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Abstract: The hot flow behaviors, microstructure evolution and fractographs were studied to optimize the hot forming
process of the TA32 titanium alloy thin-walled part. A set of microstructure-based constitutive equations were
developed based on the experimental data, which described the relationships among the hot flow stresses and the
evolution of phase volume fraction, dislocation density, grain size and damage. The constitutive model was imported
into ABAQUS 6.14 to simulate the hot forming process for a typical thin-walled part. The effective strain, dislocation
density and damage distribution as well as forming defects of formed parts under different process parameters were
predicted. A qualified part without wrinkling and fracture defects was produced at a loading speed of 5 mm/s at 800 °C
by the modified blank shape, where the maximum damage value was only 18.3%. The accuracy of constitutive model
and finite element (FE) simulation was verified by the microhardness tests, which indicates that the FE model based on
physical internal-state variables can well optimize the hot forming process of TA32 titanium alloy complex parts.
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1 Introduction

TA32 alloy is a near-a titanium alloy that can
long time work at 550 °C, and has wide application
prospects in the craft and aeroengine due to its good
performance of high temperature strength, specific
strength, thermal stability, creep resistance and
weldability [1,2]. Because of the low plasticity,
large deformation resistance and high springback at
room temperature, most of the thin-walled titanium
alloy parts are produced by hot forming process [3].
The part shape and mechanical properties of the
formed parts are sensitive to the forming
parameters [4—7]. The qualified complex parts can
only be formed by the correct forming process
parameters. If the forming process parameters are

not optimum, some defects, such as wrinkle, crack,
grain coarsening or deformation damage, will
appear [8,9]. The shape controlling and mechanical
property optimization are both important for the hot
forming process.

The forming parameter optimization was very
important for the hot forming process. The
pre-forming process [10], loading path [11], die
design [12], and blank shape design [3] were
adopted to avoid the defects. In studies of
the hot gas forming for Ti—3A1-2.5V tubular parts,
the thickness distribution, microstructure and
mechanical properties were significantly improved
by the forming parameters optimization, i.e.
the feed speed, gas pressure and temperature
distribution [13,14]. For the hot stamping of
22MnBS5 steel, good microstructure and mechanical
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properties were only gotten followed the suitable
forming process parameters [15]. The acceptable
forged TA1S5 titanium alloy parts were also only
obtained by the specific forging process and cooling
mode [16]. To get suitable hot forming parameters,
it is necessary to develop a reliable constitutive
equation coupled with microstructure evolution and
mechanical properties. In recent years, some
physically-based constitutive equations have been
developed, which quantificationally described the
relationship between the mechanical properties
and microstructure evolution during the hot
deformation [17,18]. They provide a feasible way to
describe the evolution of the internal state variables,
including dislocation density, grain size, phase
volume fraction, dynamic recrystallization (DRX)
and damage. YANG et al [19] and LI et al [20] set
up a set of reliable mechanism-based unified
constitutive equations to model the flow softening
and ductile damage evolution of TA15 and TC6
alloys, respectively. XIAO et al [21] developed a
dislocation density-based model associated with
dynamic recovery, work hardening mechanisms and
spheroidization of a-phase to describe the thermal
compression behavior of the Ti-55511 alloy. The
damage and grain size distributions of the
Ti—6Al-4V parts were accurately predicted by the
FE simulation combining with the physically-based
constitutive equations during the superplastic
forming [22]. The service performance of the
22MnBS5 steel part prepared by hot forming and
quenching process was also predicted by the
physically-based constitutive equations [23].

To form the complex thin-walled TA32 alloy
parts with good shape and mechanical properties,
the hot deformation and microstructure evolution
were studied. A series of microstructure-based
constitutive  equations were established to
optimize the hot forming process parameters. The
constitutive equations were imported into the
ABAQUS 6.14 simulation modeling to optimize the
hot forming parameters. This study will provide the
references to the hot forming for the complex TA32
alloy parts.

2 Experimental
2.1 Materials

The rolled TA32 alloy sheet with the nominal
composition of Ti—5.5A1-3.5Sn—3.0Zr—0.7Mo—

0.3Si—0.4Nb—0.4Ta and a thickness of 1.5 mm was
utilized. The transformation temperature of a to S
phase was (1000£10) °C [24].

2.2 Uniaxial tensile test

Uniaxial tensile tests were conducted firstly to
characterize the flow behavior of the material in the
temperature range of 750—900 °C and the strain rate
of 0.0001-0.1 s™' by using a UTM 5504X uniaxial
tensile testing machine. During the uniaxial tensile
tests, the tensile speeds of the jig were controlled by
the equation: v=¢L, exp(&t), to obtain the constant
strain rate, where v is the cross head velocity, & is
the strain rate, L, is the gauge length of the
specimen, and ¢ is the tensile time. The tensile
specimens with a gauge length of 25 mm and a
width of 6 mm were cut using a wire-electrode
machine. The 400" and 1000" emery papers were
used to polish the specimens. The uniaxial tensile
direction was the same to the rolling direction.
Before the tests, the specimens were coated with the
layer of glass slurry. Then, the tensile specimens
were put into the furnace and thermally insulated
for 10min to the testing temperature. The
specimens were tested with a constant strain rate.
After the tests, the specimens were taken out and
water- quenched quickly.

2.3 FE simulation model

Figure 1(a) shows the geometric model of the
complex thin-wall TA32 titanium alloy part, which
is a typical aircraft skin component. The length,
width and height of the part are about 492, 238 and
125 mm, respectively. In order to keep the size
accuracy of the final part, the side scraps were
designed around the final complex thin-wall part.
The dimension of blank was obtained by using
CATIA software to expand the digital model of the
part, as shown in Fig. 1(b). The dynamic explicit
algorithm in ABAQUS 6.14 was adopted to
simulate the hot forming process. Figure 1(c) shows
the FE simulation model. The dies were defined as
rigid surfaces and meshed with R3D4 elements.
The sheet blank was defined as the elastoplastic
deformable shell. The eight-node C3D8T solid
element coupled with temperature and displacement
was used to mesh the blank, and 5-layer mesh was
set in the thickness direction to prevent the mesh
distortion during plastic deformation. The element
number of sheet blank was about 66000. The lower
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Fig. 1 Schematic diagrams of part and FE models of hot
forming: (a) Geometric model of complex skin part;
(b) Dimension of blank; (c) FE model of hot forming

die was fixed. The hot forming process was realized
by controlling the movement of the top die.
Because two same complex pieces were formed
together during the production experiment, the
nodes in the symmetrical plane were restrained in
U, direction. The general friction was adopted in
the FE simulation. The coefficient of coulomb
frication was 0.3. The VUMAT subroutine based on
the unified viscoplastic constitutive equations was
selected as a material model, which was compiled
by FORTRAN language. Table 1 shows the forming
conditions of the simulation scheme.

2.4 Hot metal forming
Figure 2 shows the dies and hot metal forming

machine. A method of forming two parts in one die
was adopted, and the two parts were arranged
symmetrically along the x-axis direction. The sheet
blanks were sprayed by a high temperature
lubricant on both sides. Three K-type thermo-
couples were used to test the die temperatures.
Before the hot metal forming, the dies were heated
to the forming temperature by the electric resistance
furnace. The TA32 titanium alloy sheet was put into
the heated dies quickly and thermally insulated
about 30min to get a uniform temperature
distribution. Then, the sheet blank was pressed by
the top die. The press pressure was kept 15 min to
reduce residual stress. At last, the formed part was
taken out and air-cooled to room temperature.

Table 1 Forming conditions of FE simulation scheme

Code Temperature/°C Loading speed/(mm-s ")

Part-750-5 750 5
Part-800-5 800 5
Part-850-5 850 5
Part-800-10 800 10
Part-800-1 800 1

(@

Fig. 2 Dies and equipment for hot metal forming:
(a) Digital model of dies; (b) Experimental dies;
(c) Equipment

2.5 Microstructure characterization and micro-

hardness test

The microstructure was observed by the
optical microscope (OM) and electron backscatter
diffractometer (EBSD). The fracture surface was
observed by the scanning electron microscope
(SEM). The specimens for microhardness test and
EBSD were electro-polished with a solution of
60 vol.% methanol, 34 vol.% butanol and 6 vol.%
perchloric acid at —40 °C and 30 V. The SEM and
EBSD specimens were tested by the ZEISS Supra



Yong WU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2336—2357

55 SAPPHIRE. The EBSD data were analyzed by
the HKL-Channel 5. The OM specimens were
corroded with the Kroll reagent (5% HF, 10%
HNO; and 85% H,0, volume fraction). The volume
fraction and grain size of the f-phase were obtained
from the OM images by Image Pro Plus 6.0. In
order to reduce the sampling error, more than three
images were used in the analysis procedure. The
Vickers microhardness test was performed using an
HVS—1000A machine at a load of 100 g and a
holding time of 10 s. Each sample was measured
for five points.

3 Results and discussion

3.1 Hot deformation behavior

Figure 3 shows the true stress—strain curves of
the TA32 alloy sheet. The stress—strain curves were
strongly affected by the temperature and strain rate.
In the early stage of deformation, the flow stress
sharply reached the peak stress. Subsequently, the
flow stress exhibited a softening state or stable
state. Analyzed from the results of the stress—strain

curves, TA32 titanium alloy presented well
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formability at 750—900 °C. The elongations () at
different temperatures with a strain rate of
0.001 s~ were 141.8%, 203.9%, 248.4% and 417.6%,
respectively. The flow stress decreased with
increasing deformation temperature and decreasing
strain rate. The peak stress range and elongation
range of TA32 alloy when deformed at 800 °C were
50-370 MPa and 58.8%—310.6%, respectively,
which were suitable for hot forming experiments.

3.2 Microstructure evolution
3.2.1 Initial microstructure

Figure 4 shows the initial microstructure of the
as-received TA32 sheet, where the black lines are
the high angle grain boundaries (HAGBs, &>15°),
the blue lines are the low angle grain boundaries
(LAGBs, 2°<¢<15°). The black region is the f
phase. It mainly consists of equiaxed a phase and
intergranular § phase. According to the study of
FAN et al [25], the fraction of the ff phase was <5%,
the average grain size of o phase was 2.23 um and
the fraction of LAGBs was 58.9%. The abundant
LAGBs indicated that there were plenty of
deformed substructures in the as-received sheet.
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Fig. 3 True stress—strain curves of TA32 alloy sheet at 750 °C (a), 800 °C (b), 850 °C (c) and 900 °C (d)
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Fig. 4 Microstructure of as-received TA32 titanium alloy
sheet

3.2.2 Microstructure evolution during hot tensile
test

To study the microstructure evolution of TA32
alloy during the hot deformation, some tensile
specimens were tested at 800 °C with a strain rate of
0.001 s™'. The elongations of the tested specimens
were 0%, 16.2%, 35.0%, 56.8%, 82.2%, and
146.0%, i.e. the effective strains were 0, 0.15, 0.3,
0.45, 0.6, and 0.9, respectively. The OM pictures
and GBs & local misorientation (LM) images of the
tested specimens are shown in Fig. 5. As shown in
OM results, the f phase volume fractions had no
obvious change. This means that the effect of
deformation degree on the volume fractions of «a
and S phases can be ignored at a fixed temperature.
From the EBSD results, the residual stress
distribution can be represented by the local
misorientation distribution, where the dark region
means high residual stress. The geometric necessary
dislocations (GNDs) distribution can be calculated
by the LM images [26].

The flow stresses were closely related to the
grain size at elevated temperatures [27]. The fine
grains were favorable for grain boundary sliding,
which reduced the flow stress and enhanced the
plastic deformation ability [28]. Considering the
low volume fraction and well formability of S phase,
the f phase grains and LM value distributions were
ignored. Figure 6 shows the a phase average grain
size¢ and LM value distribution of the tested
specimens. At the early stage of deformation (true
strain 0—0.45), the o phase average grain size and
the LM values increased. This was the competition
among grains growing, dynamic recovery (DRV)

and DRX during the hot deformation [29,30]. Some
fine DRX grains without LAGBs can be found in
Figs. 5(b), (d), (f) and (h). Meanwhile, there were
also some coarse grains. With an increase of the
true strain from 0 to 0.45, the fraction of the
LAGBs gradually reduced. With further increase of
the strain, plenty of deformation dislocations were
produced. The dislocation density reached a critical
value and provided a driving force for plenty of
DRX nucleation, which resulted in the decrease of a
phase average grain size. For the specimen with a
true strain of 0.6, the average grain size was
reduced to 2.24 um. With further increase of the
deformation, the grain size and LM value kept
relatively stable. Plenty of fine equiaxed a phase
and f phase equiaxial grains uniformly were
distributed in the tested specimen with a true strain
of 0.9.
3.2.3 Effect of deformation temperature on micro-
structure

Figure 7 shows the OM micrographs and GBs
& LM images of the tested specimens at different
temperatures. The strain rate was 0.001 s~' and the
true strain was 0.45. Calculated from the OM
images by Image pro plus 6.0 software, the f-phase
volume fractions of the tested specimens at 750,
800, 850 and 900 °C were 8.7%, 10.4%, 12.3% and
23.7%, respectively. Figure 8 shows the average
grain size of a-phase and LM value distribution at
different temperatures. With the increase of the
deformation temperature, the average grain size
increased. The o phase grains of the tested
specimens at 900 °C were obviously coarser than
the others. The frequencies of low LM values
(smaller than 1°) of tested specimens at 750, 800,
850 and 900 °C were 54.8%, 69.1%, 77.6% and
91.1%, respectively. With an increase in the
deformation temperature, the ability of dynamic
recovery and grain growth increased significantly.
3.2.4 Effect of strain rate on microstructure

As shown in Fig.3, the flow stress and
formability were significantly affected by the strain
rates. The flow stress decreased rapidly after the
peak stress with high strain rates (0.01-0.1 s '). The
material showed softening behavior. At low strain
rates (0.0001-0.001 s™"), the flow stress kept stable
or slightly decreased after the peak stress. In order
to explain these results, the microstructures of
the tested specimens with different strain rates
were observed, as shown in Fig. 9. The deformation
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Fig. 5 OM micrographs (a, c, e, g, 1, k) and GBs & LM images (b, d, f, h, j, 1) of tested specimens at 800 °C, 0.001 st
and different true strains: (a, b) 0; (c, d) 0.15; (e, f) 0.3; (g, h) 0.45; (i, j) 0.6; (k, 1) 0.9
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0.001 s ' and different temperatures: (a, b) 750 °C; (c, d) 850 °C; (e, f) 900 °C
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Fig. 9 OM micrographs (a, c, ¢) and GBs & LM images (b, d, f) of tested specimens at true strain of 0.45, 800 °C and
different strain rates: (a, b) 0.1 s '; (c, d) 0.01 s '; (e, f) 0.0001 s~
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temperature was 800 °C and the true strain was 0.45.

Figure 10 shows the average grain size and LM
value distribution of the tested specimens with
various strain rates at 800 °C. In Fig. 9(a), most of
the f phase grains were elongated along the tensile
direction and even broken. The typical necklace
DRX microstructure can be found in Fig. 9(b).
Plenty of fine a phase grains existed together
around the coarse grain. The a-phase average grain
size was only 1.98 um. There were also many
sub-gains in Fig. 9(b). The fraction of high local
misorientation value was obviously higher than that
of the specimen without deformation in Fig. 5(b).
Obviously, the dislocation density of the tested
specimen with a strain rate 0.1 s' was very high.
With the decrease of strain rate, the grain size
increased and the LM wvalue reduced (Fig. 10).
When the strain rate reduced to 0.0001 s, most of
the a-phase grains were the equiaxed grains without
substructure, as shown in Fig. 9(f). The average
grain size was about 2.87 pum.
3.2.5 Microstructure of cavitation and fracture
Figure 11 shows the OM micrographs of the
cavities for the tested specimens with the strain rate
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Fig. 10 Average grain size of a phase (a) and LM value
distribution (b) at various strain rates
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Cavities

Fig. 11 OM micrographs of cavities on deformed
specimens at strain rate of 0.1s' and different
temperatures: (a) 750 °C; (b) 900 °C

of 0.1 s™" at 750 °C and 900 °C. The majority of the
microscopic cavities appeared at the interface of the
grain boundary of the equiaxed o phase and
intergranular S phase, which were caused by
inhomogeneity of material deformation [31,32].
During the hot deformation, compared with the S
phase with body-centered cubic (BCC) lattice
structure that can easily activate more slip systems,
the deformation of a phase with low symmetry
hexagonal close-packed (HCP) lattice structure was
more difficult. The inconsistent plastic strain and
slip direction between the two phases led to the
stress concentration at the phase interface, which
resulted in the cracks and cavities were gradually
generated at the interface. Meanwhile, the number
of cavities decreased significantly with increasing
deformation temperature, which indicated that the
damage evolution of specimen deformed at higher
temperatures was relatively slow.

Figure 12 shows fracture surface morphologies
of the tensile specimens deformed at 800 °C. It
could be seen that the fracture surfaces were
fully covered with a large number of dimples and
cavities, which were the typical characteristics of
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Fig. 12 Fracture surface morphologies of deformed
specimens at 800 °C and different strain rates: (a) 0.1 s';
(b) 0.001 s

ductile damage [33]. When the strain rate was high,
there were a high density of tearing edges and a
small number of serpentine slidings distributed on
the edges of the dimples; when the strain rate was
low, a large number of serpentine slidings were
distributed on the edges of the dimples, the edges of
dimples were almost covered with serpentine
sliding, and several small dimples were distributed
at the bottom of big dimples. These features were
due to the more sufficient deformation of the
material at low strain rates, and the cross-slip of
many interlaced slip surfaces led to the formation of
undulating serpentine slip on the dimple surface.
Moreover, with the decrease of strain rate, the
number of dimples and cavities decreased, and their
size and depth increased, which indicated that the
deformation ability of the material increased at a
lower strain rate, and fewer voids existed at lower
strain rates than those at higher strain rates.

3.3 Constitutive modeling of TA32 titanium alloy
sheet
3.3.1 Viscoplastic flow rule
During the high temperature deformation
processes, the plastic strain rate equation for steady-
state flow of the material can be described as [34]

;A0 ) () 0
P kT \G) \d

where ¢ is the steady-state strain rate, 4 is a
material constant, D, is the diffusion coefficient, G
is the shear modulus, b is the Burgers vector
component, k, is the Boltzmann constant, 7 is the
thermodynamic temperature, o is the flow stress, d
is the grain size, n and p are the stress and grain size
exponents, respectively. LIN et al [35] consider that
the overall flow stress can be divided into
viscoplastic stress, initial yield stress and hardening
stress. By simplifying the coefficients and
introducing the relative grain size into Eq. (1),
Eq. (1) can be modified as follows:

gz(”"‘T‘Hj @y @

where £ is the initial stress, H is the isotropic
hardening stress, K is a temperature dependent
constant. d (=d/dy) is the relative grain size, and d,
is the initial grain size.

There were some £ phase grains in TA32 alloy
at high temperatures. The strain contribution of a-
and S phase should be different. The total plastic
strain rate can be calculated by the isostress
model [36], which can be written as

Eo=(=13)e,atSs80p 3)

where f; is the volume fraction of j-phase, ¢,
and g'p: 5 are the strain rates of a and f phases,
respectively.

gw Z(O-_k—w_Hj (Ja )4

. [O‘—kﬁ —Hj" )
E p=| —F——
p.S K/; B

where k,and kgare the initial yield stresses of a and
B phases, respectively. K, and Kj are strength
coefficients of o and S phases, respectively. Ja and
d , are relative grain sizes of a and S phases,
respectively. Based on the study of BAI et al [36],
the relationship between a and S phases can be
defined as k,=1.25k; and K,~=1.11Kp.

The volume fraction of f phase (f;) can be

expressed by the IMAK equation [37]:
Jrwexp[—ya(T5-1)] (5)

where y,; and y» are the material constants. T} is
the transformation temperature of a—f, which is

4
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defined as 1273 K in this work.
3.3.2 Modeling of isotropic hardening

The isotropic hardening stress H is closely
related to the accumulation and annihilation of
dislocations [38]. Therefore, its evolution equation
is given by

where B is a material constant, p represents the
normalized dislocation density formulated as
p=l-p,/p, where p, is the initial dislocation
density, and p is the dislocation density during the
deformation process.
3.3.3 Evolution of dislocation density

During the hot deformation, the creation and
multiplication of dislocations induced by plastic
deformation result in work hardening, meanwhile
the stored energy of the material increases and
provides a driving force for the occurrence of statics
and dynamics recovery, which results in the
annihilation of dislocation. Since the absolute
density of dislocations in a material is difficult to
determine, the normalized dislocation density p is
introduced into Eq. (7), and the evolution of
dislocation density can be expressed as [39]

p=k |&,|~k,p|&,|-k; P (7)

where ki, k», k3 and J, are the temperature-
dependent material constants. The first term on the
right of Eq. (7) is related to the generation of new
dislocation, the second and third terms represent the
reduction of dislocation density due to dynamic
and statics recovery, respectively. The normalized
dislocation density p can vary from 0 to 1.
Recrystallization also results in the variation of
the dislocation density, and the DRX rate is affected
by the grain size and strain rate. In the study of
ALABORT et al [22], the critical value of

dislocation density for the start of DRX was defined.

Besides, LIN [39] considered that there is a need
of an incubation period for the onset of
recrystallization, and the incubation period varies
with the change of dislocation density. Therefore,
the evolution of recrystallized volume fraction is
described as

S=q1[xﬁ—,5C 1A-89)](1-8)7"-£% /d
/Bc :(]4&.‘;}5 (8)
x=qs(1-x)p

where S is the recrystallization rate, S is the
recrystallization fraction, x is the
percentage of recrystallization induction, g1, g2, ¢,
g1, g5 and g are the temperature-dependent material
constants, p, is the critical value of normalized
dislocation density, and x is the recrystallization
incubation rate.

The effect of DRX on the evolution of
dislocation density ( pi) can be expressed as

p,=Tkyp/(1-5)1S ©)
where k4 is the temperature-dependent material
constant.

Under high temperature deformation at
different strain rates, the accumulation and
annihilation of dislocation density are different.
Thus, to adjust for the effect of the strain rate,
two controlled coefficients élfl and élfl are
introduced into Eq. (7), and a constitutive equation
for normalized dislocation density evolution is
proposed [40]:

kg |é, |-ko 0 |2, 1~k:p” ~[ky P/ (1=S)1S (10)

volume

where J;, J, and J; are the temperature-dependent
material constants.
3.3.4 Modeling of grain size

Considering the static grain growth, the
dynamic grain growth and the effect of DRX on
grain growth, and the grain size d is translated into
relative grain size d , the grain growth rate d can
be described as

d=d._ . +d

— “static

] —y AN
dynamic +dDRX _ald +

ayé,d " —036,S"d (11)

where a;, @, a3, y1, ¥, y3 and p, are the
temperature-dependent material constants.
3.3.5 Modeling of damage evolution

During the hot deformation, the damage
mechanism of metal materials involves void
nucleation, growth and coalescence to form
micro-voids and micro-cracks [41,42]. In addition,
some cavities are restored in the process of hot
deformation due to the thermal effect [43]. Hence,
the evolution of damage can be described as

D=n,(1-D)& +1,£5> exp(11;€,)~17,D (12)

where D is the damage rate, D is the damage
volume fraction, ¢, is the plastic strain, and #,, 72, #3,
14, di and d, are the temperature-dependent material
constants.
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According to Hook’s law, considering the
effect of damage on flow stress, the stress—strain
relationship of material can be expressed as

o=E(1-D)(e1¢,) (13)

where E is the elastic modulus and ¢r the is total

strain.

3.3.6 Formulation of unified
constitutive equations

From all the above discussion, the mechanism-

based unified viscoplastic constitutive equations for

TA32 titanium alloy sheet during hot forming are

obtained as

viscoplastic

. {0/(1—D)—ka—H
Eou =
K

a

} @)

, oll-D)—k,—H| _ _

gpﬁ:|: X, L } ds)™"

& == Jp)Ep 0+ 5o

Jp=wiexpl-y,(I; —T)]

H =B,50‘5

P=hé) |, |—kopey | €, |—kyp™ —[k,p/(1-$)IS

—ad” W hs L QY g7
d=ad " +a,6,d 7 —a;6,87d™

o alp-20-8)]0-5)" &
d

Pe.= q4é§5

x=qs(1-x)p

D=n,(1-D)é; + 1, exp(11;6,) — 11, D
o=E(1-D)(& —¢,)

(14)
The aforementioned temperature-dependent
material constants are summarized in Table 2, and
all of them are defined using the classic Arrhenius
relationships. In Table 2, Q is the activation
energy (J/mol), R is the mole gas constant
(8.3145 J/(mol‘K)), and T is the thermodynamic
temperature (K).
3.3.7 Determination of material constants
The material constants in the constitutive
equations were determined from the experimental
data by using an optimization method based on the
genetic algorithms (GA). This research used the GA
toolbox in the MATLAB software to optimize the
material constants by minimizing the residuals
between the computed target values and the
corresponding experimental values. The details of

the optimization process refer to the studies of LIN
and YANG [44] and CAO and LIN [45]. The
determined material constants are listed in Table 3.
3.3.8 Computed results of equations

Figure 13 shows the comparison between the
experimental (symbol) and computed (line) results
at different deformation temperatures and strain
rates. It can be seen that the constitutive equations
can be used to correctly predict the deformation
behavior of TA32 alloy under hot uniaxial tension,
such as the hardening and softening trend of the
material. The predicted curves agree well with the
experimental results, indicating that the unified
viscoplastic constitutive model is valid to predict
the flow stress of TA32 alloy during hot forming. A
statistical analysis was carried out to quantitatively
judge the accuracy of the proposed unified
constitutive model, which includes the correlation
coefficient (R;), the average absolute relative error
(AARE) and the root mean square error (RMSE).
They can be expressed as follows:

(15)

(16)

(17)

where N is the number of the data points used for
the comparison, E; denotes the experimental stress
and P; denotes the computed stress using Eq. (14).
E and P are the mean values of the experimental
and computed stress, respectively.

Figure 14 shows the correlation between the
experimental and computed stresses at different
temperatures. It can be seen that most of the data
points are very close to the 6"=¢" line. The values
of R, are between 09711 and 0.9912, and the
maximum values of AARE and RMSE are 21.4%
and 24.5 MPa, respectively, which manifests that
the proposed constitutive model has a good
forecasting capability.

Based on the experimental data, the
comparison of experimental and predicted f phase
volume fraction at different temperatures is shown
in Fig. 15. The predicted curve is consistent with
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Table 2 Material constants in unified viscoplastic constitutive model

E=Eexp[Qp/(RT)]
B=Byexp[Op/(RT)]
n=noexp[O./(RT)]
#=toexp[ O,/ (RT)]
ki=ka0exp[Or/(RT)]
K=K q0exp[ Ok /(RT)]
01=010exp[~Qs/(RT)]
0,=020exp[~Qs,/(RT)]
05=030exp[Os,/(RT)]
ki=kioexp[Qx/(RT)]
ky=kyoexp[Qi/(RT)]

ky=k30exp[Ok/(RT)]
ks=kaoexp[—Qx/(RT)]
o1=010eXp[~ Qo /(RT)]
0,=020eXp[~00/(RT)]
03=050eXp[ O/ (RT)]
11=y10exp[~0,,/(RT)]
72=720exp[Q,,/(RT)]
73=730exp[Q,,/(RT)]
V4=y10exp[ 0,/ (RT)]
g1=q10exp[Q, /(RT)]
92=420exp[~0,,/(RT)]

43=q30exp[Qy/(RT)]
44=q40exp[Qy/(RT)]
g5=q50exp[~Q,/(RT)]
96=q60exp[Qy/(RT)]
m=n10exp[Q, /(RT)]
12 =120eXp[ 0,,/(RT)]
13=130exp[Qy/(RT)]
na=Na0exp[—0y,/(RT)]
di=d\oexp[Qa/(RT)]
dr=drexp[~Qu4/(RT)]

Table 3 Determined material constants in constitutive equations

Material constant

Optimal value

Material constant

Optimal value

Material constant

Optimal value

Ey/MPa 4.86427x10°
Op/(J-mol ™) 2.46143%10*
By/MPa 1.01354x10°
Og/(J-mol ™) 3.12453%10*
ny 2.77629%10*
0,/(J-mol™) 4.36914x10*
o 3.82589x1072
0,/(J-mol ™) 3.27393x10*
ko/MPa 3.50825%10°°
Oy, /(J-mol ) 9.99893x10*
K,/MPa 1.96437x10'
Ok/(Jmol™) 3.06345x10*
v 5.68753x10™"

v 8.62254x107°

TyK 1278

10 2.29651x10"
Os/(J-mol ™) 3.73034x10*
10 1.36365x10°
Qs,/(J-mol ") 1.51267x10*
520 1.82586x10"
0s,/(J-mol ") 2.49589x10*
ky 4.56169x10°
Oy/(J-mol ™) 1.93597x10*

ko 3.03454x10°
Oy/(Jmol™) 2.18037x10*
ko 2.35509x107°
Oy/(J-mol ) 6.01366x10*
kao 2.93327x10°
O/(Jmol™) 1.15850x10*
a1 5.68292x10°
Q,,/(J-mol ™" 1.32791x10°
20 8.99538x1072
0,,/(J-mol ™" 1.39111x10*
30 2.97105%10*
Q,,/(Jmol™) 2.21529%10*
10 4.38885x10°
0,/(J'mol ") 1.86334x10°
20 2.05563x10°
0,,/(J-mol ") 1.46698x10?
730 9.86110x10"
0,,/(J-mol ") 1.84957x10?
V40 1.15977x10"
0,,/(J-mol ") 1.66962x10?
) 3.68891x10™"
0,/(J-mol ™) 1.89437x10*
420 1.69003x10°

0,,/(J-mol ™)

9.91988x10?
8.79732x10""!

q30
0,/(J-mol ™) 3.37268%10*
Ga0 1.41763x10*
0,/(J-mol ™) 2.36853%10*
gso 4.57888x10™"
0,/(J-mol ™) 3.53842x10°
) 3.06419x10°
0,/(J-mol ™) 2.07289x10*
o 1.26525%10°*
0,/(J-mol ™) 1.91248x10*
120 1.57159x107°
0,,/(J-mol ™) 4.62122x10*
130 9.59091x10""
0,/(J-mol ™) 1.12445x10*
140 2.64424x10*
0,/(J-mol ™) 2.56105%10*
dyo 1.17498x10°
Q4/(J-mol ™) 2.46382x10°
dso 1.71581x10*

Q0u/(Jmol )

3.18255%10°

the experimental results, which suggests that
the proposed phase transformation equation is
equivalent.

Figure 16 shows the evolution of the computed
relative grain size. During the hot deformation, the
grain growth and grain refinement were affected by

thermal effect and recrystallization, respectively.
The competition process in the evolution of grain
size was accurately predicted. When the strain
rate was high, the relatively short deformation
time weakened the effect of thermal effect on
grain growth, thus the grain size decreased with the
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Fig. 13 Comparison results of true stress—strain curves between experimental (symbol) and computed (line) results at
different temperatures: (a) 750 °C; (b) 800 °C; (c¢) 850 °C; (d) 900 °C
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increase of strain. When the strain rate was low
(0.0001 s™"), the effect of thermal effect was
stronger than that of recrystallization in the
early stage of deformation, which caused the grain
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size to gradually increase with the development of
deformation. As the deformation process proceeded,
the growth rate of grain size decreased due to the
increase of recrystallization degree after a period of
incubation. Moreover, the grain size increased with
the rise of deformation temperature, which was
attributed to the enhancement of thermal effect.

Figure 17 shows the evolution of the computed
normalized dislocation density. It can be seen that
the normalized dislocation density decreased with
decreasing strain rate and increasing temperature. In
the early stage of deformation, dislocation density
increased rapidly due to the generation and
accumulation of dislocations induced by plastic
deformation, which led to the work hardening.
Subsequently, the occurrence of the statics and
dynamics recovery as well as the dynamic
recrystallization resulted in the rearrangement and
annthilation of dislocations, which was the reason
for the stable dislocation density after reaching the
peak.
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Fig. 16 Evolution of predicted relative grain size at 800 °C (a) and 0.001 s' (b)
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Figure 18 shows the evolution of computed
damage under different conditions. Obviously, the
material damage increased with decreasing
deformation temperature and increasing strain rate,
which was consistent with the micrographic
observation as shown in Fig. 11 and Fig. 12,
respectively. The damage increased relatively slow
in the initial stage of deformation because the
material was considered to be flawless and the
initial damage value was zero before the
deformation. With the increase of deformation
degree, the local inhomogeneous deformation led
to the increase of the nucleation rate of cavities and
micro-cracks, and the growth and interconnection
of micro-defects caused the damage to increase
sharply until the material failed.

3.4 FEA simulation and hot forming for TA32

complex parts

The microstructure-based constitutive model
was imported into Abaqus/explicit through the
material user subroutine VUMAT. The VUMAT
subroutine began with the assumption that the strain
increment was purely elastic, and based on this
assumption trial stress was calculated before the
plastic deformation was checked. If the current state
was elastic, it was necessary to update the stress
and state variables, and returned to the main routine;
if the current state was plastic, the increment of
plastic strain should be determined. Figure 19
shows the VUMAT subroutine flow chart for the FE
model implementation.

Figure 20 shows the effective strain, normalized
dislocation density and damage distribution of the
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formed skin parts with different process parameters.
Figures 20(a), (d), (g), (j) and (m) demonstrate
that the strain is concentrated at the sharp angle of
the part. The effective strain decreases with
increasing deformation temperature and decreasing
loading speed, which indicates that the formability
of the material is improved and the overall
deformation is more uniform. Figures 20(b), (e), (h),
(k) and (n) illustrate the distribution of dislocation
density. The normalized dislocation density is
positively correlated with strain, and the maximum
dislocation density is mainly displayed in the large
deformation area. This is because the plastic
deformation is always accompanied with the
tremendous generation and accumulation of
dislocations. The dislocation density of material
decreases significantly with the increase of
deformation temperature and the decrease of
loading speed, which is due to the rearrangement
and annihilation of dislocations by recovery and
recrystallization. Figures 20(c), (), (i), (I) and (o)
reveal the distribution of damage, and the material
is considered to be fracture when the value of
damage reaches 0.7. As can be seen, when the
temperature is 750 °C or the loading speed is 10
mm/s, fracture occurs at the sharp angle of the
formed part, which is due to the uneven material
flow during the hot forming. According to the
simulation results of Part-800-10, Part-850-5 and
Part-800-1, the damage decreases with increasing
deformation temperature and decreasing loading
speed. However, a slight wrinkling appears near the
sharp angle area due to the pile up of surrounding
material.
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Material damage
(=]
O

0.10} //
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Fig. 18 Evolution of predicted material damage at 800 °C (a) and 0.001 s ' (b)
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C: The fourth rank elastic modulus
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Fig. 19 VUMAT subroutine flow chart for FE model implementation

In order to reduce the flow of material to the
sharp angle area and avoid the occurrence of
wrinkling defects, the overall dimension of the
blank was optimized. Under the premise that the
formed part meets the dimensional precision
demand, the excess material near the fillet of
blank was removed, as shown in Fig. 21. The
optimized Blank B was obtained through the trial
and error method. Meanwhile, according to
Fig. 20(f), the fracture did not occur in the formed
part obtained by the processing with a deformation
temperature of 800 °C and a loading speed of 5
mm/s. Therefore, the forming efficiency and energy
saving of the process conditions are relatively
optimal.

Figure 22 shows the effective strain,
normalized dislocation density, relative grain size
and damage distribution of the optimized blank.
Figure 22(a) shows the maximum effective strain of
the formed part is about 0.3415, indicating that the
deformation of the material is homogeneous.
Figure 22(b) shows that the overall level of
normalized dislocation density is low due to the
rearrangement and annihilation of dislocations
caused by recovery and recrystallization.
Figure 22(c) shows the relative grain size of the
formed part ranges from 0.9387 to 1.046, in which

grain growth caused by thermal effect appears in
the small deformation area and grain refinement
results from DRX appears in the large deformation
area. Figure 22(d) shows the maximum damage of
the formed part is approximately 0.1825, which
demonstrates that the formed part is in the safe
range of deformation. Meantime, the wrinkling
defects are effectively suppressed and the quality of
the predicted result is satisfactory.

The thermoforming experiments were carried
out to validate the FE simulation results. Figure 23
shows the actual parts formed by Blanks A and B at
a deformation temperature of 800 °C and loading
speed of 5 mm/s, respectively. It can be seen that
fracture occurred at the sharp angle of the
un-optimized formed part, which showed a good
agreement with numerical simulation results, and a
qualified part without fracture was obtained by
optimizing the blank shape. In order to further
evaluate the accuracy of the prediction results and
mechanical properties of the formed part, the
microhardness of the maximum and minimum
strain positions (marked in Fig.23(b)) on the
qualified part was measured. The measurements
were done at five points and repeated three times at
each location. The mean measured values of the
un-deformed and deformed regions were HV 368.3
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Fig. 21 Optimized blank shape

and HV 297.5, respectively. The decrease in micro-
hardness indirectly indicated that the damage at the
sharp angle of the part reached approximately 20%,
which was consistent with the prediction result
shown in Fig. 22(d). Based on these results, it
can be demonstrated that the proposed model can
accurately predict the plastic deformation and
microstructure evolution of TA32 alloy during the
thermoforming process.
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Fig. 22 Predicted results of the optimized blank: (a) Effective strain; (b) Normalized dislocation density; (c) Relative

grain size; (d) Material damage
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Fig. 23 Actual parts formed from Blank A (a) and Blank B (b)

4 Conclusions

(1) With the increase of true strain, the average
grain size of a phase in TA32 titanium alloy and
dislocation density increased. As the deformation
process proceeded, the occurrence of DRX led to
the grain refinement and decrease of dislocation
density. Besides, with the increase of deformation
temperature and the decrease of strain rate, the
number of cavities and dimples decreased
significantly, and their size and depth increased,

/ % Microhardness test points

which indicated the decrease in material damage.

(2) The predictions of flow stress, the volume
fraction of S phase and grain size of o phase agreed
well with the experimental results, which indicated
that the deformation behavior and microstructure
evolution of TA32 alloy in hot tension test
can be predicted reasonably using the proposed
constitutive equations. Statistical analysis also
showed the reliability of the developed constitutive
equations.

(3) The simulation imported with the proposed
constitutive  equations validly predicted the
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wrinkling and fracture defects of the formed
parts. The optimal combination of deformation
temperature and loading speed was 800 °C and
5 mm/s, respectively, and a qualified part was
produced by optimizing the process parameters and
blank shape. Microhardness test results showed that
the final formed part had good mechanical
properties and was consistent with the predicted
results, which indicated that the FE model based on
physical internal-state variables can well optimize
the hot forming process of TA32 titanium alloy
complex parts.
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