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The effect of strain rate, temperature and 
texture on anisotropic deformation in T i -6AI -4V 

D. S. M c D A R M A I D ,  P. G. PARTRIDGE 
Materials and Structures Department, Royal Aircraft Establishment, Farnborough, Hampshire, 
UK 

The effect of temperature and strain rate on the transition between grain-boundary sliding and 
slip-controlled deformation in T i -6AI-4V at elevated temperatures has been determined by 
measuring the strain anisotropy. The anisotropy below the transition was dependent on 
texture, but above the transition was dependent on contiguous c~-phase. 

1. Introduction 
In order to improve the superplastic behaviour of 
alloys, attempts have been made to relate superplastic 
flow to microstructure, texture and processing par- 
ameters [1, 2]. Deformation models for superplasticity 
refer to single-phase systems [3] and depend upon a 
knowledge of the deformation modes active under 
superplastic conditions [2-4]. In tests on commercial 
alloys at elevated temperatures, it is often difficult to 
determine the dominant deformation mode and to 
relate it to the microstructure existing only at the 
deformation temperature. This task is particularly 
difficult for ~-/~ titanium alloy tested at about 900~ 
in an inert atmosphere, since annealing and phase 
transformation occur during cooling at room 
temperature. 

Recent studies [5, 6], have shown that in two-phase 
alloys the phase distribution can affect the uniformity 
of superplastic flow. For example in textured 
Ti-6A1-4V alloy bar the stress and strain anisotropy 
were different during superplastic and non-superplastic 
deformation. The strain anisotropy is illustrated in 
Fig. 1 which shows the initially round cross-sections of 
test pieces oriented parallel to the short transverse 
(ST) direction became elliptical after tests at both 20 
and 928 ~ C. However, the long axis of the ellipse was 
parallel to the transverse (T) direction (the 0002 pole 
axis) at 20 ~ C (Fig. la) when dislocation glide was the 
dominant deformation mode, and normal to this direc- 
tion after superplastic deformation (Fig. l b) when 
grain-boundary sliding was the dominant deformation 
mode. The anistropy under superplastic conditions 
was explained in terms of a two-phase deformation 
model [7], which depended upon the greater resistance 
to grain-boundary sliding in the c~/~ grain boundaries 
than in ~//~ or /~//~ grain boundaries in the banded 
microstructure. 

This relationship between the sense of the strain 
anisotropy and the controlling deformation mode has 
been used to monitor the change in deformation mode 
in Ti-6AI-4V when the test conditions (i.e. strain rate 
and temperature) were varied within and outside the 
superplastic range. The results obtained in these tests 
are described in this paper and used to clarify the role 
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of crystallographic texture and to indicate the process- 
ing limits in superplastic forming of thin Ti-6A1-4V 
sheet. 

2. Experimental techniques 
The Ti-6A1-4V alloy tested had a composition (wt %) 
of 6.3A1, 4.4V, 0.18Fe, <0.006H2, <0.01N2, 
0.1502, balance Ti. It was supplied in the form of 
hot-rolled rectangular bar with a cross-section 
160mm x 50 ram. Prior to machining the bar was 
mill annealed 4 h at 700 ~ C and air cooled. The bar had 
a strong a-phase basal texture with the 0002 poles 
parallel to the long transverse direction (T) as shown 
in Fig. 2; this texture was not significantly affected by 
heating to the superplastic deformation temperatures 
used in this paper. The microstructure at elevated 
temperatures, contained regions of aligned and con- 
tiguous fine-grained a-phase (Band A) in a randomly 
distributed fine grained ~ and/~ microstructure (Band 
B) as shown in Fig. 3. 

Round bar test pieces with gauge diameters of either 
4 or 13 mm and a gauge length of 22 mm were machined 
from the bar with the text piece axis oriented parallel 
to the short transverse (ST) direction. The longitudinal 
(L, rolling) direction was marked on the end cross- 
section of each test piece. Room and elevated tem- 
perature uniaxial tensile tests were carried out to a 
maximum of ~260% elongation in deoxygenated 
argon atmosphere within a silica tube with the tem- 
perature maintained at T-t- 2~ in a triple-zone 
vertical furnace. The test piece was held 0.5 h at tem- 
perature prior to testing at constant cross-head speeds 
with the initial strain rates in the range 4.2 x 10  -4  to 
1.05 X 10 -Isec -I over the temperature range 20 to 
970 ~ C. The volume fraction of the ~ phase present at 
each temperature was determined by metallographic 
analysis of sample material water quenched after a 
0.5 h hold at temperature in an argon atmosphere. 

The anisotropy observed in the gauge length was 
monitored using the ratio dP/dN, where dP and dN 
are the diameters of the gauge length parallel and 
normal, respectively, to the 0002 poles of the a-phase. 
These diameters were measured with a travelling 
microscope. 
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Figure 1 Schematic diagram of Ti-6Al-4V 
test piece cross-section after uniaxial strain. 
(a) After strain at room temperature, Mill 
annealed material. (b)After superplastic 
strain at elevated temperature. (c)After 
strain at room temperature, following 
superplastic strains up to 344%. 

3. Results 
3.1. Effect of strain rate 
The flow stress (cr) against initial strain rate (~) curves 
obtained at various test temperatures are plotted in 
Fig. 4. Superplastic deformation was obtained at 900 
to 928~ for strain rates less than 10-2sec-2; these 

conditions correspond to high m values where 
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Figure 2 Effect of  300% longitudinal strain at 928~ on the a-phase (0002)  pole figures. 
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Figure 3 Initial microstructure after 0.5 h at 928 ~ C, cold water quenched. 

are plotted against strain in Figs. 5 and 6. Under 
superplastic conditions at 928~ (Fig. 5) the ratios 
were greater than unity, increased with strain and were 
insensitive to strain rate in the range 4.2 x 10 4 to 
1.05 x 10 3sec-X. The intensity of  the edge texture 
was reduced after about 300% longitudinal superplastic 
strain (Fig. 2) but the texture type was unchanged. 

Under  non-superplastic conditions at 1.05 x 
10-2sec -1 (Fig. 6) the deformation was isotropic 
(dP/dN ~ 1) up to strains of  1.2 and there was less 
change in the texture (Fig. 2). With increasing strain 
rate at 900 ~ C the gradient of  the dP/dN v strain curves 
decreased and dP/dN ratios less than unity were 
obtained (Fig. 6). 

The decrease in the dP/dN ratio reflected a change 
in the deformation behaviour from that controlled by 
grain-boundary sliding at low strain rates (when 
dP/dN > 1) to that controlled by slip at higher strain 

rates (when dP/dN < 1). The triaxially stressed necked 
regions of  the gauge length (dotted curves in Fig. 6) 
appeared to deform with less anisotropy.* 

The change in the dP/dN ratio at 900 ~ C from < 1 to 
> 1 (Fig. 6) coincided with a change from uniform to 
non-uniform diametral strain which led to multiple 
necks as shown in Fig. 7; non-uniform diametral 
strain only occurred under superplastic conditions. 
The development of  multiple necks is shown in Fig. 8 
for a test piece superplastically deformed initially to 
31% elongation and then to 118% elongation at 
900 ~ C and ~ = 4.2 x 10-4sec -l. The multiple necks 
could be related to differences in the grain-boundary 
sliding resistance in Bands A and B microstructure 
(Fig. 3). Cross-sections containing a high proport ion 
of  Band A microstructure deformed less and became 
more pronounced with increasing strain compared 
with cross-sections containing predominantly Band B 

*It should be noted that an elliptical shaped cross-section with a given dP/dN value produced by anisotropic deformation remains relatively 
unchanged if the deformation subsequently becomes isotropic [5]; the dotted lines in Figs. 5 and 10 therefore indicate a tendency towards 
isotropic deformation in the necked regions. 
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1000 Figure 4 Effect of strain rate and test 
temperature on the flow stress. 
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microstructure. This is shown in Fig. 9, where the 
dP/dN ratio for a given superplastic strain was less for 
Band A than for Band B microstructure. Multiple 
necking was less pronounced in the 13 mm than in the 
4 mm diameter test pieces; this was attributed to the 
overlapping of  Bands A and B within the thicker 
section. 

Multiple necking increased the scatter in dP/dN 
values for superplastically deformed test pieces as 
shown in Fig. 5 for 928 ~ C and Fig. 9 for 900 ~ C tests. 
For  clarity the curve for 900 ~ C in Figs. 6 and 10 is the 
mean of  the data in Fig. 9. 

3.2. Effect of t e s t  t e m p e r a t u r e  
Curves of  dP/dN ratio against strain were obtained at 
low (~i = 4.2 • 1 0 - 4 s e c  -1)  and high (~i = 1.05 x 

I 

10 -1 

10-1 sec-]) strain rates in the temperature range 20 to 
970 ~ C. At the lower strain rate (Fig. 10a) the gradi- 
ents of the curves increased with increasing tem- 
perature up to 900 ~ C and then decreased in the range 
900 to 970~ but at the higher strain rate (Fig. 10b) 
the gradients increased with increasing temperature 
throughout the temperature range. With the exception 
of  the curves for 970 ~ C the gradients were less at the 
higher strain rate. 

Deformation appeared to be isotropic at 800~ at 
the lower strain rate (Fig. 10a) although significant 
s-phase was present (Fig. 11). Increasing the strain 
rate at this temperature changed the dP/dN ratio from 
unity to less than unity (Fig. 10b) and also led to 
a change in the diametral strain from non-uniform 
to uniform as shown in Fig. 12. This isotropic 
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Figure 6 dP/dN ratio plotted against strain 
for 4 mm diameter test pieces. 

deformation at 928 and 800°C occurred at the tran- 
sition f rom slip-controlled to grain-boundary con- 
trolled deformation. 

Under  slip-controlled deformation (dP/dN < 1) 
the observed increase in dP/dN ratio with increasing 
temperature can be explained by the decrease in the 
a-phase volume fraction and the increase in (c  + a )  
slip, which would tend to decrease the effect of  a-phase 
texture. 

When the deformation was controlled by grain- 
boundary  sliding (dP/dN > 1) with the contiguous 
a-phase responsible for the anisotropy, the dP/dN 
ratio was expected to decrease with increasing tem- 
perature and to become unity near the fl-transus. 

Although the dP/dN ratio was found to decrease in 
the temperature range 900 to 970°C (Fig. 10a), at 
970°C when the a-phase volume fraction was only 
13% (Fig. 11) the dP/dNvalues were the same at both 
high and low strain rates and were greater than unity 
(Figs. 10a and b). The 970°C test pieces always 
exhibited some non-uniform diametral strain (Fig. 
13). Microstructure examination revealed that 
residual a-phase tended to concentrate in stringers. 
These isolated stringers were believed to be respon- 
sible for the observed anisotropy at 970 ° C. 

The effect of  axial strain and test temperature on the 
dP/dN ratio is shown in Fig. 14 for the lower strain 
rate (ei = 4.2 x 10-4sec 1). The dP/dN ratio 
increased with strain under grain-boundary sliding 

Figure 7 Effect of strain rate at 900°C on 
(a) 4.2 x 10-4sec -I, (b) 5 x 10-3sec -i, 
(d) 10 l sec-l, shown same size. 

deformation. 
(c) 10-2sec -~, Figure 8 Effect of strain at 900°C and el = 4.2 x 10-4sec -1 on 

deformation. (a) 31%, (b) 118%. Shown same size. 
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Figure 9 dP/dN ratio plotted against strain at 900 ~ C 
for test piece exhibiting non-un i fo rm diametral  strain. 

conditions and was a maximum at about 900 ~ C corre- 
sponding to about 60% e-phase volume fraction. 

4. D i s c u s s i o n  
The measurement of dP/dN ratio provides a unique 
method for detecting the transition from grain- 
boundary sliding to slip controlled deformation in 
Ti-6AI-4V alloys. The technique is particularly suit- 
able for highly textured two-phase alloys with an 
aligned microstructure. The results suggest that for 
Ti-6A1-4V alloy isotropic deformation under both 
grain-boundary sliding and slip conditions would be 
obtained for sheet with ~0 0 0 2) poles normal to the 
sheet plane and equiaxed and uniformly dispersed e- 
and /3-phases. Since non-uniform strain was more 
pronounced in 4 mm than 13 mm diameter test pieces, 
thin sheet may be more sensitive to any aligned 
e-phase. 

A change in the dP/dN ratio from greater than to 
less than unity coincided with a change from non- 
uniform to uniform diametral strain along the test 

piece gauge length. When dP/dN > 1 the anisotropy 
in the diametrat strain was characteristic of that 
obtained under superplastic conditions when an 
aligned microstructure rather than a random micro- 
structure was deformed by grain-boundary sliding. 
Both the non-uniform strain and the anistropy were 
attributed to a greater resistance to grain-boundary 
sliding in the e/e grain boundaries in the contiguous 
e-phase Band A compared to the ease of sliding in e//3 
and /3//? boundaries in the non-aligned Band B in 
Fig. 3. 

When dP/dN < 1 the anisotropy obtained was 
characteristic of that obtained at room temperature 
when deformation was controlled by slip and depend- 
ent on the e-phase texture [8]. The effect of strain rate 
and test temperature on dP/dN ratios is summarized 
in Fig. 15 for a strain of 0.6. Although the influence of 
texture decreases as dP/dN approaches unity, at strain 
rates ~> 10-2sec -~ texture controlled the anisotropy 
even at 900~ when the critical resolved shear stress 
for slip on <a) and <c + a)  systems might be 
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Figure 11 Effect o f  temperature on a-phase volume fraction in 
textured Ti-6A1 4V bar. 

expected to be similar [9, 10]. Texture effects under 
these conditions were presumably caused by different 
strain rate sensitivity of the flow stress on the 
operative s!ip systems. 

In Ti-6A1-4V at 850 ° C, texture was reported [11] 
to become random after grain-boundary sliding at 
very low strain rates (Stage I of the In a against In 
curve [1, 11]) but when dislocation processes domi- 
nated at high strain rates (Stage III of the curve) 
texture was retained. These observations agree with 
the present results since intermediate strain rates (10 4 
to 10 -3 sec-J, equivalent to Stage II) and after super- 
plastic strains of ~300% grain-boundary sliding, 
reduced the texture intensity (Fig. 2). However there is 
evidence for a much greater change in the /?-phase 
texture in Ti-6AI-4V [12]. The texture results suggest 
that during superplastic deformation of Ti-6A1-4V 
the e-phase behaves as relatively undeformable islands 
surrounded by deforming/?-phase [7]. 

Near the deformation mode transition point 
(dP/dN = 1) the dP/dN ratio was sensitive to test 

Figure 12 Effect of  strain rate at 800°C on deformation. 
(a) 4.2 x 10-4see l, d P / d N  ~ 1; (b) 10-1sec - l ,  d P / d N  < 1. 
Shown same size. 

Figure 13 Effect of  strain rate at 970°C on deformation. 
(a) 4.2 x 10-4sec i, d P / d N  > 1; (b) 10 lsec-I ,  d P / d N  < 1. 
Shown same size. 

conditions (Fig. 13). This sensitivity may explain why 
superplasticity has been reported by some workers to 
be texture-dependent [10, 13, 14] and by others [5, 15] 
to be texture-independent. It follows that a reduction 
in forming temperature to reduced manufacturing 
costs [16] may lead not only to higher forming press- 
ures but to texture-dependent anisotropy, even 
though high strains may be achieved. 

The results obtained at 970°C were unexpected 
since the largely/?-phase microstructure was expected 
to deform isotropically. However, the observed ani- 
sotropy appeared to be related to residual aligned 
e-phase which was probably associated with slight 
segregation of alloying elements. This segregation and 
the reduced strain rate sensitivity with increasing 
~-phase could be responsible for the large multiple 
necks at high strain rates of 10 -~ sec l (Fig. 13b). 

5. Conclusions 
1. Diametral strain anisotropy measured by dP/dN, 

where dP and dN are the strains in two orthogonal 
directions, can be used to monitor the change in the 
controlling deformation mode in Ti-6A1-4V. 

2. With increasing strain rate or decreasing test 
temperature a transition occurred from grain- 
boundary sliding (dP/dN > 1) controlled defor- 
mation to slip-controlled (dP/dN < 1) deformation. 

3. The transition in deformation mode coincided 
with a change from non-uniform to uniform diametral 
strain along the test piece gauge length; the non- 
uniform strain was caused by the resistance to grain- 
boundary sliding between contiguous e-phase. 

4. At 970°C when only 13% e-phase was present, 
anisotropy was apparent and was independent of 
strain rate; this was attributed to the concentration of 
aligned e-phase into bands. 

5. A change from texture-dependent to texture- 
independent formation can occur with slight changes 
in the superplastic forming conditions near the 
deformation transition point. 
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Figure 14 Effect of  strain (e) on dP/dN 
plotted against test temperature. 1.2 
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