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a b s t r a c t

High temperature deformability and microstructural evolution of Ti–47Al–2Cr–0.2Mo alloy were stud-
ied by using a Gleeble-1500 simulated machine at temperature from 1050 ◦C to 1150 ◦C with strain rate
from 2.5 s−1 to 7.5 s−1 and engineering compressive strain from 20% to 50%. The results indicate that the
largest engineering compressive strain of the alloy increases with decreasing strain rate and increasing
vailable online 30 June 2010
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deformation temperature. It has been shown that the strain rate affects the largest engineering com-
pressive strain of the alloy effectively. High temperature deformation mechanism of Ti–47Al–2Cr–0.2Mo
alloy mainly refers to the bending and fracturing of the lamellar structures and dynamic recrystallization
(DRX). Electron back scattered diffraction (EBSD) and transmission electron microscopic (TEM) results
reveal the DRX mostly occurring at grains boundary and interlamellar spacing at a strain rate of 7.5 s−1

a str
RX
BSD

is much finer than that at

. Introduction

TiAl-based alloys are widely used as high temperature structural
aterials in many fields (e.g., aerospace and automotive industries)

ecause of their attractive properties, such as low density, high
pecific strength, high specific stiffness, good oxidation resistance,
igh resistance to oxidation and good creep properties at high tem-
erature [1–7]. However, the low room temperature ductility and
oor formability limit the extensive application of TiAl-based alloys
8]. During last decades, considerable efforts have been devoted to
mprove the both room temperature ductility and formability [6].
ne of the best ways to improve the alloys’ ductility is to convert the
oarse grained, texture and segregated microstructure into a more
omogeneous and fine-grained microstructure by hot forging [9].

In recent years, many researches have been carried out to
mprove the alloys’ ductility through microstructure control using
he hot deformation process [10–12] and refining near-gamma
rains and/or the lamellar colonies [13,14]. Hot deformation behav-
ors of TiAl-based alloys are mainly affected by the deformation
emperature, strain rate, engineering compressive strain, and stress

ondition. The material deformability can be improved by changing
he processing parameters [15]. He et al. [8] investigated the effects
f deformation temperature and strain rate on the hot deforma-
ion characteristics of as-cast Ti–45Al–8.5Nb–(W,B,Y) alloy at the
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E-mail address: lhz606@mail.csu.edu.cn (H. Li).
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ain rate of 2.5 s−1 at 1150 ◦C.
© 2010 Elsevier B.V. All rights reserved.

temperature of 1100–1200 ◦C with strain rates from 10−3 s−1 to
10−1 s−1. They indicated that the flow stress of the alloy increases
with the increase of strain rate and decrease of deformation tem-
perature. Xu et al. [16] studied deformability and microstructure
transformation of pilot ingots of Ti–45Al–(8–9)Nb–(W,B,Y) alloy
at the temperature from 900 ◦C to 1250 ◦C and at a nominal strain
rate range from 5 × 10−4 s−1 to 1 s−1. They established the deforma-
tion map and investigated the influence of the deformation on the
microstructure of the alloy. So far, there is no study of the deforma-
bility of Ti–Al–Cr–Mo alloy at higher strain rates (from 2.5 s−1 to
7.5 s−1). Generally, the higher strain rate is not suitable for the hot
deformability, but the higher strain rate can reduce the forging time
which can decrease temperature drop and the higher strain rate is
good for obtaining fine-grains.

In this study, the effects of deformation temperature and the
strain rate at high level on hot deformability and microstruc-
tural evolution of Ti–47Al–2Cr–0.2Mo alloy were investigated by
isothermal hot compression and the highest engineering compres-
sive strain of the alloy were recorded in different deformation
conditions.

2. Experimental

The alloy powders with a nominal composition of Ti–47Al–2Cr–0.2Mo (at.%)

were produced by plasma rotating electrode process (PREP). Alloy powder of parti-
cle size 100–150 �m was filled into steel can and degassed at 400 ◦C, then processed
by hot isostatic pressing (HIP) at 1200 ◦C for 4 h with a pressure of 170 MPa. Cylin-
drical compacts with the dimensions of approximately Ф50 mm × 100 mm and high
relative density of more than 99.6% were obtained. Pieces with a diameter of 10 mm
and a height of 12 mm were cut by electric-discharge machining. The prepared

dx.doi.org/10.1016/j.jallcom.2010.06.124
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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pecimens were deformed by upsetting using a Gleeble 1500 thermal simulation
achine at temperature from 1050 ◦C to 1150 ◦C with a strain rate from 2.5 s−1 to

.5 s−1 and engineering compressive strains from 20% to 50%. The samples were
eated by a resistance furnace to the deformed temperature with a heating rate of
◦C s−1 using thermocoupled feedback-controlled AC current. Before deformation
rocess, the samples were homogenized for 180 s at the deformed temperature.
he variations of true stress and true strain were obtained from the controlling
omputer equipped with an automatic data acquisition system. In order to reduce
he frictional force between the press indenters and the specimens, a graphite lubri-
ant was used during the isothermal compression tests. The qualities of the samples
ompressed to different engineering strains at various strain rates and temperatures
ere evaluated. The largest engineering compressive strains, which were defined as

he engineering strain corresponding to the compressed samples without fracture,
ere thus obtained.

The microstructure of the deformed specimens was examined using Sirion200
canning electron microscope (SEM) and Tecnai G2 20 TEM. The EBSD technique
as used to measure the local crystal orientations of the processed specimens.

he resulting specimen was electropolished and examined using a SEM with XM4-
ikari. Measurements were conducted at intervals of 0.3 �m for the mid-plane

ection of the specimens. The accumulated EBSD data were treated with TSL OIM
.31 software to generate orientation map.

. Results and discussion

.1. High temperature deformation

Fig. 1 shows the largest engineering compressive strain of the
ested alloy with various strain rates at different deformation tem-
eratures. When the engineering compressive strain is higher than
he largest engineering compressive strain the samples will crack.
t has been shown that the largest engineering compressive strain
f the alloy increases with decreasing strain rate and increasing

eformation temperature. At strain rate of 2.5 s−1, the high quality
orged samples can be obtained even strained up to 45%. No exter-
al and internal cracks are found for all the samples. As increasing
train rate, the largest engineering compressive strain of the alloy
ecreases obviously. When the strain rate is up to 7.5 s−1, the largest

Fig. 2. Curves of true stress–true strain at temperatu
Fig. 1. The largest engineering compressive strain of the alloy.

engineering compressive strain decreases to 25% at 1050 ◦C. The
results indicate that the strain rate affects the largest engineering
compressive strain of the alloy effectively.

3.2. Flow stress

The true stress–strain curves at different deformation condi-
tions which indicate the effects of deformation temperature and
strain rate on flow behavior of the experimental alloy are shown
in Fig. 2. It has been shown that the temperature and strain rate

have a significant influence on the flow processes. The flow stresses
firstly increase with increasing strain and reach a peak quickly,
then as work softening overtakes work hardening, the flow stress
decreases. The stress becomes steady when equilibrium of work
softening and work hardening is obtained at strain rate of 2.5 s−1.

re of (a) 1050 ◦C, (b) 1100 ◦C, and (c) 1150 ◦C.
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Fig. 3. EBSD orientation maps obtained from the specimens deformed at a 1150 ◦C and (a) at a strain rate of 2.5 s−1 and engineering strain of 45%, (b) at a strain rate of 7.5 s−1

and engineering strain of 30%.

Fig. 4. Misorientation angle distribution obtained from the specimens deformed at 1150 ◦C and (a) at a strain rate of 2.5 s−1 and engineering strain of 45%, (b) at a strain rate
of 7.5 s−1 and engineering strain of 30%.

Fig. 5. TEM bright field images of the specimens deformed at 1150 ◦C and (a) at a strain rate of 2.5 s−1 and engineering strain of 45%, (b) at a strain rate of 5 s−1 and engineering
strain of 35%, (c) at a strain rate of 7.5 s−1 and engineering strain of 30%.
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ig. 6. TEM bright field images of lamellar colonies deformed at 1150 ◦C and (a) a
ngineering strain of 30%, (c) a magnified view showing lamellar colonies at a strain

peak flow stress exists in each curve, which suggests that DRX
ccurred during the hot deformation and the work softening is
ainly caused by DRX. Furthermore, the flow stresses increase
ith increasing strain rate and decreasing deformation temper-

ture. It is because plastic deformation cannot fully complete in
ome regions in the shortening of required time of unit strain during
eformation and the flow stresses ascending. And higher temper-
ture brings about enhancement of thermal activation, decrease of
tomic critical shear stress and increase of softening degree of the
lloys.

.3. Microstructural evolution

Fig. 3 presents the EBSD orientation maps of the samples
eformed under different deformation conditions. The color codes

n the EBSD maps indicate the orientations of the �2 and � grains at
ifferent crystallographic directions, respectively. It can be clearly
een that the grain size decreases with increasing strain rate. Fine
ecrystallized grains are developed along the initial grain bound-
ries at both of the deformation conditions (Fig. 3a and b). In
i–47Al–2Cr–0.2Mo alloy, the deformed microstructure is mainly
omprised of bending, fracturing and DRX grains. DRX preferen-

ial nucleation occurs at triple junctions. These fine DRX grains
an promote boundaries movement and grains rotation during the
eformation. As a result, the flow stress decreases and the alloys
end to soften (Fig. 2). Large deformation can be obtained and hot
eformability is improved.
ain rate of 2.5 s−1 and engineering strain of 45%, (b) at a strain rate of 7.5 s−1 and
of 7.5 s−1 and engineering strain of 30%.

In order to investigate the effect of deformation strain rate on
the orientations of grains and subgrains, samples deforming under
different deformation conditions were analyzed by EBSD. Fig. 4a
and b shows the distributions of misorientation angles at different
strain rates calculated from EBSD results. It can be seen that the frac-
tion of low angle boundaries (<15◦) increases with increasing strain
rate, because the low angle boundaries do not have enough time to
transit from low angle to high angle boundaries (>15◦) at a strain
rate of 7.5 s−1 and engineering strain of 30%. However, it is obvious
that the percentage of high angle boundaries is the function of grain
boundaries. The reason is that even the newly formed DRX grains
are very small but they have high angle boundaries. Fig. 5a–c shows
the TEM bright field images of the specimens deformed with differ-
ent strain rates at the temperature of 1150 ◦C. The fine DRX grains
distribute at the original grain boundaries, as seen from Fig. 5a–c,
and the DRX grain size decreases with increasing strain rate. The
condition for the growth of a DRX grain is thought to be dependent
on the distribution and density of dislocations. The decrease of the
strain rate would lead to a decrease in the critical dislocation den-
sity, and then lower the critical strain for the occurrence of DRX.
Therefore, at the lower strain rate, the DRX nuclei have enough
time to develop, whereas the growth of DRX grains is inhibited at

the higher strain rate.

Previous study has demonstrated that the differences in
nucleation processes of DRX might be related to deformation tem-
perature and strain rate [11]. In the Ti–47Al–2Cr–0.2Mo alloy DRX
preferential nucleation occurs at grain boundaries (Fig. 5c), and dif-
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erent DRX mechanisms have been proposed for TiAl-based alloys.
krotzki et al. [17] indicated that nucleation and growth took place
n highly deformed regions of Ti–47Al–2Mn–2Nb+0.8 vol.% TiB2
ecause of the low stacking fault energy. Fukutomi et al. [18]
eported that strain-induced grain boundary migration had been
ssumed for compressed Ti–49Al because of maintenance of the
eformation texture and continuous strengthening of the texture.

t is suggested that all the mechanisms are the main reasons for
RX of Ti–47Al–2Cr–0.2Mo alloy.

Fig. 6a–c shows the bright field TEM images taken from the
amellar colonies region of Ti–47Al–2Cr–0.2Mo alloys deformed
nder different deformation conditions. It is evident that the aver-
ge interlamellar spacing at a strain rate of 7.5 s−1 (Fig. 6b) is much
ner than that at a strain rate of 2.5 s−1 (Fig. 6a) at the temperature
f 1150 ◦C. Oehring et al. [19] found that the deformation properties
f TiAl-based alloys were sensitive to microstructures and depend
n morphological parameters of lamellar colonies in particular. As
hown in Fig. 6 in this study the interlamellar spacing is finer at
igher strain rate. It is known that the discontinuous coarsening of
he lamellar is mainly controlled by the grain boundary migration.
t higher strain rate, the atomic diffusion is suppressed, which leads

o a higher driving force of lamellar coarsening. A finer interlamellar
pacing is thus obtained. The fine interlamellar spacing is benefi-
ial to mechanical property, but it is not good for high temperature
eformability. As seen from Fig. 1, the largest engineering com-
ressive strain decreases from 45% to 25% with increasing strain
ate from 2.5 s−1 to 7.5 s−1. The main reason is that the fine inter-
amellar spacing does not provide enough space for dislocations
o climb and slide. High densities of dislocations form dislocation
alls and networks (Fig. 6c) which are the main reason for baf-
ing deformation, and dislocation tangle may bring external and

nternal cracks.
. Conclusions

In this paper, high temperature deformability and microstruc-
ural evolution of Ti–47Al–2Cr–0.2Mo alloy were studied. It has

[

[

[
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been shown that the largest engineering compressive strain of the
alloy increases with decreasing strain rate and increasing deforma-
tion temperature. The flow stresses increase with increasing strain
rate and decreasing deformation temperature. High temperature
deformation mechanism of Ti–47Al–2Cr–0.2Mo alloy mainly refers
to the bending, fracturing and DRX, and DRX preferential nucleation
occurs at triple junctions. It is also evident that the average inter-
lamellar spacing at a strain rate of 7.5 s−1 is much finer than that of
at a strain rate of 2.5 s−1 at a temperature of 1150 ◦C.
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