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Deformed microstructure and texture of Ti6Al4V alloy
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Abstract: Microstructure and texture evolution during hot compression of Ti6Al4V alloy with an initial equiaxed microstructure
were studied in the temperature range of 850—930 °C, strain rate range of 0.01—1 s ' and engineering compressive strain of 70%. The
results indicate that when temperature is below 900 °C and strain rate is higher than 0.1 s~', the microstructure is mainly composed of
elongated o grains. While deforming at higher temperatures and lower strain rates, dynamic recrystallization takes place. Electron
back scattered diffraction (EBSD) result shows that during dynamic recrystallization, subgrain boundaries absorb dislocations and the
recrystallized grains with high angle grain boundary form. At 930 °C dynamic recrystallization has basically completed, and
needlelike o phase forms after water quenching. Pole figure analysis indicates that compared with the initial specimen, textures

below 930 °C are weaker, while at 930 °C they are stronger.
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1 Introduction

The thermo-mechanical processing route of an
engineering alloy determines the microstructure and
crystallographic texture and must be controlled for
optimum mechanical properties [1]. Ti6Al4V is a
two-phase (a+f) alloy and has been widely used in
aerospace and biomedical applications due to its
excellent over-all properties. Although slip in the
body-centered cubic (BCC) f phase is beneficial to
deformation of Ti6Al4V, the content of f phase is low
(<10%) [2,3]. The majority of the plastic strain is
accommodated by the hexagonal close-packed (HCP) a
phase, and texture evolution is not noticeably affected by
slip in the f phase, thus the deformation behavior is
dominated by a phase with limited slip systems [4—6].
However, during high temperature deformation,
especially above 900 °C, f phase increases sharply.
Therefore, the effect of § phase can not be ignored.

It is well known that microstructure and mechanical
properties of titanium alloy are very sensitive to the
thermo-mechanical ~ processing  parameters. And
microstructure evolution not only influences the flow

behavior of materials, but also determines the
mechanical properties [7]. Much work has been carried
out on the microstructure, texture evolution and
deformation mechanisms of Ti6Al4V. The effect of
processing ~ parameters, including deformation
temperature, strain rate and deformation degree on the
microstructure evolution and the microstructure variables
(grain size and volume fraction of primary o phase) has
been investigated [7]. The results show that the effect of
isothermal compression on the microstructure is
dependent on deformation temperature. The curves of
volume fraction of primary a phase versus strain rate are
oscillatory above 950 °C, but below 950 °C the volume
fraction decreases. It was discussed how the texture
develops during recrystallization of both £ and «a
phases [8]. Highly curved regions of the initially kinked
a colonies contain significant orientation rotations. At the
beginning of the heat treatment, during globularization,
these disappear. This is the mechanism behind texture
strengthening during globularization. Microstructure and
texture development in as-welded and post weld heat
treated lab-scale and full-scale Ti6Al4V linear friction
welds have been characterized by electron back scattered

diffraction (EBSD) [9]. It was revealed that they have
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different textures, which is attributed to a difference in
the variant selections during o—f transformation.
However, no systematical analysis of the flow behavior,
evolution of microstructure and texture under large
degree of deformation has been presented in these earlier
studies.

In the present work, the microstructure and texture
evolution related to the local deformation parameters in
the compressed specimens of Ti6Al4V alloy, as well as
their flow behavior are systematically discussed. Below
900 °C, microstructure and texture evolution of a phase
are mainly concerned, and the effect of S phase is
considered above 900 °C.

2 Experimental

The cylindrical Ti6Al4V specimens (Fig. 1(a)) with
12 mm in height and 8 mm in diameter were machined
with the axis perpendicular to the pre-forging direction.
The prepared deformed by a
Gleeble—3500 in the
temperature range of 850—930 °C, strain rate range of
0.01-1 s and the engineering compressive strains of
70%. The materials display significant oscillatory flow at

specimens  were

thermo-mechanical simulator

higher strain rates (>1.0 s™") [10]. So, in the present work,
the strain rates were under 1 s™'.

CD

RD

()
Fig. 1 Sketch maps of cylindrical specimen before (a) and after
(b) deformation (Horizontal and vertical directions represent
radial and compression directions, RD and CD, respectively)

The specimens were heated to the deformation
temperature in air for 200 s to ensure a homogeneous
temperature distribution. In order to reduce friction, a
tantalum foil with a thickness of 0.1 mm was put
between the anvil and the specimen. The stress,
temperature and strain rate during deformation were
automatically controlled and recorded by the simulator
system.

As the ratio of the maximum to the minimum
diameter was below 9% after deformation, the influence

of friction was not considered [11]. After deformation,
the specimens were cooled to room temperature
immediately by water quenching. Then the specimens
were cut parallel to the loading axis (Fig. 1(b)). The
longitudinal sections were mechanically ground and
polished prior to observation.

The microstructures of the deformed specimens
were examined by a Tescan Mira3 scanning electron
microscope (SEM) with Oxford HKL Nordly Max EBSD
accessory. EBSD scans were carried out with the
specimens tilted 70°, applying an accelerating voltage of
20 kV, and at a working distance of 10 mm. An
increment step of 0.4 um, except specimen with 930 °C,
1 s', whose step size was 0.2 um, was used for the
centre sections of the specimens. Recorded Kikuchi
patterns were collected at each step increment and
indexed using the Oxford Instruments Channel 5 HKL
suite of programs.

As severe deformation can cause orientation noise
and uncertainty, which could possibly lead to blurring of
the grain boundaries, misorientation below 2° was not
considered. Grain boundaries with misorientation
between 2° and 15° were defined as low angle grain
boundaries (LAGBs), and those of misorientation above
15° were defined as high angle grain boundaries
(HAGBs) [11]. Of all the EBSD maps presented in this
work, the grains were colored according to the standard
color codes in the compression direction (CD).

3 Results and discussion

3.1 Microstructure and texture before deformation

The EBSD image of the as-received Ti6Al4V is
shown in Fig. 2(a), which presents equiaxed and slightly
elongated o grains with an average grain size of 20 pm
and intergranular f phase. The color codes in Fig. 2(b)
give the crystallographic direction of each grain pointing
in the intended CD. As shown in Fig. 2(a), the green and
blue colors dominate the image. The absence of the red
color indicates that (0001) is not lying in the CD. This is
verified by the direct pole figure of {0001} in Fig. 2(c).
In Fig. 2(c) there are three major texture components,
which almost parallel the radial direction (RD) of the
specimen and rotate towards the normal direction (ND)
(in the centre of the pole figure), and the strongest one is
12.03. They result in the three maxima located on the
vertical line of the {IOTO} pole figure. From the above,
the original texture can be described as a {IOTO} fiber
texture with respect to CD.

3.2 Compression test
Figure 3 shows the flow curves of Ti6Al4V under
different deformation conditions, which show a typical
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Fig. 2 Microstructure and texture of as-received Ti6Al4V revealed by EBSD maps: (a) Microstructure; (b) Orientation keys for a

(HCP) and 8 (BCC); (c) {0001} and {1120} pole figures
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Fig. 3 True stress and true strain curves of Ti6Al4V alloy deformed under different conditions: (a) At different temperatures with

same strain rate of 1 s™'; (b) With different strain rate at 900 °C

dynamic recrystallization phenomenon. Figure 3(a)
shows the flow curves of the specimens deformed at
different temperatures with fixed strain rate of 1 s™'. As
the temperature increases, the peaks of flow stress curves
sharply decrease, which is mainly caused by high
temperature softening. The flow stress at 900 °C
decreasing faster after a peak compared with that at
850 °C demonstrates that dynamic recrystallization
softening becomes severe with temperature increasing.
While at 930 °C much a phase transforms to f§ phase. As

p phase is softer than a phase, it is easier for dynamic
recrystallization softening and strain hardening to reach
dynamic equilibrium. The curves of the specimens
deformed with strain rates of 0.01, 0.1 and 1 s at
900 °C exhibit softening after the sharp peaks (Fig. 3(b)),
and the curve of strain rate of 0.1 s~' decreases more
severely compared with those of 1and 0.01 s'. This is
probably because at high strain rate of 1 s, there is no
enough time for dynamic recrystallization softening to
occur, and for the slower strain rate of 0.01 s™', dynamic
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recrystallization softening becomes more prevalent. The
results reveal that at low temperature with high strain
rate, the deformation mechanism may be different from
that at high temperature with slow strain rate.

3.3 Microstructure after deformation

Figures 4(a)—(c) show the optical metallographs at
different positions of Ti6Al4V specimen deformed at
900 °C with strain rate of 1 s '. It can be seen that grains
are elongated due to deformation. Furthermore, Fig. 4(c)
shows that grain boundaries of the centre area become
obscure. Figure 4(d) shows the macroscopic image.
Figure 4(e) shows the SEM image of the centre area.

Figure 5 shows the EBSD images of the specimens
under different deformation conditions. The investigated
areas are all taken from the central part of the specimens
subjected to the largest amount of deformation. It can be
seen that dynamically recrystallized nucleation takes
place preferentially at regions among elongated o grains
(marked by white arrows in Figs. 5(a), (b), (d) and (e)).
These fine dynamically recrystallized grains can promote
boundary movement and grain rotation during the
deformation. The deformation temperature is known to
influence the recrystallization kinetics, as it affects the
stored energy. The stored energy is regarded as a driving
force for recrystallization. Deformation at a high
temperature reduces the stored energy due to dynamic
recovery, which retards the subsequent recrystallization.

This viewpoint has been supported by numerous
experimental observations of various aluminum
alloys [12—15]. However, Figs. 5(a—c) show that the
degree of dynamic recrystallization increases with
increasing temperature. Because the strain rate is
relatively high, and there is no enough time to release
deformation energy, the grain deformation energy is high.
Figure 5(f) shows the SEM image of a specimen
deformed at 930 °C with strain rate of 1 s '. It reveals
that at 930 °C dynamic recrystallization has basically
completed. After deformation at 930 °C, most a phase
transforms into f phase. Then the § phase transforms into
needle-like a phase by fast cooling (Fig. 5(f)).
Specifically, the needle-like o in Fig. 5(c) exhibits
typically wavy grain boundaries. This kind of boundary
is similar to the characteristic microstructure obtained
from hot rolling, as reported by CHUN and HWANG et
al [16]. Figure 5 shows the microstructure evolution
according to strain rate. There is no perceptible influence
of the strain rate on a grain, which was also reported on
Ti-5-5-5-3 alloy [17]. But the degree of dynamic
recrystallization increases as strain rate decreases.

Based on the above mentioned analysis, the
deformation mechanism can be concluded that when
temperature is below 900 °C and strain rate is higher
than 0.1 s”', the microstructure is mainly composed of
elongated a grains. While being deformed at 900 °C with
strain rate of 0.01 s ' and at 930 °C with strain rate of
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Fig. 4 Optical metallographs (a—d) and SEM image (e) of Ti6Al4V deformed at 900°C, 15"



Liu-qing YANG, et al/Trans. Nonferrous Met. Soc. China 24(2014) 3103—-3110 3107

Fig. 5 EBSD maps (a—¢) and SEM image (f) showing microstructure evolution of Ti6Al4V deformed under different conditions:
(2) 850 °C, 1's ' (b) 900 °C, 15 ' (c) 930 °C, 1's '; (d) 900 °C, 0.1 5™ "; (¢) 900 °C, 0.01 s '; () 930 °C, 1 5"

1 s, it is easier for dynamic recrystallization to take
place. This can also be confirmed by the decreased
LAGBs.

Figure 6 shows the distribution of grain boundaries
misorientation on band contrast images. Blue lines
correspond to HAGBs. LAGBs are represented with red
lines. It can be seen that the LAGBs mainly appear in the
elongated a grains (the gray blocks). It is known that, at
first deformation makes dislocations increase and
interact, and dynamic recovery makes dislocation
re-array, leading to LAGBs formation and increasing, as
shown by red lines in Figs. 6(a) and (b). Then LAGBs
absorb dislocations, increasing grain boundaries
misorientation angle. Finally, HAGBs appear due to the
formation of new recrystallization grains (Fig. 6(c)).
Thus, the fraction of LAGBs or HAGBs can reveal the
degree of dynamic recrystallization.

Figure 7(a) shows the LAGBs fraction of the
Ti6Al4V deformed at different temperatures with strain
rate of 1 s and Fig. 7(b) shows those deformed with
different strain rates at 900 °C. It should be pointed out
that there exists low sensitivity of the misorientation

angles obtained by EBSD [18], which means that the
misorientation distribution should be regarded with
comparative results for different deformation conditions.
As shown in Fig. 7(a), the LAGBs fraction decreases as
temperature increasing. When temperature reaches 930
°C, the fraction nearly becomes zero (0.04). And the
fraction increases with increasing strain rate as shown in
Fig. 7(b). This is because high temperature and low
strain rate can provide enough energy and time for
LAGB: to transit into HAGBs [19].

Figure 7(c) shows the distribution of HAGBs of the
alloy under different deformation conditions, and they
reach peaks at 30°, 60° and 90°. Obviously, it is related
to the phase transformation of f to a, which follows a
specific orientation during cooling. The maximum peaks
appear in the specimen deformed at 930 °C, 1 s '. This
phenomenon will be discussed in the following part in
detail.

3.4 Influence of deformation patterns on texture
The texture evolution of Ti6Al4V deformed under
different conditions are shown in Fig. 8. The Ti6Al4V
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Fig. 7 Effect of deformation
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specimens deformed at 850 and 900 °C have exactly the
{1120} fiber texture. Figures 8(a), (b), (d) and (e) show
the maxima of texture of the specimens are 6.33, 4.84,
9.14, and 5.78, respectively. Thus the textures are weaker
compared with the as-received specimen (12.03, as
shown in Fig. 2). This phenomenon indicates that the hot
compression below 930 °C can weaken the texture of
Ti6Al4V alloy with an equiaxed microstructure. The
dynamic recrystallization colonies (indicated by white
arrow in Fig. 5(a)) contain significant orientation
rotations. With temperature increasing, the colonies
enlarge. This may be the mechanism on texture
weakening during deformation.

The specimen deformed at 930 °C, 1 s™' (Fig. 8(c))
mostly consists of orientations marked by X, which are
Burgers related to the parent f orientation, and (0002)
orientations A—A’. Therefore, it takes on Burgers
orientations [8]. Deformation in f phase may form a
{110}(111) or {112}(111) texture [20], and S transforms
to a phase following the Burgers orientation, which may
form a strong transverse texture {10T0}<1 120). Thus,
they confirm the Burgers orientation relationship
between (0001),//(110)5 and (1 120) /K11 1)4[9].

Evidently as shown in Fig. 8(c), the texture (22.16)
of the specimen deformed at 930 °C and strain rate of
1 s is much stronger than that of the as-received
specimen, which indicates that hot compression above
930 °C can significantly strengthen the texture of this

3109

Max: 4.84
ARYER
oc A
(b)
>\Ma}( 9.14

0]

»,
@\

A
S

%

Fig. 8 Pole figures of Ti6Al4V specimens
deformed at different conditions obtained by
EBSD: (a) 850 °C, 1 s '; (b) 900 °C, 15 ;
() 930 °C, 15 "; (d) 900 °C, 0.1 s ; (e) 900
°C,0.01s"'

alloy. The higher texture may be attributed to the
following factors. During high temperature deformation,
firstly, a—/f phase transformation forms many new
orientations in new grains. Secondly, due to fast cooling
f phase transforms to the lamellar microstructure (Fig.
5(c)) possessing higher texture. Finally, recrystallization
of a phase can form some recrystallization texture [10].

4 Conclusions

1) The flow stress curves show typical dynamic
recrystallization phenomenon. When the temperature is
below 900 °C and strain rate is faster than 0.1 s ', the
microstructure is mainly composed of elongated a grains.
While compressing at higher temperature and lower
strain rate, dynamic recrystallization takes place.

2) During high temperature deformation of Ti6Al4V
alloy, dynamic recrystallization preferential nucleation
occurs in the regions between elongated a grains.

3) When increasing temperature and decreasing
strain rate during hot compression, LAGBs form firstly;
then grain boundaries misorientation angle increases by
LAGBs absorbing dislocations; finally, HAGBs appear,
forming newly recrystallization grains.

4) The Burgers orientation relationship exists in the
specimen hot compressed under the condition of
temperature 930 °C, strain rate 1 s ', strain 70%. The
texture is stronger in the specimen deformed at 930 °C
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and weaker in the specimen deformed below 930 °C,
compared with the as-received specimen.
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