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Abstract: The relationship among microstructure, mechanical properties and texture of TA32 titanium alloy sheets
during hot tensile deformation at 800 °C was investigated. In the test, the original sheet exhibited relatively low flow
stress and sound plasticity, and increasing the heat treatment temperature resulted in an increased ultimate tensile
strength (UTS) and a decreased elongation (EL). The deformation mechanism of TA32 alloy was dominated by high
angle grain boundaries sliding and coordinated by dislocation motion. The coarsening of grains and the annihilation of
dislocations in heat-treated specimens weakened the deformation ability of material, which led to the increase in flow
stress. Based on the high-temperature creep equation, the quantitative relationship between microstructure and flow
stress was established. The grain size exponent and a phase strength constant of TA32 alloy were calculated to be 1.57
and 549.58 MPa, respectively. The flow stress was accurately predicted by combining with the corresponding phase
volume fraction and grain size. Besides, the deformation behavior of TA32 alloy was also dependent on the orientation
of predominant a phase, and the main slip mode was the activation of prismatic (@) slip system. The decrease of near
prism-oriented texture in heat-treated specimens resulted in the enhancement of strength of the material.
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texture

mechanisms [6]. Besides, because of the hexagonal

1 Introduction

Titanium alloys are extensively used in the
aerospace, marine and automotive industries
because of their excellent properties [1,2]. Among
various titanium alloys, the near-a titanium alloys
are often used as blades and compressor discs due
to the advances of superior fatigue and creep
properties [3]. However, owing to their poor
ductility at room temperature, most of titanium
alloys are processed by hot forming process [4,5].
It is well known that the deformation behaviors
of materials are intrinsically related to their
microstructures, and changes of microstructure
during hot forming process can significantly
influence mechanical properties and deformation

close packed (HCP) structure of a phase, intense
texture often exists in titanium alloys, especially in
near-o titanium alloys, which also plays an essential
role in the deformation behavior of material [7-9].
Therefore, it is necessary to study the evolution of
microstructure and texture during hot tensile
deformation and their effect on tensile properties.

In recent years, researches on deformation
behavior of near-a high-temperature titanium alloy
have gradually increased [10,11], and the micro-
structure changes and deformation mechanisms of a
number of high-temperature titanium alloys during
deformation have been studied [12—14], which
promotes the development of forming theory and
process of such high-temperature alloy. However,
during hot forming process, titanium alloy sheet
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usually needs to be held at the forming temperature
in the furnace for a long time before deformation,
which is equivalent to a heat treatment of the sheet.
And local temperature non-uniformity in furnace
and molds will lead to the inhomogenous micro-
structures of the sheet, which will further affect the
subsequent deformation behavior. In order to
accurately predict the plastic forming of a complex
part and optimize the process parameters, it is
essential to quantitatively describe the relationship
between various microstructure features and
corresponding material strength. Fortunately,
unified viscoplastic constitutive equations [15—17],
based on internal physical variables, can offer a
good idea to quantitatively describe the relationship
among the strain rate, grain size, phase volume
fractions, damage, dislocation, flow stress and so on.
In addition, it is widely accepted that the
mechanical properties of titanium alloys also
depend on the orientation of the grains [3,18,19],
which has been rarely investigated in a near-a
TA32 titanium alloy sheet during hot deformation.
In this study, the TA32 titanium alloy sheets
were heat-treated with varying temperatures to
obtain various microstructure features, and the
original and heat-treated sheets were tested at a
deformation temperature of 800 °C and an initial
strain rate of 0.001 s~'. The volume fractions and
grain sizes of a and f phases of the tested
specimens were quantitatively analyzed. The effects
of phase volume fractions and grain sizes on the
flow stress were described by the creep equation.
Electron  back-scattered  diffraction (EBSD)
technique was used to observe the microstructure
and texture evolution during hot tensile deformation.
The deformation mechanism and slip mode of
TA32 alloy were discussed deeply to interpret
different evolutions of tensile properties of
specimens ~ with  increasing heat treatment
temperature. The aim of this study was to provide
basic data for the physically-based constitutive

equation and to understand the relationship among
microstructure, mechanical properties and texture in
TA32 titanium alloy sheets during hot tensile
deformation.

2 Experimental

The TA32 sheet with the nominal composition
of  Ti—5.5A1-3.5Sn-3.0Zr—0.7M0-0.3Si—0.4Nb—
0.4Ta (in at.%) and a thickness of 1.5 mm was
utilized in this work [20,21]. The p-transus
temperature was (1000+10) °C [10,21]. The
microstructure observation of the sheet during hot
tensile deformation was characterized by optical
microscope (OM) and EBSD technique. Since the
content of § phase in TA32 titanium alloy cannot be
calibrated accurately by EBSD software, the
volume fraction and average grain size of S phase in
this work were calculated by measuring optical
microstructure using image Pro Plus 6.0 software.
The specimens for EBSD measurement were
electro-polished with a solution of 60% methanol,
34% butanol and 6% perchloric acid (in volume
fraction) at —40 °C and 30 V. Kroll reagent (5% HF,
10% HNOs; and 85% H,O, in volume fraction) was
used for the metallographic observation. The EBSD
data were obtained using a ZEISS Supra 55
SAPPHIRE scanning electron microscope with
0.2 um step size, and analyzed through the
HKL-Channel 5 software.

Tensile specimens with a gauge length of
25 mm and a width of 6 mm were machined from
the sheet along the rolling direction (RD), as shown
in Fig. 1(a). In order to obtain various heat-treated
TA32 sheets, as shown in Table 1, the specimens
were divided into four groups: the original
specimen and three heat-treated specimens with
different heat treatment temperatures. Each group
of specimens was sealed in a vacuum glass tube for
heat treatment, and followed by quenching in water
to preserve the microstructure.
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Fig. 1 Tensile specimen (a), hot tensile fixtures (b) and schematic diagram of tensile test (c)
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Table 1 Several different heat treatment conditions and
tensile schemes

Test  Heat treatment Tensile test Tensile
No. condition parameter strain
TestO  Original  800°C,0.001s" 0:4° and

fracture
Test1  800°C,2h  800°C,0.001s' 04 and
fracture
Test2  850°C,2h  800°C,0.001s' 04 and
fracture
Test3  900°C,2h  800°C,0.001s ' 04 and
fracture

All the specimens were carried out on a UTM
5504X electronic universal testing machine at
800 °C with a strain rate of 0.001 s™'. Fixtures and
schematic diagram of hot tensile test are shown in
Figs. 1(b) and (c), respectively. The furnace was
heated to the test temperature at a heating rate of
10 °C/s, and the temperature was maintained for
30 min so that the temperature of the clamp head
and the furnace chamber could be sufficiently
exchanged. Then, we opened the furnace door and
quickly placed the specimen, the soaking time
before the tension was about 10 min to eliminate
the temperature gradient. Tensile specimens of each
heat treatment condition were stretched to a true
strain of 0.45 and fractured, respectively. After the
process, specimens were immediately quenched in
water to retain the deformation microstructure. All
the results were tested three times to reduce the
error.

(d)40 (e)
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3 Results and discussion

3.1 Initial materials and tensile properties

The optical microstructure and the inverse pole
figure (IPF) of the initial materials are shown in
Figs. 2(a) and (b), respectively, in which the color
code represents orientations of o grains, black lines
represent high angle grain boundaries (HAGBs,
6>15°), blue lines represent low angle grain
boundaries (LAGBs, 2°<6<15°), and the region in
black represents the f phase. The initial sheet
consists of predominant equiaxed a phase and
intergranular S phase, and the fraction of S phase is
<5%. Figure 2(c) shows the grain size distribution
of the initial materials, which indicates that the
initial sheet has a large inhomogeneity of grain size,
and the average size of a phase is 2.23 pm.
Figure 2(d) shows the misorientation distribution of
the initial sheet, where the fraction of LAGBs
reaches up to 58.9%. The abundant internal LAGBs
indicate that the initial sheet contains substantial
prior deformation substructures. Besides, according
to the pole figures (PFs) of initial sheet as shown in
Fig. 2(e), two main texture components appear
in the sheet: A (1212)[1010] and B (1215)[1213],
where texture A is a typical texture of rolled
titanium sheets with the maximum texture intensity
of 23.72 [22].

Figure 3(a) shows the true stress—strain curves
of uniaxial tensile test at 800 °C with a strain rate
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Fig. 2 Characterization of initial TA32 sheet: (a) Optical microstructure; (b) IPF; (c¢) Grain size distribution;

(d) Misorientation distribution; (e) PFs
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Fig. 3 Hot tensile behavior of different TA32 specimens
stretched at 800 °C with strain rate of 0.001 s ': (a) True
stress—strain curves; (b) Tensile properties

of 0.001s™'. Obviously, the flow curves are
significantly affected by the initial microstructure of
the material. Figure 3(b) shows tensile properties of
different tested specimens with error bars, i.e. yield
strength (Y'S), ultimate tensile strength (UTS), flow
stress o(&=0.45) and elongation (EL). It can be
found that the original sheet exhibits the optimal
forming properties with the ultimate tensile strength
of 116.3 MPa and elongation of 202.6%. As the
heat treatment temperature increases from 800 to
900 °C, the YS increases gradually from 108.5 to
143.8 MPa, and the UTS raises gradually from
124.1 to 153.9 MPa. However, the EL decreases
continuously from 164.9% to 100.5%. In order to
better understand the reason for different evolutions
of tensile properties, the undeformed and deformed
regions of tensile specimens with the true strain of
0.45 were used to analyze microstructure evolution
and textural change during hot tensile deformation.

3.2 Microstructure evolution during hot tensile
deformation
3.2.1 Microstructure of undeformed regions
Figure 4 shows the optical microstructures and

the corresponding IPFs of undeformed regions
of tensile specimens with the true strain of
0.45. The microstructures of the grip section
were approximately considered as the
microstructures before tensile deformation. It is
clearly noticed that the microstructure of each

initial

specimen is mainly composed of equiaxed o phase
and intergranular S phase. For Test-0 specimen, a
number of fine equiaxial o grains appear at grain
boundaries as marked with a black circle shown in
Fig. 4(ay). It may be extrapolated as the occurrence
of static recrystallization (SRX) through the
evolution of subgrain structures with LAGBs into
grains with HAGBs. The high energy stored in the
initial structure provides a driving force for the
occurrence of SRX [23]. For Test-1, Test-2 and
Test-3 specimens, the o grain size increases
continuously with the increase of heat treatment
temperature, and the number of LAGBs in coarse
grains is reduced significantly. This suggests that
increasing temperature promotes the subgrain
coalescence and the formation of the HAGBs. The
growth of o grains leads to the increase of material
strength during hot deformation, which can be
attributed to the fact that the effect of grain
boundary sliding exceeds dislocation slip in the
process of high temperature deformation [24,25].
The increase of grain size results in the decrease of
grain boundary per unit area, which reduces the
ability of grain boundary sliding. On the other hand,
dynamic recrystallization (DRX) plays a softening
role in the deformation process, and the DRX
kinetics decreases with the increase of initial grain
size [26]. Similar results have been obtained in the
studies of QIN et al [27] and SARKAR et al [28].
The details of volume fraction and average
grain size of a and S phases in undeformed regions
of the tested specimens are shown in Fig. 5(a). The
average o grain sizes in undeformed regions of
Test-0, Test-1, Test-2 and Test-3 specimens are
2.08, 2.61, 3.69 and 6.06 pum, respectively. The
phase volume fraction of each specimen changes
slightly because the heat treatment temperature is
much lower than the phase transition point. The
misorientation distribution and LAGBs number
fraction in undeformed regions of tested specimens
were calculated, as shown in Fig. 5(b). With the
increase of heat treatment temperature, the
intergranular misorientation changed gradually
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Fig. 4 Optical microstructures (a;—d;) and corresponding IPFs (a,—d,) of undeformed regions of tensile specimens with
true strain of 0.45: (a;, ap) Test-0; (b, by) Test-1; (¢4, cp) Test-2; (d;, dy) Test-3

from LAGBs to HAGBs. The decrease of LAGBs
frequency is closely related to the dislocation
density. The evolution of dislocation density can be
reflected by the geometrically necessary dislocation

(GND) density, and the details of the calculation
process of GND density have been described by
elsewhere [29,30]. Figure 6 shows the GND density
maps of undeformed regions of tensile specimens.
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Fig. 5 Microstructure characterization of undeformed regions of different TA32 alloy specimens: (a) Volume fraction

and average grain size of a and f phases; (b) Misorientation distribution
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Fig. 6 GND density maps of undeformed regions of tensile specimens with true strain of 0.45: (a) Test-0; (b) Test-1;

(c) Test-2; (d) Test-3

It can be clearly seen that the significant decrease
in GND density, indicating the aggregation and
growth of subgrains during SRX, accelerates
the annihilation of dislocations in grains,
consequently resulting in a lower fraction of
LAGB:s.

The orientation of IPFs is with respect to
normal direction (ND), and different colors
represent different crystal orientations. It can be
seen that the color of fine recrystallized grains in
Fig. 4(a;) prefers red, which indicates that the

(0001) orientation of recrystallized grains is parallel
to ND. And a lot of substructures and LAGBs exist
in the green grains, which indicates that the (1210)
orientation of deformed grains is parallel to ND.
With increasing heat treatment temperature, the
deformed grains in the initial structures are
gradually replaced by coarse recrystallized grains
without substructures.
3.2.2 Microstructure of deformed regions

Figure 7 shows the optical microstructures and
the corresponding IPFs of the deformed regions of
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Fig. 7 Optical microstructures (a;—d,;) and corresponding IPFs (a,—d,) of deformed regions of tensile specimens with
true strain of 0.45: (a;, ap) Test-0; (by, b,) Test-1; (cy, ¢p) Test-2; (d;, dy) Test-3

tensile specimens with the true strain of 0.45. After which indicates that the hot deformation
the hot deformation, the initial coarse grains are mechanism of TA32 alloy is dominated by grain
obviously elongated along the tensile direction, boundary sliding. And a lot of LAGBs are
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generated at the interior of deformed grains, which
suggests that the dislocation motion also plays a
significant role in hot deformation and can be
considered as a coordinated process for grain
boundary sliding. For Test-0 specimen, the number
of fine equiaxial grains at coarse grain boundaries
and triple junctions increases drastically, as marked
with black circle shown in Fig. 7(a;), which is a
typical feature of dynamic recrystallization [31].
The DRX process refines the a grains in tested
specimens and increases the fraction of HAGBs.
The increase of HAGBs is very favorable to grain
boundary sliding between grains, which makes the
material present relatively low flow stress and
sound plasticity. However, due to the annihilation
and rearrangement of a large number of dislocations
as well as the coarsening of o grains during heat
treatment, the deformation ability provided by grain
boundary sliding and dislocation motion in Test-1,
Test-2 and Test-3 specimens gradually decreases
with the increase of heat treatment temperature,
which results in the increase of flow stress. For
Test-3 specimen, many lamellar secondary a grains
appear during the hot tensile process, which is
magnified in the bottom right corner of Fig. 7(d,).
The formation of lamellar structure is due to the
f—a’ martensite transformation happening during
quenching in water after TA32 alloy is heat-treated
at 900 °C, and subsequent hot deformation results
in the decomposition of martensite into o and S
phases the Burgers orientation
relationship and many crystal defects are generated,
which promotes the nucleation of secondary «
phase at the defect and accompanied by the
precipitation of small S phase [32—34]. During
deformation, the lamellar o grains can effectively
block the mobile dislocations, which accordingly
improves the strength [35].

The details of volume fraction and average
grain size of o and f phases in deformed regions of
the tested specimens are shown in Fig. 8(a). The
average a grain sizes in deformed regions of Test-0,
Test-1, Test-2 and Test-3 specimens are 1.81, 2.43,
2.88 and 3.78 pm, respectively. Compared with the
undeformed regions, the grain size is significantly
reduced due to the effect of DRX. The phase
volume fraction of each specimen has little change
with the same deformation condition. The
misorientation distribution and LAGBs number
fraction in deformed regions of tested specimens

according to

were calculated, as shown in Fig. 8(b). The fraction
of LAGBs for Test-0 specimen dropped from 54.7%
to 50.6% due to the occurrence of DRX. However,
for Test-1, Test-2 and Test-3 specimens, due to the
reduction of dislocation density in heat treatment, a
large number of dislocations are generated in
deformed grains during hot deformation to
coordinate the plastic deformation, which results in
the increase of LAGBs. The GND density maps of
the deformed regions of tensile specimens also
corroborate the increase of dislocation density after
tensile tests, as shown in Fig. 9.
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Fig. 8 Microstructure characterization of deformed
regions of different TA32 alloy specimens: (a) Volume
fraction and average grain size of a and S phases;
(b) Misorientation distribution

In addition, it can be observed from IPFs that
the fraction of green grains in the deformed regions
is more than that in the undeformed regions, which
indicates that grain rotation occurred during tensile
deformation, and the (1210) orientation of most
grains tends to be parallel to ND due to the
activation of favorable slip system.

3.3 Quantitative relationship between micro-
structure and properties
Generally, high temperature creep deformation
in crystal materials may occur by processes
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Fig. 9 GND density maps of deformed regions of tensile specimens with true strain of 0.45: (a) Test-0; (b) Test-1;

(c) Test-2; (d) Test-3

associated with intragranular dislocation motion,
grain boundary sliding, and diffusion creep. The
tensile properties are usually characterized in the
form of the following equation [36]:

-t (o]

where ¢ is the steady-state strain rate, 4 is a
constant, D is the appropriate diffusion coefficient,
G is the shear modulus, » is the Burgers vector
component, k the is Boltzman constant, 7 is the
thermodynamic temperature, ¢ is the applied stress,
d is the grain size, n;=1/m is a constant termed the
stress exponent (m is the strain rate sensitivity
exponent which is about 0.25 in this work [4]), and
1 1s the grain size exponent. In this study, according
to the microstructure evolution of TA32 alloy sheet
during the hot tensile deformation, it is assumed
that the grain size exponent of the § phase is equal
to that of the a phase due to the low volume fraction
and small grain size of f phase.

At high temperature, for multiphase or
two-phase materials, the coordinated deformation
of grains of each phase should be considered. The
effect of the volume fraction of phases on material
properties can be predicted with two simple

assumptions and utilization of the law of mixtures
rule. The first one is that the strain is the same in
both phases (iso-strain), known as the Voigt
Estimate, and the second one is that stress is the
same in both phases (iso-stress), known as the
Reuss Estimate [37,38]. In this work, following the
method of BAI et al [39], the total strain rate can be
written as

&y = Jubpat s p 2)

where &, is the total plastic strain rate, ¢, is the
plastic strain rate of a phase, &,, is the plastic
strain rate of f phase, f, and f; are the volume
fractions of a and f phases, respectively. By
simplifying the coefficient in Eq. (1), the average
grain size d is translated into dimensionless quantity
by replacing it with the relative grain size
d(d =d/d,), in which d, is the average grain size
of Test-0 specimen, and the plastic strain rates of a
and f phases can be obtained as follows:

lz]ar

a

n 3)
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where K,and Kjare the strength constants of a and
P phases, respectively. Equations (2) and (3) can be
integrated into one equation which is described as

s'p=fa[KiaJ <da)"+fﬂ[Kiﬂj g )

According to Fig. 5(a), since the volume
fraction and the average grain size of S phase
change slightly, the latter term in Eq. (4) can be
approximated as a constant Z. For the Test-0
specimen, Eq. (4) can be written as

&y = Juo (ﬂ] | +2Z ®)]

where f,, is the volume fraction of a phase in Test-0
specimen, oy is the initial yield stress during
hot tensile deformation, and Z, is a constant.
Equation (4) is divided by Eq. (5), and taking
natural logarithms on both sides of the equation, the
following equation can be obtained:

ln[f—“(i] ]:ylnga+ln[ fﬂp_ZJ (6)
Jao 00 & =2y

By introducing the volume fraction and
average grain size of o phase and the corresponding
yield strength from Fig. 8(a) and Fig. 3(b)
to Eq. (6), respectively, the slope of linear fitting

a,0 \ 90

curve of ln[f—“[iJ ] versus Ind, (see Fig. 10)

for the grain size exponent u is 1.57. Besides, due to
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the fact that the main element in a and f phases is
titanium, the material properties for both phases are
considered to be similar, and it has been assumed
that K,=1.11K} [39]. Therefore, the value of K, was
calculated to be 549.58 MPa.

In order to verify the accuracy of the solution
results, the flow stresses of Test-0, Test-1 and Test-2
tensile specimens at the true strain of 0.45 were
predicted by employing the data in Fig. 3(b) (Test-3
specimen was neglected due to the precipitation of
secondary lamellar o phase during hot tensile
deformation). Using correlation coefficient (R),
average absolute relative error (A4ARE) and root
mean square error (RMSE) can be calculated by
Eq. (7) to evaluate the predicted results.

N
Y. (of =5°)a? -5")
R= i=1

N N
JZ (o7 =)’ Y (0} —5°)
i=l

i=1

N | g _oP
AARE =%ZMXIOO% (7)
i=1

(S
o

N
RMSE = iZ(af—aip)z
NS

where N is the number of the data points used for
the comparison, o; denotes the experimental
stress and of denotes the predicted stress using
the proposed Eq. (4), &° and &P are the mean
values of the experimental and predicted stresses,
respectively. The comparison between predicted
and experimental results of the flow stress and the
fitting error is shown in Fig. 11. It can be seen that
the predicted stress is slightly lower than the
experimental stress, and the error increases
gradually with the increase of heat treatment
temperature. The value of R is 0.9918, which means
a goodness of the predicted results, and the A4RE
and RMSE reflect that the error of the predicted
results is within an acceptable range, which are
4.64% and 5.58 MPa, respectively.

It can be seen from the pole figures in Fig. 2(e)
that there are two strong texture components in
the initial sheet, and as we all known that texture
plays an essential role in plastic deformation of
titanium alloy, which is closely related to the
deformation mechanism [40,41]. Therefore, the
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error of predicted results can be attributed to the
influence of texture on the deformation behavior,
and the effect of texture evolution on tensile
properties during hot tensile deformation is
discussed below.

140
4 — Experimental stress
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Fig. 11 Comparison between predicted and experimental
flow stresses with true strain of 0.45 for test specimens
during hot tensile deformation

o (pl
0 = 90°

90°

3.4 Texture evolution during hot tensile
deformation

According to the above analysis, the texture of
TA32 specimens is affected by recrystallization,
grain growth and a—f—a transformation, which
result in the orientation of some crystals to deviate
from the original position and gather in a specific
direction. To better discuss textural evolution during
hot tensile deformation, orientation distribution
function (ODF) was used to analyze changes in
orientation distribution of TA32 titanium alloy sheet.

Figure 12 depicts the ODF sections at ¢,=0° of
the undeformed regions of tensile specimens with
the true strain of 0.45. It can be seen that the main
peak is centered at the texture component A
(1212)[1010], and the secondary peak appears in
the texture component B (1215)[1213]. With the
increase of heat treatment temperature, the intensity
of component A decreases while that of component
B increases, which may be attributed to the growth
of recrystallized grains. According to Fig. 4, we can

9,=0°

C (0001)[2110]

Fig. 12 ODF sections at ¢,=0° of undeformed regions of tensile specimens with true strain of 0.45: (a) Test-0; (b) Test-1;

(c) Test-2; (d) Test-3
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extrapolate that textures A and B are deformation
texture and recrystallization texture, respectively.
The growth of recrystallized grains leads to the fact
that the content of deformed grains gradually
decreases, which results in the weakening of texture
A and the strengthening of texture B. In addition,
for Test-3 specimen, o grains are significantly
coarsened as the heat treatment temperature reaches
900 °C, and some grains prefer to growing
along the basal orientation [42—44]. Therefore, a
small amount of basal texture component C
(0001)[2110] appears in Fig. 12(d).

Figure 13 depicts the ODF sections at ¢,=0° of
the deformed regions of tensile specimens with the
true strain of 0.45. Distinct changes in texture
appear after the tensile deformation. It can be found
that texture component A of the undeformed region
is almost completely transformed to a transverse
texture component D (1120)[1100] , which is a
typical deformation texture generated in titanium
alloy during hot deformation [40]. The intensity of

[
0 - 90°

90°

b D (1120)[1700]

texture B is also decreased compared with the
corresponding undeformed region. And the texture
intensity of deformed regions is relatively scattered
due to the dynamic recrystallization process. In
Fig. 13(d), the formation of lamellar secondary a
phase follows the Burgers orientation relationship
(0001)//(110)gand [1 150]//[111]ﬂ [45], which results
in the augmentation of component C in Test-3
specimen during deformation. The weakening and
change of the textures in Fig. 13 indicate that the
orientation of some initial grains has rotated to
coordinate with grain boundary sliding during hot
deformation.

Generally, the ease of slip on a particular
system is quantified by the critical resolved shear
stress (CRSS), and the slip system can be activated
when the resolved shear stress (RSS, 7) is larger
than this critical value [46]. According to many
studies on the CRSS in titanium alloy [47,48], basal
(a) and prismatic {a) slip systems have the lowest
CRSS, and the pyramidal {c+a) slip system has the

9,=0°

10

Fig. 13 ODF sections at ¢,=0° of deformed regions of tensile specimens with true strain of 0.45: (a) Test-0; (b) Test-1;

(c) Test-2; (d) Test-3
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highest value of CRSS. The RSS is calculated by
=Mo, where M is the Schmid factor and o is the
applied flow stress.

In Fig. 14, Schmid factor maps of basal
(1120){0001}, prismatic  (a)(1120){1010}  and
pyramidal (c+a)(1123){1011} slip systems are
generated for tested specimens. The Schmid factor
values of tensile specimens for different slip
systems are shown in Table 2. It can be found that
d-type and ¢ +a -type slip systems have been
activated. The low Schmid factor of basal slip
system is due to the fact that the c-axis of most
grains is perpendicular to the tensile direction,
which restrains the activation of basal slip system.
The high Schmid factors of prismatic (a) and
pyramidal (c+a) slip systems indicate that the
orientation of a crystals in tested specimens is

RD and tensile direction

D = fphase — HAGBs

—LAGBs

favorable to the activation of these two slip systems.
However, since the CRSS of prismatic {a) slip
system is much lower than that of pyramidal {c+a)
slip system, it can be concluded that the prismatic
slip system plays a dominant role in the process of
hot deformation.

The schematic diagram of texture evolution of
TA32 titanium alloy sheet during hot tensile
deformation is shown in Fig. 15. For Test-0
specimen, a large amount of near prismatic oriented
texture A in the original sheet promotes the
initiation of the prismatic slip system, which results
in the low flow stress and high elongation. For
heat-treated specimens, with the increase of heat
treatment temperature, the intensity of near basal
oriented texture B gradually increases due to the
growth of recrystallized grains. Compared with

Fig. 14 Schmid factor maps of basal (@), prismatic (a) and pyramidal {c+a) slip systems in deformed regions of tested
specimens: (a;—asz) Test-0; (b;—bs) Test-1; (c;—c3) Test-2; (d;—ds) Test-3
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Table 2 Schmid factors of tensile specimens for different
slip systems

Schmid factor
Sample No.
Basal (@) Prismatic (¢) Pyramidal (ct+a)
Test-0 0.187 0.437 0.406
Test-1 0.198 0.424 0.386
Test-4 0.239 0.403 0.376
Test-5 0.262 0.385 0.362

&Tensﬂe direction

ifi/

Fig. 15 Schematic diagram of texture evolution during

/a

ensﬂe d1rect1on

hot tensile deformation

texture A, the crystal orientation of texture B is
unfavorable to the activation of prismatic slip
system, which leads to an increase in the flow
stress.

4 Conclusions

(1) The deformation behaviors of various
heat-treated TA32 alloys are different. The original
sheet exhibits the optimal forming properties with
the ultimate tensile strength of 116.3 MPa and
elongation of 202.6%. With the heat treatment
temperature raising from 800 to 900 °C, the
ultimate tensile strength increases from 124.1 to
153.9 MPa, while the elongation decreases from
164.9% to 101.5%.

(2) During the hot tensile deformation, the
deformation mechanism of TA32 alloy is dominated
by the sliding of high angle grain boundaries, and
dislocation motion also plays a significant role in
hot deformation and can be considered as an
accommodation process for grain boundary sliding.
The coarsening of grains and the annihilation of
dislocations in heat-treated specimens weaken the
deformation ability of material, which leads to the
increase in flow stress.

(3) The flow stress is obviously affected by the
volume fraction and grain size of a and S phases.
Based on the creep equation, the grain size

exponent and o phase strength constant of TA32
alloy are calculated to be 1.57 and 549.58 MPa,
respectively. The flow stress during hot tensile
deformation can be accurately predicted by
combining with the corresponding phase volume
fraction and grain size.

(4) The hot deformation behavior of TA32
alloy is also dependent on the orientation of
predominant a phase, and the main deformation
mode is the activation of prismatic {(a) slip system.
The orientation of texture (1212)[1010] in the
specimen is more favorable to the activation of
prismatic slip system than that of texture
(1215)[1213]. Therefore, the decrease of near
prismatic oriented texture in heat-treated specimens
results in the enhancement of strength.
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