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The superplastic m-6  curves of T i - 6 A I - 4  alloy have been determined at different temperatures 
and strain rates; all were of the m , =  mma x type, and were of either fundamental, descending or 
ascending types. The latter two  types were transformed from the former through the processes 
of m,  ~ m o, 5, ~ ~3 o and m,  - ,  mF, 5L ~ 6F, respectively. The highest total elongation, 5F, was 
1150% obtained at 950~  and 1.55 x 10 -3 s -1. The Chin Liu equation has been applied to all 
types of m-~3 curves. The parameters characteristic of all types of m-~5 curves have b e e n  
obtained and were found to vary wi th  temperature and strain rate. The total elongation, 6F, is 
determined by the resultant effects of all other parameters, not by a single m value, 
theoretically considered to be constant and determined practically by a tensile strain of about 
30%-50% (m3o%_~o%)as usual. 

1. N o m e n c l a t u r e  
C ( = k~ ko) the normalized slope of rn-~ curve 

corresponding to 8 
k a material constant corresponding to 
m strain-rate sensitivity index corresponding to 6 
mma . maximum on the m-8 curve corresponding to  6L 
m~i. minimum on the m-8 curve corresponding to 8L 
V crosshead speed during the tensile test 
6 the strain of the entire stretching process (has 

same significance as ordinarily adopted a) 

8F total elongation at fracture chosen for the pre- 
sent work 

6i intermediate strains including 8n, 6~2, ~13 . . . . .  
~i,-1), 61i, ~i(~+1), .-. ,  chosen for the present 
work 

8L "limit" strain separating m-8 curves into sec- 
tions 

8o ( = 0) starting strain 
strain rate 

cy flow stress 

2. I n t r o d u c t i o n  
With high strength, low specific gravity, high temper- 
ature and corrosion resistance, the Ti-6A1-4V alloy is 
an important material widely used in the aeronautical 
industry. Unfortunately, it is very hard to form owing 
to its poor  plasticity. Therefore, development of its 
superplasticity has been an interesting topic for super- 
plastic research. 

The superplastic total elongation, 6v, of Ti 6A1-4V 
alloy determined was 1000% in certain cases, and 
2000% in others [1, 2]. However, the strain-rate 
sensitivity index of flow stress, m, varied from 
0.46-0.88 according to the tensile testing strains adop- 
ted. Evidently, it is impossible to relate them to the 
total elongation, 6v [3]. 

On the other hand, Bayer and Magnuson [4] also 
found that the value of m of Ti-6A1-4V alloy was 
strain-dependent. Two examples were given in their 
paper. One showed that m decreased from 0.74 to 0.7 
with increase in strain from 10.52% to 111.7% and a 

descending type of m-8 curve was formed. The other 
example showed that m increased from 0.35 to 0.55 
with increase in strain from 16.183% to 285.74% and 
an ascending type of m-g curve was formed [4]. 

It is predictable that the superplastic m-5 curves 
should also be of different types under different condi- 
tions and can be classified according to the Chin Liu 
classification [5, 6]. The Chin Liu classification of m-6 
curves and their intertransformation is shown in 
Fig. 1. They can all be expressed by the following Chin 
Liu equation [5-8]  

= [C~ ~m-"o) 1] x 100% (1) 

which can be rearranged for calculating C values as 
follows 

Co = (0.01 6o + 1) ~u,c-mo) = 1 (2a) 

C L = (0,01 ~L "~ 1) ~ (me- mL) (2b) 

C v = (0.01 ~F + 1) ~U"c-,,F) (2C) 
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Figure 1 Chin Liu classification of superplastic m-;5 curves. (a) m L 
= mma x type. (b) M L = M m l  n type. 

Finally, all the parameters characteristic of the m-8  
curves can be obtained as follows. 

1. The fundamental type: 5v, 6F, my, mL, mo, Cv 
( =  kv/ko) and C L ( =  kL/ko): the mL value is max- 
imum or minimum among the three m values, depend- 
ing upon the type of curve they belong to. 

2. The ascending type: ;SF, my, mo and Cv 
( = kv/ko), (mo < my). 

3. The descending type: 6v, my, mo and C v 
( = kv/ko), (too > my). 

4. The horizontal type: 8F, my, (or too) and CF 
( = kF/ko). 

It can be seen that the too, mL, mF, CL and CF values 
should be representative of the m and k values charac- 
teristics of the fundamental equation, cy = kk m. The 5 L 
value can affect these two values and its effects are 
indirect. 

The static (or indirect) and dynamic (or direct) 
effects of both m and k values on the superplastic total 
elongation, ~v, have been discussed in detail and need 
not be repeated here [6]. The total elongation, 6F, 
should be determined by the resultant effects of all 
other parameters characteristic of the m-6  curves or 
the m and k values, but not by a single m value 
theoretically considered to be a constant and deter- 
mined practically with a tensile strain of about 
30% 50% (m3o%_5o%) as is usual I-9]. 

It  has been explained that the individual effects 
exerted by the p,~rameters characteristic of the m-6  
curve or the m and k values may be favourable or 
unfavourable (strain-rate softening or hardening ef- 
fect). The very high total elongation can be obtained 
because of the fact that the favourable effects must be 
very prominent. 

The purposes of this research were to determine the 
m-6  curves of Ti-6A1-4V alloy under different condi- 
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tions and to understand their intertransformation. 
The Chin Liu equation was applied to the curves so 
that all the parameters characteristic of the m 6 cur- 
ves determined could be obtained. Therefore, the same 
conclusion can then be drawn for the Ti-6A1-4V alloy 
as for other materials [6, 10-14]. 

3. Exper imenta l  procedure  
3.1. Material 
The test material contained 5.8%A1, 4.10%V, 
0.143% O, 0.01% N, 0.02% C, 0.22% Fe and the bal- 
ance titanium. It was preliminarily hot-rolled 
at 930~ and further rolled to 19mm rod at 
750-800 ~ The tensile specimen is shown in Fig. 2. 
The microstructure is composed of cz and 13 phases 
with a grain size of 92 I-tm which is known to be 
suitable for producing superplasticity in this material. 

3.2. Determination of m-6 curves 
On the tensile testing machine, a series of m(mi) values, 
corresponding to a series of strains, 6 (~), were deter- 
mined by the velocity change method developed by 
Backofen et aI. [15]. Then an m-6  curve could be 
constructed. The M o values could only be determined 
by the extrapolation method from the experimental 
m-8 curve, as were the mv values, because it was very 
difficult to change the velocity when the specimen was 
stretched nearly to fracture. 

On the testing machine, only a constant cross-head 
speed, v, could be maintained; however, for the follow- 
ing experiments it was necessary to have a constant 
strain rate, ~. Therefore, some remedial measures were 
adopted with very satisfactory results I-5, 8]. In this 
research, the mean value method was adopted. 

4. m-5  curves, the i r  i n t e r t r a n s f o r m a t i o n  
and the  appl icat ion  of  the  Chin Liu 
equat ion  

All m-5  curves determined were of the m = mma x type 
and could be fundamental, ascending or descending 
types, depending upon the experimental conditions 
adopted. The latter two were transformed from the 
first one according to the definite rule mentioned 
above. The Chin Liu equation was applied to the 
curves to calculate the C values. 
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Figure 3 Effect of strain rate on the superplastic m curves of Ti 6A1-4V alloy. 

(a) At  T =  900~ and  g = 0.37 x 10-3-4 .05  
x 10 -3  s -1 ,  six m - 8  curves ( i-vi)  were de te rmined  as 

follows (Fig. 3). 
1. W h e n  in te rmedia te  s train rates were used, the 

curves were of  the fundamenta l  type with mr = mmax. 
(i) At  k = 0.75 x 10-  3 s -  1 

mo( = 0.50) < mE( = mmax = 0.6) > my( = 0.55) 
(3a) 

6 o ( =  0) < BE(= 560%) < 8 F ( =  950%) (3b) 

Co( = 1) < CL( = 14.56) < CF( = 15.05) (3C) 

(ii) At  g = 1.55x 1 0 - 3 S  - 1  

too( = 0.45) < mE( = mma x = 0.53) > mF( = 0.38) 
(4a) 

50( = O) < BE( = 240%) < 6F( = 1900%) (4b) 

Co( = 1) < CL( = 5.71) < CF( = 6.69) (4C) 

We can see tha t  the pos i t ion  of  the curve is raised and  
the values of  m E and  6 e are increased with decrease in 
s t ra in  rate. 

2. W h e n  the s t ra in  rates were lower  than  0.75 
x 10-  3 s -  1, the curves were of the ascending type with 

m L = D/ma x. 
(iii) At  k = 0.37 x 10-  3 s -  1 

t o o ( =  0.59) < D/L( = mmax) "-+ mF(  = 0.7) (5a)  

80( = 0) < 5L ~ 6F( = 850%) (5b) 

Cc( = 1) < C L --* CF( = 22.66) (5C) 

(iv) At  k = 0.55 x 10-  3 s -  1 

D/o( = 0.55) < mE( = D/max) ~ D/F( = 0.63) (6a) 

50( = 0) < 6 L --* 8F( = 900%) (6b) 

Co( = 1) < CL --* CF( = 18,23) (6c) 

They  were formed due to the decrease in s t ra in  rates 
f rom the processes of m E ~ mF and 8 L ~ 8 v. The posi-  
t ion of  the curve with lower  s train rate  is higher  than  
tha t  with higher  s t ra in  rate. This is in accordance  with 
the results ob ta ined  above.  

3. W h e n  the s t ra in  rates were higher  than  1.55 
• 10 -3  s -1,  the curves were of the descending type 

with m E = m m a  x.  

(v) At  ~ = 3.05 x 10-  3 s -  a 

mo( = 0.44) ~ me( = mmax) > my( = 0.25) (7a) 

8o( = 0) ~ 6L < 6V( = 700%) (7b) 

Co( = 1) ~ CL < Cv( = 2.66) (7c) 

(vi) At  g = 4.05 x 10-  3 s -  1 

mo( = 0.41) ~ mE( = mmax) > mF( = 0.22) (8a) 

50( = 0) ,-- 6r < 6v( = 500%) (8b) 

Co( = 1 ) ~  C L < Cv( = 2.11) (8C) 

They were formed due to the increase in s t ra in  rates 
from the processes of  m E -~ D/o and  8 L --* 8o of  the 
fundamenta l  type of curve. Similarly,  the pos i t ion  of  
the curve with lower  s train rate  is higher  than  tha t  
with higher  s t ra in  rate. This is again  in accordance  
with the results ob ta ined  above.  

(b) At  ~ =  1 . 5 5 x 1 0 - 3 s - 1  and  T = 7 5 0 - 9 5 0 ~  
five curves have been de te rmined  (Fig. 4). 

1. W h e n  the in te rmedia te  t empera tu res  were used, 
the curves were of the fundamenta l  type with 

m L = mma x. 

At T = 800 ~ 

too( = 0.38) < mE( = mmax = 0.5) > mF( = 0.28) 

(9a) 

5 0 ( = 0 ) < 6 e ( = 1 5 0 % ) < 6 F ( = 8 5 0 % )  (9b) 

Co( = 1) < CL( = 5.43) > CF( = 4.97) (9c) 

At  T = 850 ~ 

too( = 0.46) < mE( = mmax = 0.55) > mF(  = 0.28) 

(lOa) 

80( = 0) < BE( = 390%) < 6F( = 900%) (10b) 

Co( = 1) < CL( = 8.77) > CF( = 4.02) (10C) 
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Figure 4 Effect of temperature on the superplastic m-6 curves of Ti-6A1-4V alloy. 

At  T = 900 ~ 

too( = 0.54) < mL( = mma x = 0.64) > mv( = 0.50) 1000 

(1 la)  90O 

~ o ( =  O) < 6 L ( =  650%) < 5V(=  1050%) ( l l b )  
800 

CO( = 1) < C L (  = 14.32) Cv( = 8.88) (1 lc) 

We can see tha t  the pos i t ion  of the curve is ra ised ~ 700 
and  the values of  rn L and 6L are increased due to the ~ 
increase in t empera ture .  600 

2. W h e n  the t empera tu re  was at  the lower  l imit  of  
the above  range (750 ~ the curve was of the descen- 500 

ding type  with m L = mma x 400 
0 

too( = 0.36) +- mE( = mmax) > m v (  = 0.22) (12a) (a) 

~o( = 0)*-- 3L < 6V( = 750%) (12b) 
0 . 7  

Co( = 1) *-- C L < CF( = 3.44) (12C) 

which was formed from the processes of mL --* mo and  
~SL --* 6o of  the fundamen ta l  type of curve. 

3. W h e n  the t empera tu re  was at  the upper  l imit  of 
the above  range (950 ~ 

mo( = 0.56) < mL( = mmax) ~ m v ( =  0.67) (13a) 

50( = 0) < 6 L ~  3F( = 1150%) (13b) 

Co( = 1) < CL ~ CF( = 25.47) (13C) 

which was formed from the processes of m L --* m v and  
~L "+ ~F of the fundamen ta l  type of curve. 

The  magn i tude  of C F can then be discussed as 
follows. F r o m  Equa t ions  2 a - c ,  we can see tha t  the 
higher  the 8F value, the higher  will be the CF value. In  
the case of the ascending  type of m - 6  curve, the value 
of(mF mo) is posit ive,  thus the higher  the m F value, the 
higher  will be the CF value. Therefore,  we can only  
have 

CF( = kF/ko) ~ Co( = ko/k  o = 1) (14) 

I n  the case of the descending  m - 6  curve, the value of  
(mv-mo) is negative,  then the lower  the mF value, the 
lower  will be the Cv value. Therefore,  we can have 

CF( = kv/ko)  > Co( = ko/ko = 1) (15a) 
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Figure 5 Effect' of strain rate on the parameters characteristic of 
m-~ curves at 900 ~ ~ (~L, 8F)--~ curves; (b) m (mo, m L, rnv)-)~ 
curves; (c) C (CL, CF)-~ curves. 
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Figure 6 Effect of temperature on the parameters 'characteristic of 
m-~ curves at k = 1.55 x 10 -3s  -1. (a) 8(~L, fiF)-Tcurves; (b) m(m o, 
mE, mv)-T curves; (c) C(CL, Cv)-T curves. 

and possibly 

CF( = kv/ko) --* Co( = ko/ko = 1) (15b) 

In the case of the fundamental type of curve, the Cr 
value is determined by the resultant effects of its two 
sections separated by the limit strain, 6L. 

k o value can be obtained from the cy-~ curve by the 
extrapolation method. With CF( = kv/ko) known, kv 
can be calculated. 

In Figs 5 and 6, the effects of strain rate and temper- 
ature on all the parameters characteristic of the m-6 

curves are shown. From them, we can clearly under- 
stand the effects of these two factors on the hinges of 
the m-6 curves or the superplastic flow process beha- 
viour of Ti-6A1 4V alloy tested. 

5. Conc lus ions  
1. The superplastic total elongation, 8 v was 

500%-1000% at T = 900 ~ with ~ = 0.37 
x 10- 3-4.05 x 10- 3 s -  1 and were 750%-1150% with 

= 1.55 x 10- 3 s -  1 at T = 750-950 ~ 
2. The superplastic m-~ curves were all of the 

m L = mma x type including the fundamental, ascending 
and descending types. The latter two types were form- 
ed from the processes of m L --* rrt F and ~L "~ ~F or 
m E -+ m o and ~L --+ 60 of the fundamental type. 

3. The Chin Liu equation has been applied to all 
types of m-6 curves determined. All or some of ~F, ~L, 
mE, mE, too, CF, and CL were obtained for a m-6 curve 
depending upon the types of m-6 curves determined. 

4. The superplastic total elongation, ~v, of Ti-  
6A1-4V alloy should also be determined by the res- 
ultant effects of all other parameters characteristic of 
the m-6 curve, not by a single m value theoretically 
considered to be constant and determined practically 
with a tensile strain of about 30%-50% as is usual. 
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