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Superplastic deformation of Ti-6AI-4V extruded 
tube 

A.WISBEY,  P .G .PARTRIDGE,  A .W.BOWEN 
Materials and Structures Department, Royal Aerospace Establishment, 
Farnborough, Hampshire GU14 6TD, UK 

Superplastic forming using conventional alloys and product forms may be a cost effective 
route for component manufacture. In this paper superplastic deformation of Ti-6AI-4V 
extruded tube is examined in terms of the strain anisotropy, microstructural changes, the 
texture and the post-formed tensile properties. Superplastic deformation with low flow stresses 
over a wide range of Strain rates was observed. Strain anisotropy and surface roughening 
occurred during deformation and was associated with the two-phase, aligned and banded 
microstructure. A small reduction in the tensile properties was found and changes in the 
texture were noted after superplastic deformation. 

1. Introduction 
Superplastic forming (SPF) has been combined with 
diffusion bonding (DB) in the manufacture of large 
sheet SPF/DB aerospace structures to obtain sub- 
stantial reductions in manufacturing costs and com- 
ponent weight. Recently there has been interest in the 
use of other product forms (e.g. bars) for the manu- 
facture of components such as helicopter impellers in 
Ti-6AI-4V [1] and discs in the near 13-alloy 
Ti-9.5V-3Al-2.5Mo [2]. The use of SPF with "off- 
the-shelf" alloys and product forms could significantly 
reduce the cost of alloy . development and manufac- 
ture, and is being investigated in Japan [3]. Minor 
alloying additions and changes in the thermo-mechan- 
ical processing of current commercial alloys of alumi- 
nium [3] and titanium E4, 5] may lower the optimum 
temperature for SPF and reduce the stress and Strain 
anisotropy. Previous work has shown that super- 
plastically deformed Ti-6A1-4V rectangular section 
bar, with an aligned and banded =/13 microstructure, 
deforms anisotropically [6] and similar behaviour is 
anticipated in other Ti-6A1 4V product forms with 
non-ideal SPF microstructures. However, commer- 
cially useful superplastic deformation is possible with 
non-ideal SPF microstructures [7]. In this work the 
microstructural changes, the SPF parameters, the 
strain an!sotropy and the post-formed tensile proper- 
ties of Ti-6A1-4V extruded, tube are examined and 
compared with previoU~ ~ 0 r k  in the literature. 

2. Experimental procedure 
Extruded Ti 6A1-4V tube of 100 mm outside diameter 
and 6.5 mm wall thickness (Fig. 1 a) was cut in half and 
pressed flat at ~ 700 ~ in vacuum (Fig. l b). From the 
resultant plates, elevated temperature and standard 
room-temperature tensile test pieces were machined in 
the longitudinal (L) and hoop (transverse T) direc- 
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tions. To prevent deformation around the loading 
pins during superplastic deformation, 4.5mm thick 
Ti-6A1-4V support plates were electron beam welded 
on to the test pieces. The room-temperature tensile 
properties were measured on the test pieces deformed 
at 925 ~ a 47 mm gauge length was machined cent- 
rally. 

Tests were carried out at a constant temperature of 
925 + 3 ~ under a positive pressure of gettered argon 
in a vertical split-tube three-zone furnace. The test 
piece elongation was limited to 300% on a 25mm 
gauge length. After deformation the test-piece was 
cooled to 600~ at 25~ min -1 in the gettered 
argon atmosphere. The test pieces were pre-strained to 
4% elongation at a strain rate of g = 3.2 x 10 .4  s-  1. 
Within the first 25% elongation the initial true flow 
stresses, over a range of true strain rates (g = 2 
• 10 5-6 x 10 _4 s -~) were determined by cross-head 

velocity, V, stepping. The strain-rate sensitivity index, 
m, was obtained using the equation for stress, cy, 
versus strain rate, ~, under conditions of no strain 
hardening 

= /<~m (1) 

Whence 
ln(P1/P2) 

m - (2) 
ln (V1/V2)  

where P is the load at crosshead velocity, V. Then the 
test pieces were deformed at nominally constant strain 
rate by increasing V every 25 % elongation up to 
300% elongation, to give strain rates of gl = 
5 x 1 0 - S s - 1 ,  ~2 = 3 . 2 x 1 0 - 4 s - 1 ,  g3---- l x l 0 - 3 s - t  
and ~4 = l x 10-2s  -z. The load was continuously 
monitored and the flow stress calculated. The true 
area strain and the plastic strain ratio (R 
= ln(w/Wo)/ln(t/to), where w, We, t, t o are the final 

and initial width and thicknesses, respectively) were 
measured after testing at 925 ~ 
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Microstructural changes in the Ti-6A1-4V were 
evaluated metallographically; the a/J3 phase propor- 
tions, the mean linear intercept length of a-phase in 
the L, T and ST directions and the a-phase aspect 
ratio were determined. Texture analysis is reported 
elsewhere [8] on the as-received material after pres- 
sing and following superplastic deformation in the L 
and T directions. Surface roughness, R a, values (Ra 
= arithmetic mean of the profile from the mean line) 

for a traverse length of 17.5 mm along the tensile axis 
of superplastically deformed L and T test pieces were 
obtained. Room-temperature  tensile tests to BS.18 
(~ = 3 x 10 -4 s -~ to 0.5% strain, then 10 - 3  S - i )  were 
performed. Material was tested in the as-pressed con- 

~ Cut end hot 
pressed 

1 

k T 
ST~_.~ 

T (b) 

Figure 1 Extruded tube: (a) as-received, (b) after cutting and pres- 
sing fiat. 

dition, after SPF thermal cycling (0% deformation, 
7.5 h at 925 ~ = deformation at El) and as-super- 
plastically deformed at ~1. 

3. R e s u l t s  
3.1. S P F  p a r a m e t e r s  
In the present tests uniform superplastic deformation 
was obtained up to the maximum elongation of 300 % 
(true strain 1.38) at ~1 for both L and T test pieces 
(Fig. 2). Even at ~3 = 1 x 10-3 s-1 there was little 
local necking (Fig. 2). At the highest strain rate (~4 = 1 
x 10 -2 s - I )  significant local necking was observed 
after 160 % elongation. 

The initial true flow stresses increase approximately 
logarithmically with strain rate in the range of strain 
rates tested at 925 ~ (Fig. 3). The flow stresses were 
greater in the L-oriented test pieces. The m-values are 
plotted in Fig. 4; the loads at low strain~rates (~ < 8 
x l 0 - S s  -1) were small and difficull~ to measure 

consistently, which resulted in a scatter band of 
m = 0.55-0.84. Almost constant m-values were ob- 
served for ~ > 8 x 10 -5 s - I ,  where m ~ 0.55 for L test 
pieces and ~ 0.66 for T test pieces. 

At a strain rate of ~1 the flow stress was significantly 
lower than the other strain rates (~z and ~3, Fig. 5). The 
true flow stresses of the T and L test pieces were 
similar at these strain rates. At ~3 = 1 • 10 -3 s -1 sim- 
ilar initial flow stresses to tests at ~2 were measured; 

Figure2 Extruded tube test-pieces after deformation 
~4 = 1 • 10 -2 s-a.  L- longi tudinal ,  T- t ransverse .  
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at 9 2 5 ~  ~ l = 5 x l 0 - S s  -a, ~ 2 = 3 . 2 x 1 0 - 4 s  - i ,  ~:3 = l •  
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Figure 3 Initial true flow stress versus true strain rate determined 
by the stepped strain-rate technique for L and T test pieces: (O) Lt, 
(A) L2, ( n )  L3, (/~) Y2, (D) T 3. 
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Figure 5 The continuous true flow stress versus percentage elong- 
ation at different strain rates, gt = 5x  10 -5 s 1, g2 = 3.2 
x l 0  4s 1, g3_  l x 1 0  - 3 s - t . T e s t p i e c e s : ( o ) L l , ( A ) L z , ( � 9  

(A )  T 2, (rq) T3, ( , )  T 5. 
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Figure 4 Initial strain rate sensitivity index, m, versus true strain 
rate determined by the stepped strain-rate technique at 925 ~ Test 
pieces (O) L1, (A) L2, (11) L3, (~)  y2, ([B) T 3. 

however, the flow stress at ~3 increased more rapidly 
with strain than at ~2. 

The plastic deformation at elevated temperature 
was anisotropic; R-values less than 1.0 (Fig. 6) were 
achieved for all test pieces indicating greater strain 
through the thickness than in the width. The R-value 
increased with increasing strain. The low values at H 
in Fig. 6 were obtained near the test piece head and 
were caused by the constraints imposed by the test 
piece head on plastic flow in the gauge length. The 
curves tended towards a maximum of 0.65 and 0.80 for 
T and L test pieces, respectively; the exact R versus 
relationship is dependent on the test piece configura- 
tion as noted by Ingelbrecht [9]. The maximum 
R-values achieved appeared to be independent of 
strain rate. 

3.2. Mechanica l  properties 
The proof and ultimate tensile strengths were slightly 
higher (15-19 MPa) in the L direction compared with 
the T direction after pressing the tube flat (Table I). 
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Figure 6 R-value versus true area strain after deformation at 925 ~ 
and ~ = 5 x 1 0 - S s  -1, g z = 3 . 2 x 1 0  4s71, g 3 = l x l 0  3 s - l ,  

~4 = 1 x 10 -2 s -1 for (a) L test-pieces (O) L1, (A) L2, (11) L3; 
(b) T test-pieces (�9 Tt,  (zS) T2, (D) Ta, (-k) T4, (O) T 5. 

After the SPF thermal cycle (0% deformation, 925 ~ 
for 7.5 h) the UTS was unchanged but the proof 
stresses decreased by 4.5%-10%. Compared with as- 
pressed material, the superplastic true strain of 1.4 
reduced the proof stresses and the UTS by upto 8% 
tL-961 MPa, T-988 MPa) but the total elongation to 
failure was unchanged at 8%-12%.  Young's modulus 
increased from 110 GPa  (as-pressed) to 127 GPa  after 
the thermal cycle. After superplastic deformation the 
modulus was ~ l l 0 G P a  in the L test piece and 

125 GPa  in the T test piece. 

3.3. M i c r o s t r u c t u r e  
The microstructure of the extruded tube (Fig. 7) was 
not effected by pressing flat and showed equiaxed 
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T A B L E  I Tensile properties of Ti-6AI 4V extruded tube 

Condition Proof stresses (MPa) 

0.1% 0.2% 0.5% 

Tensile 
strength (MPa) 

Total 
elongation (%) 

Young's 
modulus (GPa) 

As-pressed L b 970 969 970 1045 
T b 944 949 953 1029 

SPF thermal cycle" L b 868 936 955 1042 
T b 903 936 942 1024 

After SPF (at,ue = 1.38) L c 838 855 885 961 
T c 877 893 911 988 

11.3 
12.0 
17.0 
13.7 
8.0 

12.3 

110 
107 
127 
128 
112 
125 

"Thermal cycle, 925 ~ for 7.5 h, slowly 
bStandard B-size test-piece. 
CMachined from SPF test-piece. 

cooled (25 ~ min-1 to 600 ~ 

Figure 7 The banded microstructure in as-flattened material after 
heat treatment at 925 ~ (5 min) and water-quenched. 

Figure 9 Equiaxed microstructure in a T test piece after super- 
plastic deformation at 925 ~ and il, e = 1.46 and heat treatment at 
925 ~ (5 min) and water-quenched. 

T A B L E  II The surface roughness of Ti-6A1-4V extruded tube 
after superplastic deformation (~ = 1.38, traverse length = 17.5 mm) 

Test piece R. (gm) 

Longitudinal (L3) 1.76 
Transverse (T3) 9.08 

Figure 8 Contiguous s-phase band at A after the SPF thermal cycle 
and heat treatment at 925 ~ (5 min) and water-quenched. 

grains of ~ and [3 phases with bands of contiguous 
m-phase orientated parallel to the extrusion (L) direc- 
tion. The m-phase bands were most prominent in the 
ST-L plane, and here the m-phase had an aspect ratio 
of ~ 1.8; however between the contiguous ~ bands the 
m-phase was more equiaxed, with an aspect ratio of 
1.1-1.3. The equiaxed m-grain size was about 4 p.m. 

After the SPF thermal cycle the m-grain size in- 
creased to ~ 7p.m and the contiguous m-bands re- 
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mained in the ST L plane (Fig. 8) with an aspect ratio 
similar to that of the as-pressed material. An m-phase 
grain size of 12-14p.m was determined after super- 
plastic deformation at ~1, the contiguous ~ bands were 
no longer observed and the m-phase aspect ratio was 
1.0 (Fig. 9). Surface ridges, perpendicular to the tensile 
axis were prominent on the T test pieces but much less 
apparent on the L test pieces (compare L3 and T3, 
Fig. 2). Consequently, much greater surface roughness 
was obtained for T test pieces than for L test pieces 
measured along the tensile axis after superplastic de- 
formation (Table II). Careful sectioning through these 
surface ridges revealed residual s-phas e bands at, or 
near the surface (Fig. 10). Talysurf measurements per- 
pendicular to the tensile axis were not possible due to 
curvature in the test pieces. 

In the s-phase texture of the as-flattened material 
the e-axis of the hCp s-phase was orientated parallel 
and at ~ 80 ~ to the extrusion (L) direction and the 



Figure 10 Residual contiguous m-phase at A associated with surface 
ridges on T test-pieces after superplastic deformation. 

texture was uniform through the thickness of the tube 
wall. Superplastic deformation at ~1 to 300 % of L test 
pieces had significantly randomized the a-phase 
texture but had little effect on T [8]. 

4. Discussion 
Data were obtained in the present test programme on 
extruded Ti-6AI-4V alloy tube on the superplastic 
forming parameters, the isotropy of plastic flow and 
the post-formed mechanical properties. These data are 
essential for the successful exploitation of superplastic 
forming. Whilst superplastic forming parameter data 
are available for many materials, there is a dearth of 
data on the isotropy of plastic flow and the post- 
formed mechanical properties. 

The present results show that the optimum strain 
rate for superplastic deformation of the extruded tube 
at 925 ~ is ~1, because these conditions give rise to 
dimensional uniformity, low flow stresses, m-values 
> 0.5 and minimum strain anisotropy. This strain 

rate is significantly less than the strain rates (~2 or 
higher) favoured by industry for SPF of sheet. How- 
ever, at the typical sheet deformation rate, @ both the 
L and T extruded tube test pieces exhibited good 
dimensional uniformity (Fig. 2) and the flow stress of 
the extruded tube was very similar to that of sheet 
material (Fig. 11). The flow stresses of the extruded 
tube were consistently lower than round bar and 
extruded U-section product forms in both L and T 
orientations. 

R-values were indicative of strain anisotropy dur- 
ing superplastic forming, with the extruded tube an- 
isotropy greater in the T test pieces. In comparison 
with sheet, the R-values were similar for the L oriented 
extruded tube, but lower for the T extruded tube and 
both L and T extruded U-section (Fig. 12). Compo- 
nent-forming from the extruded tube is expected to 
result in most deformation occurring in the hoop (T) 
direction; greater strain anisotropy may be anticipated 
in comparison with sheet structure SPF. The strain 
anisotropy is caused by contiguous a-phase, aligned in 
the extrusion or rolling (L) direction which resists 
grain-boundary sliding and behaves as relatively un- 
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Figure II True flow stress versus true strain rate for sheet, bar and 
extruded Ti 6AI 4V products deformed at 925 ~ 
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Figure 12 R value versus true strain after superplastic deformation 
at 925 ~ for 0.45 and 3.3 mm thick sheet (~ = 3 x 10 4 s -  1), round 
bar ( g = 9 x 1 0  -5s-1) ,  extruded tube ( g = 5 x l 0  - S s  1) and ex- 
truded U section (g - 2x  10 - 4 s  ]). 

deformable stringers or islands surrounded by the 
softer ]3-phase (6, 10-12), this is particularly pro- 
nounced for the round bar (Fig. 12). In T test pieces 
the contiguous a-phase is aligned perpendicular to the 
tensile axis and limits the width strain [11, 13]. 
Because much of the strain takes place in the softer 
13 phase this is also consistent with the lower flow 
stresses noted for the extruded tube T test pieces. In 
both T and L test pieces once the relatively easy shear 
paths along the 13/13 and a/13 grain boundaries have 
been exhausted, shear will break up the contiguous 
a-phase to give the observed equiaxed microstructure 
associated with higher R-values [11]. Russian work 
has shown that a laminar microstructure in titanium 
alloy VT9 was converted to a near equiaxed micro- 
structure after 70% superplastic strain [14] but 
greater strains (200%) were required in Ti-6AI-4V 
rolled rectangular section bar [12]. Because there is 
greater constraint on the contiguous a-phase when it 
is oriented parallel to the tensile axis (L test pieces), it 
is more readily sheared and the microstructure be- 
comes more rapidly equiaxed with increasing strain. 
Hence resistance to width strain is reduced and the 
anisotropy less for L test pieces than for T test pieces. 
An analogous situation exists in laser-welded joints in 
superplastically deformed Ti-6A1-4V sheet [15] in 
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which the constrained weld microstructure is con- 
verted to a more equiaxed microstructure in L test 
pieces. To avoid anisotropic superplastic deformation, 
a more homogeneous phase distribution is required 
and this may be possible via a thermo-mechanical 
preforming operation prior to extrusion. 

Contiguous a-phase is also responsible for surface 
roughening of the extruded material during super- 
plastic deformation, particularly in T test pieces where 
surface bands were noted. Roughening caused by 
residual bands of contiguous a-phase has been re- 
ported in rectangular section bars [16] and thin sheets 
[13]. In very thin (0.45ram thick) Ti 6Al-4V sheet, 
surface roughening on a much finer scale occurred 
during superplastic strain and was caused by grain- 
boundary sliding [17]. In applications where contam- 
ination of a rough surface may be unacceptable, 
pickling after deformation may be required to reduce 
the surface roughness. 

Texture does not effect deformation under super- 
plastic conditions but changes in texture caused by 
superplastic deformation can affect the isotropy in 
post-formed mechanical tests at room temperature. 
Kaibyshev et al. [18] reported that crystallographic 
texture affected the high-temperature deformation be- 
haviour of the titanium alloy VT6 (in the region of 
700 900~ and of the Zn 22A1 alloy [19], but the 
effect of texture decreased with increasing temper- 
ature. For Ti-6AI-4V, texture effects have been shown 
to be only significant at high strain rates (~ > 1 
x 10-2 s-1) or at temperatures below 800 ~ corres- 
ponding to the transition from grain-boundary sliding 
to slip-controlled deformation [16]. 

The a-phase texture of L test pieces was randomized 
by superplastic deformation [8]; this may be ex- 
plained by a grain-boundary sliding mechanism [12, 
13, 20] which breaks up the contiguous a-phase and in 
this example causes significant grain  rotation. The 
texture in T test pieces was essentially unchanged by 
superplastic deformation despite the change to a more 
uniform phase distribution after superplastic deforma- 
tion, suggesting that much less grain rotation had 
occurred than in L test pieces. This was similar to the 
behaviour of extruded U-section [21] and rolled rec- 
tangular section bar [10], in which the texture was 
weakened but otherwise unchanged by similar super- 
plastic strains. In two-phase Zn-A1 alloy, unchanged 
texture was attributed to simultaneous slip deforma- 
tion and grain-boundary sliding during superplastic 
deformation [22]. Despite the small change in the 
a-phase texture of T test pieces from the extruded 
tube, large changes in the 13-phase texture of (both T 
and L orientations) are likely because most of the 
deformation is accommodated in this phase [10]. 

Although the m-values were relatively low com- 
pared to other Ti-6AI~4V product forms [23], good 
dimensional uniformity along the gauge length of test 
pieces was obtained up to strain rates of ~ = 1 
x 10 -3 s -1, this was probably related to the flat m 

versus ~ curve for the extruded tube (Fig. 4). Work on 
Ti-6A1-4V rolled round bar [23] showed a steeply 
decreasing m versus ~ curve (m = 0.8 at ~ = 3 
x l 0 - S s  -1) and this gave good dimensional uni- 
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formity to a strain rate of only ~ = 9 x 10 -5 s -1. The 
higher strain rate for the tube may be an important 
characteristic because it may permit forming at 
relatively high (and thus economic) strain rates. 

The tensile strength of the tube material was essen- 
tially unaffected by the SPF thermal cycle, despite an 
increase from 4 iam to 7 ~tm in the a-phase grain size. 
However, following superplastic strain of 1.4, a de- 
crease in tensile strength of up to 8 % (L test piece) and 

4 % (T test piece) was observed, in agreement with 
work on Ti-6A1-4V sheet [24] and round bar [25]. 
This decrease was probably associated with a signific- 
ant increase in the grain size (to 12-14gm) during 
superplastic deformation. Superplastic strain-en- 
hanced grain growth has been noted in aluminium 
and titanium alloys by many workers [12, 26-28]. The 
pronounced randomizing of the L test piece texture 
may be responsible for the greater reduction in 
strength in the L orientation [6]. Reductions in 
strength are largely unavoidable with this non-heat- 
treatable alloy, but the titanium alloy IMI550, for 
example, can be re-heat-treated after superplastic de- 
formation to recover fully the tensile properties [29]. 

5. Conclusions 
Ti-6A1 4V extruded tube, with a non-ideal SPF 
microstructure exhibits low flow stresses, m-values in 
excess of 0.5 and good dimensional uniformity after 
deformation at strain rates up to ~ = 1 x 10-as  -1. 
With these forming parameters superplastic deforma- 
tion may be an attractive route for forming products 
from extruded tube. 

There was no change in the ductility of Young's 
modulus after superplastic deformation, but the ten- 
sile strength decreased slightly ( ~  8 %) due to 
concurrent grain growth during deformation. Super- 
plastic deformation increased the surface roughness of 
the extruded tube. 

Strain anisotropy was more pronounced in the T 
test piece and was attributed to aligned contiguous 
a-phase. Superplastic deformation reduced the con- 
tiguity and produced a more homogeneous phase 
distribution of equiaxed grains, suggesting that a pre- 
forming operation may be beneficial as part of the 
extrusion process to improve the microstructure. 
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