d
f r o m m = l o g ( P 2 / P 1 ) / l o g ( 4 J 4 ~ ) , w h e r e P2 i s t h e l o a d
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Fig. 13-Instantaneous values of strain-rate sensitivity during tensile
test measured by the technique illustrated in Fig. 12 , shows decreas-
ing m with increasing strain,

c o r r e s p o n d i n g t o a s t r a i n - r a t e o f ~2 a n d P ~ is the l o a d
a t ~ .

T h e s e t e s t r e s u l t s , s h o w n in F i g . 13 f o r a l l t h r e e
g r a i n s i z e s , i n d i c a t e that m d e c r e a s e s w i t h s t r a i n .
T h e v a l u e s of m a r e f o u n d to be l a r g e r a t t h e l o w e r
s t r a i n - r a t e a n d f o r t h e s m a l l e r g r a i n s i z e . T h e d r o p
i s m o r e g r a d u a l f o r t h i s c a s e a l s o . C o a r s e r g r a i n s
g i v e r i s e to a l o w e r m w h i c h a l so d r o p s m o r e r a p i d l y
w i t h s t r a i n . D u r i n g a n a c t u a l f o r m i n g o p e r a t i o n ,
s t r a i n - r a t e in a d e f o r m i n g e l e m e n t c h a n g e s c o n t i n u -
o u s l y . H o w e v e r , i t i s t h i s i n s t a n t a n e o u s v a l u e of m
t h a t d e t e r m i n e s i t s n e c k i n g r e s i s t a n c e a t a n y i n s t a n t .
T h u s m d e t e r m i n e d t h i s w a y i s p e r h a p s t h e m o s t
m e a n i n g f u l p a r a m e t e r t h a t c a n be r e l a t e d t o d u c t i l i t y .
It w o u l d , h o w e v e r , be a r a t h e r Lime c o n s u m i n g t a s k to
do t h i s f o r a l a r g e n u m b e r of s t r a i n - r a t e / g r a i n s i z e
c o m b i n a t i o n s in o r d e r to c h a r a c t e r i z e the f l o w p r o p -
e r t i e s of s u c h a m a t e r i a l . E v e n i f t h i s i s d o n e , i t i s
not c l e a r h o w t h i s i n f o r m a t i o n m i g h t be u s e f u l in
p l a s t i c i t y m o d e l i n g . I t i s , t h e r e f o r e , of i n t e r e s t t o
f i n d a c o n s t i t u t i v e d e s c r i p t i o n f o r t h i s m a t e r i a l w h i c h
i n c o r p o r a t e s t h e c h a n g e in g r a i n s i z e . A f u r t h e r r a -
t i o n a l e f o r t h i s i s p r o v i d e d in t h e next f i g u r e .

It i s a c o m m o n p r a c t i c e 2~ t o d e s c r i b e h i g h t e m p e r a -
t u r e m e c h a n i c a l b e h a v i o r by p l o t t i n g a f a m i l y o f l o g t~
v s l o g ~ c u r v e s e a c h a t g i v e n s t r a i n l e v e l t a k e n f r o m
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Fig. 14-(a) Flow stress from stress-strain curves o f Fig. 5 are plotted as
a function of strain-rate at fixed levels of strain. The initial grain size
was 6.4 pro . Grain sizes attained at a strain of 0.6 (for different rates)
are indicated on the plot , (b) The step strain-ratetest data from Fig.
11(a) (dashed curves) are compared with the constant strain-rate data
(e = 0.6) from Fig. 14(a) (solid curve). The family of dashed curves pro-
vides means of plotting any intermediate size by interpolation. This
grid is used to show the approximate grain size/strain-rate combination
expected from the grain growth kinetics plots of Fig. 6 for attaining a
strain of 0.6 (open circles).
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c o n s t a n t s t r a i n - r a t e t e s t d a t a . By t a k i n g s l i c e s a t
s t r a i n l e v e l s of 0.2 , 0 .6 , a n d 1.0 in F i g . 5 , a n d p l o t t i n g
the f l o w s t r e s s a g a i n s t c o r r e s p o n d i n g s t r a i n r a t e s in
F i g . 14(a) we a r r i v e a t s u c h a s e r i e s o f p l o t s f o r a n
i n i t i a l g r a i n s i z e of 6.4 /zm. A l s o s h o w n d o t t e d i s t h e
a - ~ d a t a f r o m s t e p s t r a i n - r a t e t e s t f r o m F i g . l l ( a ) .
T h e r e i s a s i g n i f i c a n t d i f f e r e n c e b e t w e e n t h e s e c u r v e s
p a r t i c u l a r l y a t t h e l o w e r s t r a i n - r a t e o b t a i n e d by t h e
t w o d i f f e r e n t m e t h o d s . T h i s i s b e c a u s e c o n s t a n t s t r a i n -
r a t e t e s t d a t a i n c o r p o r a t e g r a i n g r o w t h h a r d e n i n g , the
e x t e n t o f w h i c h i n c r e a s e s w i t h d e c r e a s i n g s t r a i n - r a t e .
T h u s , a t a s t r a i n o f 0 . 2 , t h e g r a i n s i z e f o r a t e s t con-
d u c t e d a t 5 × 1 0 - 5 / s i s l a r g e r t h a n that f o r a r a t e of 2
× 1 0 - 4 / s . T h i s f a c t i s a l so c l e a r f r o m t h e g r a i n g r o w t h
k i n e t i c s p l o t s ( F i g . 6), w h i c h s h o w t h a t w h i l e t h e r a t e
o f g r o w t h i n c r e a s e s w i t h s t r a i n - r a t e , t h e a b s o l u t e
g r a i n s i z e a t a s l o w e r s t r a i n - r a t e i s l a r g e r due to a
l o n g e r t i m e of e x p o s u r e t o r e a c h t h a t s t r a i n l e v e l .

T h u s , a l o n g e a c h s o l i d c u r v e in F i g . 1 4 ( a ) a l o w e r -
i n g of s t r a i n - r a t e a m o u n t s to a r a i s i n g o f g r a i n s i z e .
T h i s s h o u l d c o r r e s p o n d t o a s t e p s t r a i n - r a t e c u r v e
s i m i l a r t o the d o t t e d c u r v e but a t a h i g h e r s t r e s s l e v e l
( c o r r e s p o n d i n g l y l a r g e r g r a i n s i z e ) . F i g u r e 1 4 ( b ) i l -
l u s t r a t e s t h i s e f f e c t , in w h i c h t h e d o t t e d c u r v e s a r e
s t e p s t r a i n - r a t e t e s t d a t a f r o m F i g . l l ( a ) . F o r a
s t r a i n l e v e l o f 0.6 , the g r a i n g r o w t h p l o t s of F i g . 6
p r o v i d e t h e a p p r o p r i a t e g r a i n s i z e s d e v e l o p e d a t d i f -
f e r e n t s t r a i n - r a t e s . T h e s e g r a i n s i z e / s t r a i n - r a t e
c o m b i n a t i o n s a r e i n d i c a t e d ( o p e n c i r c l e s ) in F i g . 14(b)
u s i n g t h e f a m i l y o f d o t t e d c u r v e s a s c o o r d i n a t e l i n e s
f o r i n t e r p o l a t i o n . T h e s o l i d c u r v e i s t a k e n f r o m
F i g . 1 4 ( a ) f o r ~ = 0 . 6 a n d a g r e e s r e a s o n a b l y we l l
w i t h t h e o p e n c i r c l e d a t a . T h u s , the r i s e in f l o w
s t r e s s a t the l o w e r s t r a i n - r a t e s y i e l d i n g a n ob-
v i o u s s i g m o i d a i b e h a v i o r i s e x p l a i n a b l e . G i v e n t h e
s t e p s t r a i n - r a t e d a t a a n d g r a i n g r o w t h k i n e t i c s , i t
i s , t h e r e f o r e , p o s s i b l e t o p r e d i c t t h e r e s u l t s of a con-
s t a n t s t r a i n - r a t e t e s t ( o r a n y a r b i t r a r y s t r a i n h i s t o r y )
w i t h i n e x p e r i m e n t a l e r r o r s . T h i s r e l a t i o n s h i p b e -
t w e e n r e s u l t s o b t a i n e d by t h e t w o d i f f e r e n t t e s t
m e t h o d s a l so w a r n s a g a i n s t d e t e r m i n a t i o n of m f r o m
the p l o t s o f F i g . 1 4 ( a ) , I t i s c l e a r that t h e s l o p e s of
t h e s e p l o t s h a v e n o r e l a t i o n s h i p to t h e s t r a i n - r a t e
s e n s i t i v i t y o f f l o w s t r e s s in a m a t e r i a l w h o s e m i c r o -
s t r u c t u r e c h a n g e s d u r i n g d e f o r m a t i o n .

S U M M A R Y

C o n s t a n t s t r a i n - r a t e t e s t s c o n d u c t e d o n s u p e r p l a s -
t i c T i - 6 A 1 - 4 V a l l o y a t 9 2 7 ° C i n d i c a t e d c o n c u r r e n t
g r a i n g r o w t h . T h e g r a i n g r o w t h r a t e i s e n h a n c e d by
i m p o s e d s t r a i n - r a t e , h o w e v e r , due to l o n g e r e x p o s u r e

t i m e s a t l o w e r s t r a i n - r a t e s t h e a b s o l u t e g r a i n s i z e
f o r t h e s a m e s t r a i n l e v e l b e c o m e s l a r g e r a t t h e l o w e r
r a t e s . S i n c e f l o w s t r e s s o f s u p e r p l a s t i c m a t e r i a l s
i n c r e a s e s w i t h i n c r e a s i n g g r a i n s i z e , t h i s c o n c u r r e n t
g r a i n g r o w t h d u r i n g d e f o r m a t i o n l e a d s t o a n a p p a r e n t
s t r a i n h a r d e n i n g . T h e f l o w s t r e s s h a s b e e n f o u n d to
c h a n g e f r o m a ~ d 2 d e p e n d e n c e a t t h e l o w r a t e s to a
~ d d e p e n d e n c e a t the h i g h e r s t r a i n - r a t e s , w h e r e d
= g r a i n d i a m e t e r . T h i s s u g g e s t s a d i f f u s i o n a l m e c h a -
n i s m of d e f o r m a t i o n a t the l o w e r r a t e s a n d a p o w e r
l a w c r e e p m e c h a n i s m a t t h e h i g h e r r a t e s .

T h e c o n c u r r e n t g r a i n g r o w t h a n d a s s o c i a t e d h a r d -
e n i n g a l so l e a d t o a d r o p in s t r a i n - r a t e s e n s i t i v i t y
(m), t h e r e b y s u g g e s t i n g a p o o r e r d u c t i l i t y t h a n m i g h t
be i n f e r r e d f r o m the i n i t i a l v a l u e of m f o r t h i s m a t e -
r i a l . F r o m a k n o w l e d g e o f g r a i n g r o w t h k i n e t i c s ( a s
a f u n c t i o n of a p p l i e d s t r a i n - r a t e ) a n d b a s i c s t r e s s v s
s t r a i n - r a t e c u r v e , it a p p e a r s p o s s i b l e to c o n s t r u c t a
c o n s t i t u t i v e r e l a t i o n f o r t h i s m a t e r i a l f o r l a r g e p l a s -
t i c s t r a i n s a n d a r b i t r a r y s t r a i n h i s t o r i e s .

A C K N O W L E D G M E N T S

T h e a u t h o r s w o u l d l i k e to t h a n k M e s s e r s . L . F .
N a v e r e z a n d R . A . S p u r l i n g f o r e x p e r i m e n t a l a s s i s t -
a n c e .
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