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Superplastic behavior of TiAl based alloy at
relatively low temperatures ranging from 800 C to 1075 c”
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[ Abstract] Superplastic behaviors of TiAl based alloy with initial grain size of about 2 Hm obtained by multistep forging
were investigated at 800~ 1075 ‘C with strain rates of 8 x 107 °s™ '~ 2x 10™ ¥~ !
exhibits excellent low temperature superplasticity. Flow softing resulting from dynamic recrystallization is observed at rela-
tively low temperatures ( <1000 ‘C) or at higher strain rates ( 22x 1074 1.
from straimr enhanced grain growth occurs at higher temperatures or at lower strain rates. A maximum elongation of 533%

. The results show that the material
Continuous strain hardening resulting

is obtained at 800 C with strain rate of 2x 10" °s™ ', and at 1050 'C, a maximum elongation of 570% is obtained at

strain rate of 8 X 107 %5~ !

. At a fixed strain rate of 2% 10™ *s” ' when the alloy is deformed at 850 C, the microstruc
ture is refined, however at 1050 C, is coarsened. The as deformed microstructure shows relatively high strain rate sensr
tivity value and it keeps nearly stable during deformation. The activation energy is calculated to be 290k]J/ mol at 950~

1075 'C, with the grain size exponent, p= 2, and 224 kJ/ mol at 800~ 900 C with p = 3. Therefore, it is suggested

that the dominant mechanism during superplastic deformation at 800~ 900 C is grain boundary sliding controlled by grain

Trans. Nonferrous Met. Soc. China Aug. 2002

boundary diffusion; however at 950~ 1075 C is grain boundary sliding controlled by lattice diffusion.
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1 INTRODUCTION

TiAkFbased alloys are attractive candidate materi-
als for aerospace and engine applications, owing to
their low densities, high specific strengths and excel-
lent oxidation and creep resistance at elevated temper-
ature! '
use of TiAl based alloys is their ambient temperature
brittleness and poor workability. Superplastic forming
(SPF) is considered a novel process for fabricating
hardto-machine materials since 1960s, which has
been widely used for titanium structure in aerospace
industry' . Therefore, it is reasonable to investigate

2l However, a major obstacle for the industry

the superplastic behavior of TiAFbased alloys. It was
known that the superplastic forming temperature of
titanium alloy is below 1100 C because of the limita-
tion of practical facilities. In order to achieve shaping
TiAl based alloys at same facilities and forming condi-
tions used for titanium alloys, a good low temperature
superplastic characteristic is indispensable for TiAl
based alloys. Recent research revealed that the ther
mo-mechanical treatment could provide a finegrained
microstructure and a beneficial grain boundary state
for sliding, which promote superplastic deformation,
thus, could decrease superplastic forming temperature
significantly!*!. In the present work, a Tr46. 8AF

2.2Cr0.2Mo ( mole fraction, %) alloy is prepared
by a assemble thermo-mechanical processing, the
super- plastic behavior of the fine-grained TiAl alloy
is investigated with respect to the effect of testing
temperatures and strain rates, and the microstructure
evolution is examined, finally, the possible superplas-
tic deformation mechanisms of the TiAl based alloy
are discussed.

2 EXPERIMENTAL

The nominal composition of the alloy used in this
work prepared by cold crucible induction melting is
Tr46. 8AF2.2Cr-0. 2Mo (mole fraction, %), In or
der to reduce the inhomogeneity of chemical composi-
tion, the ingot was remelted and subsequent homoge-
nized at 1040 C for 24h. Cylinder with 85 mm in di-
ameter, 100 mm in height was spark wire-cutted from
the ingot and then HIPped at 1250 'C, 170 M Pa for
4h for eliminating residual pores. After being canned
with carbon steel, the cylinder was forged in 3 steps
with a total strain of 80% at 1180~ 1040 C. Ten-
sile specimens with gauge section of 6mm X 3 mm X
2mm were cut from the forged pancake, and the ten-
sile axis of specimens was perpendicular to forging dir
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rection. Two types of test, elongatiorrto-failure and
incremental strain rate test, were conduced in air on a
Shimaduz test machine at 800~ 900 ‘C with strain
rates of 8 x 107 %s™ '~ 2x 107 *s L.

to-failure test was performed at a constant strain rate,

The elongation-

and the incremental strain rate test was performed at
varying strain rate to determine the value of the strain
rate sensitivity. In incremental strain rate test, an
initial strain of 0.4 was conducted at the strain rate of
2x 10" *s™ ' in order to obtain a stable flow behavior.
A special glass layer was used in coating on gauge sec
tions of specimens to prevent oxidation at high tem-
peratures. The microstructure was observed by opti
cal microscope and SEM. The specimens were etched
by Kroll’ s agent (1% HF + 2% HNO3+ 97%H»0).
The grain size was determined using liner intercept
method.

3 RESULTS AND DISCUSSION

3.1 Initial microstructure

The initial microstructure of the Tt46. 8AF2.2
Cr0.2Mo alloy is showed in Fig. 1. It consists of
welkdistributed equiaxial recrystallized grains with
mean grain size of about 2 Pm, and no lamellar ¥/ a,
grains are observed in the structure. The SEM micro-
graph (as shown in Fig. 1(b)) reveals that the a,
phase mainly exits on Y¥-grain boundaries and triple
points, and the volume fraction of a, phase is about

10% .

Fig. 1
Tr46.8AF2. 2Crr0. 2Mo alloy

(a) —Optical microscope micrograph;

Initial microstructures of

(b) —Back scatter electron image

3.2 Flow behavior

Two kinds of flow behavior resulting from elon-
gatiorto-failure tests are observed in Fig.2(a) and
Fig. 2(b). At a strain rate of 2 X 10” *s™ '(at 0=
1075 ‘C, a strain rate of 8 x 10”°s™ ' is applied),
flow softening due to dynamic recrystallization was
observed at or below 1000 C, and a continuous strain
hardening resulting from strainenhanced grain
growth occurred at or above 1025 C. At a fixed tem-

perature of 1025 C, the alloy showed softening at

strain rate above 2 x 10" *s™ ', and strain hardening
at lower rates. This behavior is very similar to the su-

perplastic behaviors of conventional a+ B titanium al-

loys and Ti3A1 alloys' >
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Fig. 2 Curves of true stress —true strain
(a) —At a strain rate of 2% 10™*s™'; (b) —At 1025 C

Compared with data reported in previous litera
tures'”” ' the TiAl based alloy obtained by thermo-
mechanical processing exhibits good low temperature
superplastic characteristics. High elongation-to-failure
values (as listed in Table 1 ), such as 533% and
570% , were obtained at a relatively low temperature
of 800 C with the strain rate of 2x 10” °s™ " and tem-
perature of 1075 C with the strain rate of 8 x 107 °
s~ ! respectively.

At almost all applied deformation conditions, the
strain rate sensitivity ( m), which obtained from the
curves of stress vs. strain rate (as shown in Fig. 3),
exhibited relatively higher values ( m > 0.3) (as
shown in Fig. 4). At 800~ 900 C and 950~ 1075 C
respectively, the values of m increased with the in-
crease of tensile deformation temperature. At 900 C,
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Table 1 Tensile elongation of alloy at
different testing conditions

Temperature/ ‘C  Strain rate/s” ' Elongation/ %
800 2x107° 533
800 2% 10" * 234
850 2% 10" * 248
900 2% 10" * 425
950 Pk 107 * 340
1000 2% 10" * 467
1025 2x 1074 483
1050 2% 1074 500
1050 2x107°* 342
1050 8x 10" * 366
1050 8x 1077 570
1075 8x 1077 516
0 800°C
300+
§ 250 1025C
200! 1000C 950,
g 150
&
5 1050C1075C

0.5 1.0 1.5 2.0 2.5 3.0

True strain rate/10" 33"}

Fig. 3 Curves of true stress vs true strain rate

0.9 B—800TC e—1000T
e—850C »—1025T
Aa—900C x—1050 T
0—1075 T

True strain rate/s”!

Fig. 4 Curves of strain rate sensitivity ( m) vs
true strain rate

the TiAl alloy exhibited excellent superplastic charac
teristics, and the maximum m value of about 0. 82

was obtained at the strain rate of 1 x 10" °s™ !, even

at 2x 10” *s™ ', the higher value of 0. 45 was still re-
mained. At relatively higher temperatures, such as

temperatures from 1000 Cto 1075 C, the higher m
values ( m> 0.5) were gotten at intermediate strain
rates (1% 10" *s" '~ 5x 10" *s™ ). And during su-
perplastic deformation, the values of m keep nearly
stable (as shown in Fig. 5).

0.9 B—950TC, 2X10 4!
0—1025C, 2x 104!

0.7+ \ A—IOSOC.SXIO"S'I

-l ﬁ
——a———a 8-8-g
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Fig. 5 Variation of strain rate sensitivity
as a function of true strain

3.3 Microstructure development

The microstructures of the alloy deformed at
850 C and 1050 C with a fixed strain rate of 2 X
10" *s™ ! are shown in Fig. 6(a) and Fig. 6(b) respec
tively. After superplastic deformation, the mr
crostructures became more uniform, and the grains
remained equiaxial shapes. At 850 C, grains were
refined by dynamic recrystallization; however at
1050 C, grain coarsening occurred. In the super
plastic deformations of the alloy, grain refining were
also seen at 1050 C with strain rates above 2% 10 *

-1
S

Fig. 6 Microstructures of alloy deformed with

strain rate of 2 x 10~ %s™ !

(a) —850 C; (b) —1050 C
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rate of 2% 107 *s™ . Dynamic grain coarsening were
observed at 1050 C with strain rates at or below 2 X
10" *s™ ' or at deformation at 1075 C with 8 x 107’
s”!. These had also been observed in others re
search”! . It indicates a stable grain size may exist in
superplastic deformation of TiAl based alloys, and the
value of the stable grain size depends on the deforma-
tion conditions. When the initial grain size is smaller
than the steady-state one, dynamic grain coarsening
will take place. On the other hand, grain refinement
may occur.

In this study, the initial grain size of 2Hm is
small enough for the deformation at 1050 ‘C with the
strain rate of 2 x 10" *s™ " and 8 x 107 °s™ ' or at
1075 C with the strain rate of 8 x 10" s~ !, there
fore grain coarsening occurred and that is the reason
why alloy shows excellent superplastic behavior at
these deformation conditions. Obviously, for the de
formation at lower temperatures or at higher strain
rates, the initial microstructure seemed coarse. It can
be predicted that when the initial microstructure is on
sub-micrometer scale or fine enough, the TiAl based
alloy will show good superplastic at very low tempera
tures and/ or at very high strain rates.

3.4 Deformation mechanism

The constitutive equation for superplastic defor-
mation is represent by the expression' '

€= A(b/d)"(VE) exp(- Qu/RT) (1)
where A is a material and structure constant, b is
the Burgers vector, d is the grain size, p is the grain
size exponent, O is the flow stress, E is dynamic e
lastic modulus, n is the stress exponent (n= 1/m),
Q app 1s the apparent activation energy, T is the abso-
lute temperature and R is the gas constant. Using
Eqn. (1), the apparent activation energy can be cal-
culated according to the follow ing definition:

—dln€e

Qo == Rl G177 o (2)

Curves of €vs (1/ T), at stress level of 60 and
90 M Pa respectively, are shown in Fig. 7. It was cal-
culated that the average activation energy of the alloy
at 800~ 900 C was 224 k]J/ mol; however at 950~
1075 C, it was 290kJ/ mol. This indicates that two
rate control mechanisms exist in the superplastic de-
formation depending on deformation temperature.

The value of 290 kJ/ mol is close to the activation
energy for volume diffusion of titanium in TiAl
(291kJ/ mol)''?; however, the average activation
energy of the alloy at 800~ 900 C is much lower than
that value. Previous research reported that the activa-
tion energy ( Q0y) for diffusion by a vacancy mecha
nism consists of two terms, i. e. the activation energy
for vacancy formation ( () and the activation energy
for vacancy migration ( (),,) . Assuming that diffusion
in TiAl alloy occurs by a vacancy mechanism, the ac

tivation energy, Q.= Q¢+ Q= 290k]J/ mol ( Q=
136k])/ mol, Q.= 154kJ/ mol for TiAl'™") | which
corresponds the value of activation energy for volume
diffusion of titanium in TiAl (291kJ/mol) well.
Therefore, the activation energy for grain boundary
diffusion should be between (), and (,, because the
vacancies already present in grain boundaries, no Qg
is need. In the present work, the activation energy of
224 kJ/ mol appears between @, (290k]J/ mol) and
Qw(154k])/ mol). Thus, together with high values
of m, the dominant mechanism during superplastic
deformation of the TiAl alloy is the grain boundary
sliding controlled by lattice diffusion at 950 ~

1075 C, and the grain boundary sliding controlled by
grain boundary diffusion at 800~ 900 C.
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Fig.7 Curves of €vs (1/T)

It has been found that when grain boundary dif-
fusion is rate-controlling mechanism for superplastic
flow, the grain size exponent, p, is equal to 3 (in
Eqgn. (1)). Otherwise, when lattice diffusion is rate
controlling mechanism, p = 2", Though only one
microstructure was presented in the study, the value
of p can be estimated.

For superplastic deformation in TiAl alloys, the
value of n is around 0. 5. Thus, Eqn. (1) can be rec
ollected into the following equation:

2
Poxp(~or) = Lo d)r (3)

Ignoring the influence of temperature on £, we get

Pexp(— ) o (L)r (4

The value of 02exp(__RQTaw) calculated at 950~

1075 C (at stress level of 60 and 90 M Pa) is 2. 03 x
107°~ 3.25%107°, and 3.9%x 10" *~ 6.4 x 10" ° at
800~ 900 C. In this study, d ~2x 10" °, and gen-

erally b= (1~ 10) x 10" °, thus the value of ('Z“) is

on 10°~ 10° scale. Considering the possible value of p
is about 2 or 3 correlating with different diffusion
mechanism, and from Eqn.(4), it can be deduced

that the value of p at 800~ 900 C should be 3; at



Vol. 12 Ne 4

Superplastic behavior of TiAl based alloy at 800 C to 1075 C . 581 ¢

950 C~ 1075 C it should be 2.

The results of this study are in coincidence with
works of Ameyama et al. and works recently reported
by Imayev et all'* " however are contrast to the re-
sults of Bohn et al'''. Ameyama et al studied the su-
perplastic behavior of Tr48% Al ( mole fraction) two
phase alloy with grain size of 0. 85 and 2. 6 Hm at 950
~ 1050 C. They found that the activation energy of
the alloy was (340 +31) kJ/ mol and the strain expo-
nent, n= 2, with the grain size exponent, p = 2,
too. Imayev et al carried out a series of study on su-
perplastic deformation of titanium aluminides at low
temperature and high temperature. The low tempera-
deformation (at 600 ~
900 C) was conducted in submicron grain size, and
the activation energies of the SMC alloy in the LTSP
temperature range were 180~ 194kJ/ mol. The high
temperature superplastic( HT SP) deformation (1000

ture superplastic ( LT SP)

~ 1200 C) were performed in alloys with grain size
of 5~ 20Hm, and the activation energies for HT SP
were 290~ 343kJ/ mol. These results are close to our
research though alloys used in the three works have
different compositions and different initial grain sizes.
However in a low temperature superplasticity research
of Bohn et al, a Tr45AF2.4Si alloy with a submi-
crorrgrain size was tensiled at 800 'C, and the appar
Qapp = 351kJ/mol, with a

grain size exponent, p = 2.2, was obtained. The au-

ent activation energy,

thors claimed superplastic behavior of the alloy is ac
complished by grain boundary sliding accommodated
by diffusional processes inside the ¥TiAl phase.
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