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A B S T R A C T

During hot deformation of (𝛼 + 𝛽) titanium alloys, the simultaneous action of strain and temperature in the
(𝛼 + 𝛽) regime facilitates dynamic recovery, dynamic recrystallization (DRX), and phase transformations via
non-equilibrium paths. DRX is manifested in the form of fine recrystallized 𝛼 or 𝛽 grains. In the present study,
a two-phase crystal plasticity finite element framework (CP-DRX) has been developed which incorporates DRX
kinetics into the crystal plasticity (CP) model to predict the flow characteristics of Ti-6Al-4V alloys during
thermo-mechanical processing. The CP slip system parameters, as well as elastic properties from both 𝛼 and
𝛽 phases of Ti, are calibrated for different strain rate conditions. An EBSD-informed two-phase microstructure
representation has been utilized in the CP-DRX framework to explore the time-dependent evolution of DRX
microstructure and crystal orientation for different strain rate conditions. The proposed CP-DRX can capture
the evolution of crystal orientation and plastic flow stress–strain response of polycrystalline Ti-6Al-4V during
the deformation process. Furthermore, the proposed model is able to capture the softening behavior, observed
in average stress–strain response from experiments performed using a Gleeble thermomechanical simulator
and predict the recrystallization texture.
1. Introduction

Two phases (𝛼 + 𝛽)-type titanium (Ti) alloys are commercially at-
tractive in naval, aerospace, and biomedical fields due to their superior
mechanical strength, high-temperature resistance, good formability,
and excellent corrosion resistance capability [1,2]. In this regard, hot
orming is an important process for manufacturing complex shapes of
hese alloys. Due to severe plastic deformation during hot forming, dif-
erent grains undergo complex microstructural evolution which in turn,
an significantly influence the deformation behavior and mechanical
roperties of Ti alloys [3]. Additionally, the hot deformation process
n the sub/near- transus (𝛼+ 𝛽) and/or super-transus regimes can facil-
tate dynamic recrystallization (DRX) which is a typical phenomenon
bserved during microstructural evolution of (𝛼 + 𝛽) dual phase Ti
lloys [4,5]. Several experimental works have been geared towards the
nvestigation of DRX during the hot deformation process in titanium
lloys [6,7] demonstrating the appearance of newly equiaxed 𝛼 [8–10]
and 𝛽 grains [11,12].

During plastic deformation, new strain-free grains are formed that
can significantly affect the mechanical response of the materials. Gen-
erally, DRX occurs during plastic deformation at elevated temperatures

∗ Corresponding author at: Aerospace Engineering, University of Michigan, Ann Arbor, MI 48109, USA.
E-mail addresses: royam@tamu.edu, arunabhr.umich@gmail.com (A.M. Roy).

associated with softening mechanism that restores the ductility of the
polycrystalline Ti [6,7]. The DRX mechanism can be characterized in
three distinct forms including discontinuous, continuous, and geometric
DRX [5]. In general, discontinuous DRX is associated with nucleation of
DRX grain and grain growth; continuous DRX occurs during dynamic
recovery when the formation of new DRX grain structures with low-
angle grain boundaries take place and evolve into low-angle grain
boundaries [4]; geometric DRX is accompanied by the serration of grain
boundaries and significant grain refinement [5]. Typically, the DRX
mechanism initiates upon exceeding specific threshold values, such as
a critical strain [3] or critical dislocation density [13], accompanied by
the nucleation of new grains, preferentially on the grain boundaries at
a strain rate that is dependent on the working temperature. DRX results
in grain growth, dislocation accumulation, texture formation, twin
structures, and serrated boundaries during deformation which reduces
systemic energy and ultimately affects the hot working behavior [14–
16]. This is especially the case for complex forming processes such as
linear friction welding (LFW) in Ti-alloys [17–19].

In the context of plastic deformation and microstructure evolution
of heterogeneous materials, the approach of mesoscale mechanical
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models such as crystal plasticity (CP) is a powerful method equipped
with physics-based constitutive theories [20–23] to link the mechanical
properties of materials with the evolution of subgrain morphology as
well as recrystallized grains under an applied stress or displacement
field [20]. In the last decades, several studies on dual-phase titanium
alloys, in particular, Ti-6Al-4V alloys have been performed utilizing CP
models [24–27] considering both the 𝛼 and 𝛽 phases of the Ti [28–
32]. More recently, the CP model has been extended to study the
cyclic shear loading [33] and the effect of orientation and morphology
of the 𝛼-Ti and 𝛽-Ti phases of Ti-6Al-4V alloys on time-dependent
cyclic loading [34]. Additionally, diffuse interface approaches such as
phase-field (PF) models have been integrated with the CPFE frame-
work to capture grain boundary sliding, migration of grain structure,
the effect of strain rate on DRX and grain growth [35–37]. Hence,
the material process modeling approachs have shown to be effictive
tool for investigating mechanical response in heterogeneous materials
undergoing microstructure and mechanical property evolution during
material fabrication and operation [38,39].

In the current study, the presence of DRX has been observed in
Electron Back Scatter Diffraction (EBSD) images of two-phase Ti-6Al-
4V alloys during different strain rates at elevated temperatures. While
the different strain rates influence the DRX process, the DRX itself
affects subsequent deformation due to newly generated grains, new
grain orientations, dislocation density reduction, and evolution of the
recrystallized grains. The respective influence of the plastic deforma-
tion and the DRX take place simultaneously and interactively. Hence,
a proper CP framework to account for DRX phenomena is important
to capture stress–strain responses. Since the 𝛼 phase and the 𝛽 phase
of Ti have different crystallographic structures, proper calibration of
the corresponding CP parameters at different strain rates is important,
particularly at elevated temperature, to obtain the correct deformation
behavior in heterogeneous (𝛼 + 𝛽)- titanium alloys. Moreover, the DRX
mechanism contains recrystallization and grain growth kinetics that
depends on peak strain and the DRX volume fraction [40,41]. However,
a consistent CP framework accounting for DRX kinetics has yet to
be systematically addressed in the current state-of-the-art modeling
approaches for complex heterogeneous materials, in particular, 𝛼 + 𝛽
titanium alloys. Thus, in order to develop a comprehensive integrated
computational materials engineering (ICME) [38,42] capability for the
hot forming of titanium alloys, it is important to quantify the kinetics
of DRX during the thermo-mechanical process to capture the stress–
strain response and finally predict the mechanical behavior of the
materials [3].

In order to address the aforementioned challenges, in this paper,
we present a crystal plasticity framework accounting for DRX kinetics
(CP-DRX) to predict the flow characteristic during thermomechanical
processing for Ti-6Al-4V. The optimum slip system parameters, as well
as elastic properties from both 𝛼 and 𝛽 phases of Ti, are calibrated from
the experimental stress–strain path by solving an inverse optimization
problem through crystal plasticity simulations for different strain rates
at elevated temperatures. Furthermore, different kinetic parameters
associated with the DRX mechanism have been calibrated directly
from experimental Ti-6Al-4V data and integrated into the CP model.
In the proposed CP-DRX model, a realistic EBSD-informed two-phase
microstructural representation has been included to explore the time-
dependent evolution of DRX microstructure and texture for different
strain rate conditions. Additionally, the flow stress–strain behavior
predictions from CP-DRX for different strain rates have been discussed
and directly compared with experimental results. The simulation results
are in good agreement with experimental observations. It is found that
the proposed CP-DRX model can capture the softening in experimental
stress–strain behavior that occurs during hot deformation and predict
the final recrystallized texture of the deformed microstructure. The
rest of the paper is organized as follows: Section 2 describes the ma-
erial and experimental procedure for Ti-6Al-4V; Section 3 introduces
2

he crystal plasticity finite element model; calibration of slip system e
arameters for different strain rate conditions has been described in
ection 4; experimental quantification of kinetic parameters of DRX has
een discussed in Section 5; Section 6 deals with the relevant findings
nd discussion of the proposed framework. Finally, the conclusions and
uture prospects of the current work have been discussed in Section 7.

. Material and experimental procedure

The material used for the current study is a Ti-6A-4V alloy sheet
pecimen which was received in the form of a plate in mill-annealed
ondition. Compression cylinders were machined using
lectro-discharge machining (EDM) to form cylindrical coupons of size
0 mm diameter × 15 mm length, according to ASTM E-9. Hot compres-
ion experiments were performed using a Gleeble 3500 Hydrawedge.
hermocouples were attached to the center of the samples to facilitate
emperature measurements. Tantalum foils and nickel paste were used
etween the flat cylindrical surfaces and tungsten carbide anvil faces.
his reduces friction effects and maintains good contact between the
nvils and the specimen, which is critical for maintaining a uniform
emperature across the specimen. A high voltage is passed through the
nvil-specimen assembly which produces nearly instantaneous heating
f the sample using resistive heating. The recrystallization and transfor-
ation of the as-received microstructure are analyzed using Scanning
lectron Microscopy (SEM)/Back Scattered Electron (BSE) imaging
nd quantified using electron backscatter diffraction (EBSD)/Grain
rientation Spread (GOS) technique. In both categories of experiments,
ompression tests, and annealing is performed at the sub, near, and
uper transus temperatures. The transus temperature for Ti-6A-4V is
95 ◦C. The hot compression experiments reported in this paper were
erformed at 800 ◦C. A heating rate of 100 ◦C∕s is a compromise
etween values that are representative of the LFW process and the
imitations of resistive heating. A dwell time of 10 s is allowed prior
o the deformation of the sample at different strain rates. The final
train of 0.8 is typical of LFW processes. The average global stress–
train response is measured from the Gleeble. Deformed samples were
ectioned, and polished using standard metallography and colloidal
ilica to facilitate characterization via EBSD. Furthermore, for the
eformed samples, 12–15 h of vibratory polish in a colloidal silica
lurry using a VibroMet was performed. For our present study, strain-
ontrolled deformation experiments were performed at two different
train rates (0.001 and 0.1 s−1), where the final strain values (0.5,
.8) were specified. Finally, the engineering curves obtained from the
niaxial compression tests were converted into the true stress–strain
urves. After deformation, the change of microstructure and property
f the deformed specimens were observed using the EBSD technique as
hown in Fig. 1 where CD and TD represent compression and transverse
irection, respectively. A voltage of 25 kV and beam intensity 15–18
ith a 2 × 2 binning is used for EBSD characterization. The field of
iew (FOV) for EBSD analysis is in the range of 200–300 μm with a step
ize of 0.3–0.5 μm. The step sizes and FOV are optimized to facilitate
he effective resolution of the finer recrystallized grains. Additionally,
-ray Diffraction (XRD) analysis has been performed along with image
rocessing of BSE and optical images. Fig. 2-(a) shows the XRD analysis
esults at different hold times for a sample deformed to 25% at room
emperature and annealed at 800 ◦C. Fig. 2-(b) shows the 𝛽 volume
raction evolution with respect to hold time, and figures Fig. 2-(c–
) show the BSE images with the presence of both 𝛼 (gray) and 𝛽
white) phases. The volume fraction of the 𝛽 regions is determined
sing Image J and applying appropriate thresholding to distinguish
t from the gray 𝛼 phase. The kinetics of static recrystallization and
hase transformation at sub-transus temperatures of 800 ◦C for different
nnealing times are presented in Fig. 2-(g–j) where the circles represent

xperimental data.
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Fig. 1. (a) Experimental EBSD inverse pole figure image showing as received microstructure with a phase fraction of 95% HCP 𝛼-Ti (red) and 5% BCC 𝛽-Ti (green) in parent
Ti-6Al-4V sample at ambient temperature; experimental EBSD images showing the emergence of recrystallized grain (blue) during deformation process for final strain at temperature;
𝑇 = 800 ◦C for different strain rates (b) 𝜕𝜀∕𝜕𝑡 = 0.001 s−1 at 𝜀𝑓 = 0.5; (c) 𝜕𝜀∕𝜕𝑡 = 0.1 s−1 at 𝜀𝑓 = 0.80. 𝑅𝑥 represents the volume fraction of recrystallized grains. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 2. (a) XRD analysis of Ti-6A-4V deformed to 25% at room temperature, followed by annealing at 800 ◦C for the hold times indicated, (b) beta fraction evolution with time
t 800 ◦C, and BSE images for (c) as received, (d) 100 s, (e) 34 h, and (f) 84 h where recrystallization and transformation kinetics during annealing at 800 ◦C showing (a)–(d)
GOS maps corresponding to different hold times surround the plot.
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3. Crystal plasticity finite element model

For the current work, a rate-independent single-crystal plasticity
finite element model (CPFE) [43–45] has been employed to obtain the
distribution of macroscopic strain on the polycrystal Ti-6Al-V alloys.
Additionally, the evolution of DRX grain growth and texture distribu-
tion has been explored for different strain rate conditions during the
hot deformation process.

In the CPFE formulation, the crystal consisting of 𝛼 = 1,… , 𝑁 slip
ystems which can be represented by pairs of orthonormal vectors (𝒎𝛼 ,
𝛼). In the deformed configuration, unit vectors 𝒎𝛼 and 𝒏𝛼 are the
lip direction and slip plane normal of the slip system, respectively.
n this theory, the accommodation of plastic flow has been assumed
o take place through slip on specified slip systems. In the constitutive
quations, the deformation gradient tensor 𝑭 can be expressed after
ultiplicative decomposition as: 𝑭 = 𝑭 𝑒𝑭 𝑝, where 𝑭 𝑒 and 𝑭 𝑝 represent
he elastic and the plastic part of 𝑭 , respectively. For the kinematics of
ingle-crystal slip, the applied deformation can be attributed to two in-
ependent deformation mechanisms, i.e, elastic distortion of the crystal
attice and pure shear due to plastic slip. Thus, macroscopic velocity
radient tensor 𝑳 can be expressed after additive decomposition as
= 𝑳𝑒 + 𝑳𝑝, where 𝑳𝑒 and 𝑳𝑝 denote the elastic and plastic parts

f 𝑳, respectively. To connect macroscopic response to microscopic
3

echanisms of deformation in the CPFE model, the plastic part of 𝑻
he velocity gradient 𝑳𝑝 can be linked to shear deformation induced
y crystallographic slip on multiple slips. Assuming deformation takes
lace through dislocation glide, the evolution of the plastic flow can be
xpressed as
𝑝 = ̇𝑭 𝑝(𝑭 𝑝)−1 =

∑

𝛼
𝛾̇𝛼𝑺𝛼

0𝑠𝑖𝑔𝑛(𝜏
𝛼) (1)

here 𝑳𝑝 represents the macroscopic rate of plastic distortion, 𝛾̇𝛼 is the
lastic shearing rate on the 𝛼𝑡ℎ slip system, and 𝑺𝛼

0 = 𝒎𝛼 ⊗ 𝒏𝛼 is the
chmid tensor. The resolved shear stress 𝝉𝛼 on the 𝛼𝑡ℎ slip system can
e expressed as
𝛼 = 𝑻̄ ⋅ 𝑺𝛼

0 (2)

ere, 𝑻̄ is the Cauchy stress tensor which can be expressed as follows:

= ( 1
det 𝑭 𝑟

𝑷 𝑟𝑭 𝑇
𝑟 ); 𝑠𝛼 > 0 (3)

Where 𝑠𝛼 is the slip resistance of 𝛼𝑡ℎ slip system. Subsequently, the
Green elastic strain measure can be expressed as 𝑬̄𝑒 = 1

2

(

𝑭 𝑒𝑇𝑭 𝑒 − 𝑰
)

hich has been defined on the unstressed, plastically deformed con-
iguration. The conjugate stress measure can then be defined as 𝑻̄ =
det𝑭 𝑒(𝑭 𝑒)−1𝑻 (𝑭 𝑒)−𝑇 where 𝑻 is the Cauchy stress for the crystal in the
ample reference frame. The constitutive relation, for stress, is given by
̄ = 𝑪̄

[

𝑬̄𝑒]. For the rate-independent CPFE model, the yield surface
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Fig. 3. Active slip systems in (a, b, c) HCP 𝛼-Ti; (d) BCC 𝛽-Ti at elevated temperature; 𝑇 = 800 ◦C.
b
d
c
v
p
p
i
1
4
d
s
s
s
t
t
p
o
t
A
T
h
s
o
r
p
d
s
𝛽
r
f
h
a
C
t
b
p

v
t
i
t
v
r
p
e
c

corresponds to 𝛼𝑡ℎ slip system can be expressed as :

𝑓 𝛼 = |𝜏𝛼| − 𝑠𝛼 (4)

The slip will occur on 𝛼𝑡ℎ slip system if |𝜏𝛼| > 𝑠𝛼 . For inactive slip
systems, |𝜏𝛼| cannot overcome the critical value of 𝑠𝛼 (i.e., |𝜏𝛼| < 𝑠𝛼 or
|𝜏𝛼| = 𝑠𝛼). For such cases, the trial stress rate remains inside the yield
surface. However, for |𝜏𝛼| > 𝑠𝛼 the trial stress rate remains exterior of
the yield surface and the corresponding slip system became potentially
active to slip. This results in 𝛾̇𝛼 ≥ 0. The aforementioned conditions
satisfy the Karush–Kuhn–Tucker (KKT) consistency conditions in flow
plasticity theory. Furthermore, the evolution of slip resistance 𝑠𝛼 for 𝛼𝑡ℎ
slip system can be expressed as:

̇ 𝛼(𝑡) =
∑

𝛽
ℎ𝛼𝛽 𝛾̇𝛽 , 𝑠𝛼(0) = 𝑠𝛼0 (5)

Eq. (5) is the hardening law for the slip resistance 𝑠𝛼 ; ℎ𝛼𝛽 is the
hardening moduli which defines the variation of slip resistance for
slip system 𝛼 due to the slip rate on slip system 𝛽. Considering the
combined effect of work hardening and recovery, ℎ𝛼𝛽 can be expressed
as power-law relationship as follows:

ℎ𝛼𝛽 = ℎ𝛽𝑜

[

1 −
𝑠𝛽 (𝑡)
𝑠𝛽𝑠

]𝑎𝛽

if 𝛼 = 𝛽 (coplanar systems)

= ℎ𝛽𝑜 𝑞

[

1 −
𝑠𝛽 (𝑡)
𝑠𝛽𝑠

]𝑎𝛽

if 𝛼 ≠ 𝛽 (non-coplanar systems)

(6)

where ℎ𝛽𝑜 indicates the hardening parameter for slip system 𝛽; 𝑞 denotes
the latent hardening ratio; 𝑠𝛽𝑠 represents the slip resistance of slip
system 𝛽 at hardening saturation; 𝑎𝛽 is a material constant governing
the sensitivity of the hardening moduli to the slip resistance for a
particular slip system.

4. Calibration of slip system parameters for Ti-6Al-4V at elevated
temperature

Polycrystalline Ti-6Al-4V is a heterogeneous alloy with two dis-
tinctly different phases which include hexagonal close-packed (HCP)
𝛼-Ti and body-centered cubic (BCC) 𝛽-Ti. Due to the difference in the
crystallographic structure of these two phases, the slip systems for
dislocation are distinct which leads to different plastic deformation
modes [46,47]. Since, independent slip systems of the (BCC) 𝛽-phase
re relatively less compared to (HCP) 𝛼-phase, hence, plastic defor-
ation characteristic in 𝛼-phase is much more complex than 𝛽-phase
n Ti-6Al-4V during hot deformation process [46,47]. Thus, for the
roper calibration of CP slip system parameters, it is important to
dentify predominant active slip systems for both 𝛼 and 𝛽-Ti at the
levated temperature. To this end, different slip system parameters
orresponding to the CP model for both 𝛼 and 𝛽-phases of Ti have
4

een directly calibrated from experimental flow stress–strain curve for
ifferent strain rate conditions at temperature 𝑇 = 800 ◦C. During
alibration, design variables have been determined by optimizing the
alue of various active slip system parameters. In general, HCP 𝛼-Ti
redominately display easy ⟨𝑎⟩ slip, either on the basal or prismatic
lane [46–48]. In pure HCP-Ti, the three main observed slip systems
nclude three equivalent basal {0001} ⟨112̄0⟩, three equivalent prismatic
01̄0⟨112̄0⟩, and six equivalent pyramidal 101̄1⟨112̄0⟩ slip systems [46,
7]. The aforementioned slip systems share a common ⟨112̄0⟩ or ⟨𝑎⟩ slip
irection. As shown in Fig. 3-(a, b), this slip has been denoted as ⟨𝑎⟩-
lip on basal, prismatic, and pyramidal slip systems. In addition, other
lip modes such as slips on pyramidal planes with ⟨112̄3⟩ or ⟨𝑐 + 𝑎⟩
lip or twinning deformation modes are required in the HCP system
o accommodate strain parallel to 𝑐-axis. More importantly, at high
emperature, three equivalent basal {0001} ⟨112̄0⟩, three equivalent
rismatic 101̄0⟨112̄0⟩ and six equivalent pyramidal planes with ⟨112̄3⟩,
r ⟨𝑐+𝑎⟩ slip system are predominantly active [49,50]. Therefore, these
hree slip systems are included in the CP model as shown in Fig. 3-(a–c).
t high temperatures, twinning slip systems are not activated for HCP-
i [46,48], and thus, it has been excluded in our CP model. On the other
and, twelve equivalent {110} ⟨111⟩ and twelve equivalent {112} ⟨111⟩
lip systems are included in the CP model for the deformation behavior
f BCC 𝛽-Ti as shown in Fig. 3-(d). Additionally, the yield stress of
ecrystallized grains (𝜎𝑅𝑌 ) has been considered as an additional design
arameter in our CP model to capture softening behavior of flow stress
uring the hot deformation process. The value of 𝜎𝑅𝑌 depends on the
train rate and temperature. Moreover, it can be different in the 𝛼 and
phases of newly recrystallized (DRX) grains. Thus, for different strain
ate conditions, it is important to calibrate 𝜎𝑅𝑌 from the experimental
low stress–strain curve. For simplicity, in the current framework, 𝜎𝑅𝑌
as been assumed to be the fraction of macroscopic yield stress 𝜎𝑌 for
particular strain rate that reduces additional fitting parameters in the
P model. We found that such a simplified assumption is quite effective
o capture experimental flow stress response, in particular, softening
ehavior of the flow stress–strain curve during the hot deformation
rocess (see Section 6.4).
For the calibration of slip system parameters in Ti-6Al-4V at ele-

ated temperature, an ODF-based CP model has been utilized where
he optimum slip system parameters are obtained by employing an
nverse algorithm [51]. The main objective of the calibration process is
o fit experimental flow stress curve characteristics in the CP model for
arious strain rates, considering an initial representative sample with
andom grain orientation (see Section 6.1). During the optimization
rocedure, several design variables including three slip system param-
ters (𝑠𝛼0 , ℎ

𝛼
0 , 𝑠

𝛼
𝑠 and 𝑎𝛼) for three different slip systems taken into

onsideration for HCP 𝛼-Ti. These slip systems are basal ⟨𝑎⟩, prismatic
⟨𝑎⟩, pyramidal ⟨𝑐+𝑎⟩. For BCC 𝛽-Ti, four slip system parameters (𝑠𝛽0 , ℎ

𝛽
0 ,

𝑠𝛽 and 𝑎𝛽) of the two slip systems 110 ⟨111⟩ and 112 ⟨111⟩ have been
𝑠 { } { }
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Table 1
Optimum slip system parameters of 𝛼-Ti at 800 ◦C for different strain rates.
Slip System 𝜕𝜀∕𝜕𝑡 (s−1) 𝑠𝛼0 (MPa) ℎ𝛼

0 (MPa) 𝑠𝛼𝑠 (MPa) 𝑎𝛼

Basal < 𝑎 >
0.001 27.45 355.50 68.63 1.38
0.1 68.25 365.50 170.63 1.38

Prismatic < 𝑎 >
0.001 27.45 355.50 68.63 1.38
0.1 68.25 365.50 170.63 1.38

Pyramidal < 𝑐 + 𝑎 >
0.001 137.23 355.50 343.07 1.38
0.1 341.25 365.50 853.13 1.38
Table 2
Optimum slip system parameters of 𝛽-Ti at 800 ◦C for different strain rates.
Slip System 𝜕𝜀∕𝜕𝑡 (s−1) 𝑠𝛽0 (MPa) ℎ𝛽

0 (MPa) 𝑠𝛽𝑠 (MPa) 𝑎𝛽

Cubic {110} < 111 >
0.001 45.75 355.50 114.38 2.16
0.1 113.75 365.50 284.38 2.16

Cubic {112} < 111 >
0.001 45.75 355.50 114.38 2.16
0.1 113.75 365.50 284.38 2.16
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considered. For further simplification of the calibration process, it has
been assumed that the magnitude of 𝑠𝛼0 and 𝑠𝛼𝑠 of the pyramidal ⟨𝑐 + 𝑎⟩
lip system should be higher (approximately in between three to five
imes) than the 𝑠𝛼0 value of the basal ⟨𝑎⟩ slip system [48]. Additionally,
the values of ℎ𝛼0 and 𝑎𝛽 have been assumed to be equal for all slip
ystems. Furthermore, 𝜎𝑅𝑌 = 𝑘(𝜕𝜀∕𝜕𝑡, 𝜃) 𝜎𝑌 has been considered. Here,
< 1 is an additional calibration parameter that depends on strain rate
nd temperature. For a specific strain rate and temperature, the value
f 𝑘 is calibrated from the softening characteristic of the experimental
low stress–strain response. For strain rates 𝜕𝜀∕𝜕𝑡 = 0.001 and 𝜕𝜀∕𝜕𝑡 =
.1, the optimized value of 𝑘 is found to be 𝑘 = 0.82 and 𝑘 = 0.86,
espectively at 𝜃 = 800 ◦C. Finally, optimum slip system parameters for
oth 𝛼-Ti and 𝛽-Ti are calibrated through experimental compression
tress–strain data as shown in Table 1 and Table 2, respectively. The
lastic parameters of 𝛽-Ti (BCC monocrystal) are collected from [52] as:
11 = 97.7 GPa, 𝐶12 = 82.7 GPa, 𝐶44 = 37.5 GPa, and, whereas, for 𝛽-Ti
HCP monocrystal) from [53] as : 𝐶11 = 𝐶22 = 175 GPa, 𝐶12 = 88.7 GPa,
𝐶13 = 𝐶23 = 62.3 GPa, 𝐶44 = 𝐶55 = 62.2 GPa, and 𝐶66 = (𝐶11 − 𝐶12)∕2.
The calibrated CP-DRX model has been validated against experimental
𝑅𝑥 value and pole figures for different strain rate conditions.

5. Experimental quantification of kinetic parameters of DRX

In the proposed CP-DRX framework, DRX kinetics has been inte-
grated into the CP model. Different kinetic parameters associated with
the DRX mechanism have been calibrated directly from experimental
Ti-6Al-4V data. In the proposed model, when the strain exceeds a
critical value 𝜀𝑐 , DRX process begins accompanied by the nucleation
and grain growth during hot deformation [40,54,55]. Before reaching
the peak stress (𝜎𝑝), dislocation density and the degree of work harden-
ng increase which results in nucleation of dislocation-free DRX-grains.
ith increasing flow stress up to its peak value, the rate of softening
revails over the work-hardening mechanism. Such phenomenon is
ommon Ti-6Al-4V with low to medium stacking fault energy [54,55].
n general, flow stress characteristic depends on the critical strain,
train rate, and temperature. Thus, it is important to determine 𝜀𝑐 for
he onset of DRX for different strain rate conditions.
The DRX mechanism contains recrystallization and grain growth ki-

etics which includes the peak strain (𝜀𝑝) and the DRX volume fraction
𝑅𝐷𝑅𝑋) equation [40,41]. In the current work, the Johnson-Mehl-
vrami-Kolmogorov (JMAK) the model has been utilized to quantify
he kinetics of DRX for peak stress and the dynamic recrystallization
volution that can be expressed as [40,55]:

𝐷𝑅𝑋 = 1 − 𝑒𝑥𝑝

[

−𝛽𝑑

(

𝜀 − 𝜀𝑐
𝜀0.5

)𝑘𝑑
]

(7)

where 𝛽𝑑 , 𝑘𝑑 are the material constants; 𝜀 is the accumulated plastic
5

strain ; 𝜀𝑐 is the critical strain for initiation of DRX, and 𝜀0.5 is the strain c
corresponding to 50% DRX. For Ti-6Al-4V, the values 𝛽𝑑 and 𝑘𝑑 can be
considered as 𝛽𝑑 = 0.693 and 𝑘𝑑 = 1.502 [54].

In the present work, a hyperbolic tangent function has been em-
ployed to estimate the flow stress up to the peak stress of the stress–
strain curves under hot deformation conditions [56,57]. The proposed
flow stress model has been utilized to determine 𝜀𝑐 at the onset of DRX
for different strain rate conditions which can be expressed as [57]:

𝜎 = 𝜎𝑖 + (𝜎𝑝 − 𝜎𝑖)
[

tanh
(

2𝜁 𝜀
𝜀𝑝

)]𝜑
(8)

where 𝜎𝑖 and 𝜎𝑝 are the initial and peak stress values, respectively; 𝜀𝑝
s the peak strain; 𝜁 and 𝜑 are the additional parameters that depend
on strain rate and temperature. In order to obtain 𝜁 and 𝜑, following
relationship have been utilized [57]:

tanh−1
(

𝜎 − 𝜎𝑖
𝜎𝑝 − 𝜎𝑖

)1∕𝜑
= 2𝜁 𝜀

𝜀𝑝
; ln

(

𝜎 − 𝜎𝑖
𝜎𝑝 − 𝜎𝑖

)

= 𝜑 ln
[

tanh
(

2𝜁 𝜀
𝜀𝑝

)]

(9)

where the parameters 𝜁 and 𝜑 can be obtained from the slopes

of the linear fitted tanh−1
(

𝜎−𝜎𝑖
𝜎𝑝−𝜎𝑖

)1∕𝜑
vs. 2 𝜀

𝜀𝑝
and ln

(

𝜎−𝜎𝑖
𝜎𝑝−𝜎𝑖

)

vs. ln
[

tanh
(

2𝜁 𝜀
𝜀𝑝

)]

curves, respectively. To determine 𝜀𝑐 , the slope of the
stress–strain curve at constant strain rate and temperature correspond-
ing to work hardening rate, i.e. 𝜃 = 𝜕𝜎

𝜕𝜀 has been considered that
provides :

𝜃 = 2𝜁𝜑
𝜎𝑝 − 𝜎𝑖

𝜀𝑝
tanh

(

2𝜁 𝜀
𝜀𝑝

)𝜑−1
(

1 − tanh
(

2𝜁 𝜀
𝜀𝑝

)2
)

(10)

Finally, 𝜀𝑐 can be expressed in terms of 𝜀𝑝, 𝜁 , and 𝜑 as follows :

𝜀𝑐 =
𝜀𝑝
𝜁

tanh−1
⎛

⎜

⎜

⎝

√

1 − 𝜑
1 + 𝜑

⎞

⎟

⎟

⎠

(11)

In the CP-DRX framework, the DRX and CP models are linked
hrough 𝜀𝑐 and 𝑅𝐷𝑅𝑋 . During simulation, when the DRX volume frac-
ion is less than 𝑅𝐷𝑅𝑋 , all elements with 𝜀 > 𝜀𝑐 have been identified
s DRX-grains. Note, for simplicity, the crystallographic orientation of
he DRX grains has not been taken into consideration. This is based
n the experimentally observed fact that the DRX grain retains the
ame orientation as the parent grain [11,12]. The yield stress of the
ecrystallized grain 𝜎𝑅𝑌 = 𝑘 𝜎𝑌 ; ∀𝑘 < 1 has been considered to be fixed
n the onset of the DRX where 𝑘(𝜕𝜀∕𝜕𝑡, 𝜃) is the additional parameter
hat can be calibrated from the softening characteristic of experimental
low stress–strain response. In order to obtain 𝜀𝑐 (i.e, from Eq. (11)) for
different strain rate conditions, the values of 𝜀𝑝, 𝜁 , and 𝜑 have been
alculated from experimental flow stress–strain curves. Subsequently,
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Table 3
Calibrated kinetic parameters of DRX for Ti-6Al-4V at 800 ◦C for different strain-rate conditions.
𝜕𝜀∕𝜕𝑡 (s−1) 𝜀𝑓 %𝑅𝐷𝑅𝑋 𝛽𝑐 𝑘𝑑 𝜁 𝜑 𝜀𝑐 𝜀0.5
0.001 0.50 37.10 0.693 1.502 44.42 1.72 0.1037 0.9123
0.1 0.80 14.4 0.693 1.502 30.52 1.67 0.1274 1.7645
Fig. 4. Evolution of DRX grains (in red) inside the uncrystallized grain matrix (in blue) with randomly assigned crystal orientation in initial representative 2D grain structure for
(a) 𝜀 = 0.2, (b) 𝜀 = 0.35, and (c) 𝜀 = 0.5 where 𝑅𝑥 represents the volume fraction of recrystallized grains; (a–i)–(c–i) corresponding distribution of average von Mises stress (𝜎𝑣)
for strain rate 𝜕𝜀∕𝜕𝑡 = 0.001 s−1. All stress values are in MPa. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
rticle.)
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0.5 has been obtained from Eq. (7) with know values of 𝛽𝑑 , 𝑘𝑑 , and 𝜀𝑐
or different strain rate conditions where the value of 𝑅𝐷𝑅𝑋 has been
easured directly from the experiment. All the kinetics parameters
ssociated with the DRX for the different strain rates have been outlined
n Table 3. In the future, the parameters 𝛽𝑑 , 𝑘𝑑 can be calibrated
irectly from the experiments to establish a robust integration of DRX
inetics into the CP-DRX model.

. Results and discussions

To study the influence of different strain rates on the evolution of
RX grain morphology and texture in Ti-6Al-4V, in the present study,
wo different strain rates 𝜕𝜀∕𝜕𝑡 = 0.001 s−1 and 𝜕𝜀∕𝜕𝑡 = 0.1 s−1 have
een considered corresponding to final strain 𝜀𝑓 = 0.5 and 𝜀𝑓 = 0.8,
espectively at elevated constant temperature; 𝑇 = 800 ◦C. The plastic
tress–strain response obtained from the simulation results has been
irectly compared with experimental observations to evaluate to what
xtent the proposed two-phase CP-DRX framework can predict the flow
tress–strain characteristics focusing on the softening behavior during
RX.

.1. Simulation for calibrating optimum slip system parameters

In order to calibrate optimum slip system parameters for both
-Ti and 𝛽-Ti, an initial representative 2D grain structure has been
onsidered as 60 × 60 grid with 3600 grains where each grain is
ssociated with random grain orientation. The initial phase fraction
f 𝛼-Ti and 𝛽-Ti phases in the parent material have been determined
6

𝛽

rom the experiential phase map with volume fraction of 95% HCP 𝛼-
i and 5% BCC 𝛽-Ti as shown in Fig. 1-(a). In the initial representative
rain structure, these two phases have been randomly assigned for the
alibration of optimum slip system parameters as shown in Fig. 4-(a).
ssuming plane strain condition, a homogeneous compressive strain
as been applied on the top edge with a constant strain rate until
he prescribed final strain has been achieved. For the strain rate,
𝜀∕𝜕𝑡 = 0.001 s−1, the evolution of recrystallized grains (red) inside
he unrecrystallized matrix (blue) during various intermediate strains
as been presented in Fig. 4(a)–(c). The recrystallized grains appear
hen the local strain value exceeds a critical strain, i.e., 𝜀 > 𝜀𝑐 during
he deformation process. Depending on the strain distribution, recrys-
allized grains emerge, grow, and finally coalesce. The corresponding
istribution of average von Mises stresses 𝜎𝑣 for intermediate strain
alues has been shown in Fig. 4 (a-i)–(c-i). The comparison of (0001)
nd (101̄0) pole Figures at 𝜀𝑓 = 0.8 between CP-DRX simulation and
xperiment has been depicted in Fig. 5-(a). The pole figures have been
lotted using MATLAB toolbox MTEX [58]. Even for initial random
exture distribution in the representative 2D grain structure, the CP-
RX simulation predicts the final texture evolution reasonably well.
inally, the CP-DRX stress–strain curves for different strain-rate con-
itions obtained during calibration of optimum slip system parameters
or both 𝛼-Ti and 𝛽-Ti through experimental compression stress–strain
ata have been shown in Fig. 5-(b, c).

.2. Experimentally informed microstructural representation

As mentioned earlier, in the proposed CP-DRX framework, 𝛼 and
-Ti phases have been modeled explicitly. Thus, it is important to
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Fig. 5. Comparison of (a) (0001) and (101̄0) pole figures at final compressive strain 𝜀𝑓 = 0.5 for 𝜕𝜀∕𝜕𝑡 = 0.001 s−1; (b, c) stress–strain curves at 𝜕𝜀∕𝜕𝑡 = 0.001 s−1 and 𝜕𝜀∕𝜕𝑡 = 0.1 s−1

etween experiment and CP-DRX prediction considering the optimum design of slip system parameters for randomly assigned crystal orientation in the initial representative 2D
rain structure of Ti-6Al-4V as shown in Fig. 4. All stress values are in MPa.
Fig. 6. (a, c) Representative experimental EBSD and IPF image showing phase fraction of 95% HCP 𝛽-Ti (red) and 5% BCC 𝛼-Ti (green) in parent Ti-6Al-4V sample at ambient
emperature; (b, d) corresponding morphologically representative microstructural finite element mesh used to simulate CP-DRX model. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of this article.)
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istinguish these two phases in the finite element microstructural mesh.
o this end, EBSD and IPF information have been combined in the CP-
RX framework to capture the exact grain morphology and location
f 𝛼 and 𝛽-Ti phases to incorporate a realistic experimentally informed
icrostructural representation. In the model, a morphologically repre-
entative microstructural finite element mesh selected from the EBSD
mage containing a total of 62 grains has been considered as shown
n Fig. 6-(a). To characterize the grain shapes and crystallographic
rientations of the two phases, an in-house MATLAB image processing
lgorithm has been developed which can accurately reproduce grain
orphology with finite element mesh and identify phase information
rom the inputted EBSD and IPF images. The finite element mesh
orresponding to each grain has been assigned to a unique grain
dentifier to distinguish between different grains. Additionally, a phase
dentifier has been embedded in each grain according to the IPF image
nformation. After the spatial assignment of the finite element mesh
or each grain, information on crystallographic orientations from the
7

BSD data has been incorporated. The orientation of each grain has m
een calculated by averaging all the EBSD data points within the grain
nd supplemented into the CP-DRX model. The initial phase fraction
f 𝛼 and 𝛽 phase in parent material has been determined from IPF as
hown in Fig. 1-(a). The present study considers initial 95% HCP 𝛽-Ti
nd 5% BCC 𝛼-Ti for all CP-DRX simulations. To represent the grain
orphology of the inputted microstructure accurately, a rectangular
inite element mesh with a finer grid of 160 × 160 consisting of
5600 elements has been considered. As shown in Fig. 6-(c), an initial
xperimental IPF image consisting of phase fraction of 95% HCP 𝛽-
i (red) and 5% BCC 𝛼-Ti (green) in parent Ti-6Al-4V sample has
een inputted to the CP-DRX model. Corresponding finite element
esh representation containing HCP 𝛽-Ti (red) and BCC 𝛼-Ti (green)
s been shown in Fig. 6-(d) which indicates that the EBSD image
rocessing algorithm can reproduce the experimental grain morphology
ccurately. The sample is compressed on the top surface and restrained
n the bottom surface. The present study focuses on evaluating the
verage strain on the surface of the Ti-6Al-4V sample incorporating
orphologically representative mesh. The effect of both strain rates and
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Fig. 7. Left column: Evolution of DRX-grain at different strain where 𝑅𝑥 represents the volume fraction of recrystallized grains, second and third columns: corresponding average
Von Mises stress 𝜎𝑣 and plastic strain 𝜀𝑝 for low strain rate 𝜕𝜀∕𝜕𝑡 = 0.001 s−1 in the representative microstructure of Ti-6Al-4V. The blue and red regions represent non-DRX and
DRX-grain, respectively. All the values of stress are in MPa.
final strain on the DRX microstructural evolution, texture formation,
and stress–strain response have been explored which has been detailed
in the subsequent sections.

6.3. Results for different strain rate conditions

6.3.1. Evolution of DRX for low strain rate
This section reports the evolution of DRX in the representative EBSD

microstructure of parent Ti-6Al-4V sample for relatively low strain
rate condition 𝜕𝜀∕𝜕𝑡 = 0.001 s−1 as shown in Fig. 7. Additionally, the
distribution of average von Mises stresses 𝜎𝑣 and plastic strain 𝜀𝑝 have
been plotted for different intermediate strains. At strain 𝜀 = 0.1, new
8

DRX-grains (i.e., grains-𝑎, 𝑏, 𝑐) have been nucleated predominately in
the grain boundary and triple grain boundaries as shown in Fig. 7-
(a). This is due to texture miss-orientation at grain boundary leading
to large strain accumulation which exceeds the critical strain and
therefore facilitates the formation of DRX-grains. Moreover, due to the
relatively large strain concentration on the edge of the sample, several
DRX grains have been formed surrounding the top and bottom edges
of the microstructural sample. With increasing strain 𝜀 = 0.25, the ap-
pearance of additional DRX-grains (i.e., grains-𝑑, 𝑒) has been observed
in the other grain boundaries as well as in the sub-grains as shown in
Fig. 7-(b). The portions of sub-grain correspond to relatively low 𝜎𝑣
are DRX-grains indicating stress-relaxing during the DRX process. With
increasing 𝜀, both 𝜎𝑣 and 𝜀𝑝 increase nearby DRX-grains as well as grain
boundaries. With the further accumulation of 𝜀𝑝, such regions became

the nucleation spots for new DRX-grains. Previously formed DRX grains
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Fig. 8. Comparison of (0001) and (101̄0) pole figures for (a) initial texture in parent Ti-6Al-4V sample at ambient temperature; (b) texture at final compressive strain 𝜀𝑓 = 0.5 for
strain rate 𝜕𝜀∕𝜕𝑡 = 0.001 s−1 between experimental EBSD microstructure in Fig. 6-(a) and CP-DRX simulation in Fig. 6-(b).
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end to extend inside the sub-grains, and finally coalesce with newly
ormed DRX grains. The stress and strain distribution indicate that the
nrecrystallized grains attend significantly high 𝜎𝑣 and 𝜀𝑝 compared to
RX-grains. With further increase of 𝜀 = 0.40, new-DRX grains tend to
orm in the grain boundaries and extend to the sub-grains (see grain-𝑓 )
s marked in Fig. 7-(c). At final strain 𝜀𝑓 = 0.50, the formation of some
dditional DRX-grains (for example, grain-𝑔) takes place and coalesces
ith previously recrystallized grains. It is noteworthy to mention that
t final strain, previously formed DRX-grains became stationary and the
egree of recrystallization increases predominantly due to relatively
ew DRX-grains as illustrated in Fig. 7-(d). The volume fraction of
ecrystallized grains 𝑅𝑥 has been calculated during the deformation
rocess. For 𝜕𝜀∕𝜕𝑡 = 0.001 s−1, the final 𝑅𝑥 was found to be 𝑅𝑥 =

39.72%, which is in good agreement with experimental data in Table 3.

6.3.2. Pole figures comparison for low strain rate condition
The pole figures obtained from the experimental EBSD microstruc-

ture and CP-DRX simulation have been compared for relatively low
strain rate 𝜕𝜀∕𝜕𝑡 = 0.001 s−1 as shown in Fig. 8. The (0001) and (101̄0)
pole figures obtained from the parent experimental EBSD texture is well
reproduced by the CP-DRX model by accurately accounting for initial
grain morphology and orientation for undeformed microstructure as
shown in Fig. 8-(a). It indicates the correctness and proper distribution
of grain texture in the proposed experimentally-informed microstruc-
tural mesh for CP-DRX simulation. As shown in Fig. 8-(b), the pole
igures of the deformed sample are plotted at final strain 𝜀𝑓 = 0.50
hich indicates that the simulated pole figures capture the expected
eatures of the microstructural sample during the hot-compression
rocess. Under compression, the ⟨𝑐⟩ axis moves to the ND poles along
ormal to the ND direction. Both experimental and CP-DRX results
ealign the ⟨𝑐⟩ axis in the compression direction indicating a strong
asal texture. The primary mechanism of such texture distribution can
e due to softening of the recrystallized grain due to high temperature.
9

.3.3. Evolution of DRX for high strain rate
For relatively high strain rate 𝜕𝜀∕𝜕𝑡 = 0.1 s−1, the evolution of DRX

rain, distribution of 𝜎𝑣, and 𝜀𝑝 are shown in Fig. 9. For strain 𝜀 = 0.1,
ewly DRX grains are predominantly nucleated in the grain boundaries
f the representative microstructure. For example, grains-𝑎, 𝑏 in Fig. 9-
a) nucleate at the triple grain boundaries which are energetically most
avorable for the appearance of new DRX-grains. Corresponding Von-
ises stress and plastic strain are relatively low in these grains and high
utside the DRX-grain region indicating stress and strain relaxation
uring DRX as shown in Figs. 9 (a-i)–(a-ii). With increasing strain

𝜀 = 0.35 and 𝜀 = 0.65, newly DRX grains appear, and pre-existing DRX
grains start to grow in the sub-grain region. The plastic strain relaxes
while the DRX grain grows inside the grain and it accumulates outside
the DRX region which further serves as nucleation spots for new DRX
grains. At final strain 𝜀𝑓 = 0.80, DRX grains continue to grow and
start to coalesce with neighborhood DRX grains with increasing 𝜀𝑝 the
𝜎𝑣 increases nearby DRX grains. At this point, there are no additional
nucleation sites for newly DRX grains have been noticed.

6.3.4. Pole figures comparison for high strain rate condition
The pole figures obtained from the experimental EBSD microstruc-

ture and CP-DRX simulation have been compared for 𝜕𝜀∕𝜕𝑡 = 0.1 s−1.
The comparison of (0001) and (101̄0) pole figures between the initial
texture and texture after final strain 𝜀𝑓 = 0.80 has been depicted
in Fig. 10. From the result, one can see the initial feature of EBSD
texture has been well reproduced by the CP-DRX model by accurately
accounting for initial grain morphology and orientation as shown in
Fig. 10-(a). At final strain 𝜀𝑓 = 0.80, CP-DRX The results show that the
simulated pole figures capture the expected features of the simulated
sample by correctly identifying compression poles during high strain
rate compression at elevated temperature as depicted in Fig. 10-(b).
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Fig. 9. Left column: Evolution of DRX-grain at different strain where 𝑅𝑥 represents the volume fraction of recrystallized grains, Second and third columns: corresponding average
Von Mises stress 𝜎𝑣 and plastic strain 𝜀𝑝 for high strain rate 𝜕𝜀∕𝜕𝑡 = 0.1 s−1 in the representative microstructure of Ti-6Al-4V. The blue and red regions represent non-DRX and
RX-grain, respectively. All the values of stress are in MPa. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
rticle.)
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.4. Comparison of flow stress–strain curves for different strain rates

In this section, the effect of different strain rates on the flow stress–
train response in Ti-6Al-4V during the DRX process has been discussed.
s shown in Fig. 11, the predicted flow stress–strain response from CP-
RX model has been directly compared with DRX experimental results
or two different strain rate conditions 𝜕𝜀∕𝜕𝑡 = 0.001 s−1 and 𝜕𝜀∕𝜕𝑡 =
.1 s−1 at temperature 𝑇 = 800 ◦C. Experimental results indicate initial
apid strain hardening for both strain rates. With a higher strain rate,
low stress increases. For relatively low 𝜕𝜀∕𝜕𝑡 = 0.001 s−1, there exist
ultiple peaks in the stress–strain profile after the post-work hardening
hase, in particular, 0.085 ⩽ 𝜀 ⩽ 0.18 as shown in Fig. 11-(a). On the
ontrary, there is single peak stress at relatively high 𝜕𝜀∕𝜕𝑡 = 0.1 s−1 as
epicted in Fig. 11-(b). For both strain rate, softening characteristic has
een observed during the DRX process. During this region, flow stress
onotonically decreases with increasing plastic strain. The slope of
he flow stress–strain curve negatively increases with increasing strain
10

ate. It is noteworthy to mention that there exist stress oscillation in o
xperimental observation for 𝜕𝜀∕𝜕𝑡 = 0.001 s−1 in the region 0.35 ⩽
⩽ 0.5 indicating occurrence of several recrystallization and grain
rowth cycles before reaching the steady state of failure. These unique
eatures of mechanical responses are well reproduced by the proposed
P-DRX model. Qualitatively, both experimental and CP-DRX results
or true stress–strain curves reveal that at a given strain rate, the
low stress decreases with increasing final strain associated with a
ecrease in the degree of softening. Quantitatively, the CP-DRX stress–
train prediction is in good agreement with experimental yield stress
s well as non-linear softening characteristic for the case of relatively
ow 𝜕𝜀∕𝜕𝑡 = 0.001 s−1. For relatively high 𝜕𝜀∕𝜕𝑡 = 0.1 s−1, the CP-
RX model prediction underestimates the softening pattern observed
n the experiment flow stress–strain response. This difference may be
ttributed to adiabatic heating [59], dynamic recovery [5], creep [60],
nd additional mechanisms during the experimental deformation pro-
ess. It is noteworthy to mention that the stress oscillation in CP-DRX
low stress prediction as shown in Fig. 11-(a) indicates the occurrence

f several recrystallization and grain growth cycles before reaching the
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𝜕

Fig. 10. Comparison of (0001) and (101̄0) pole figures for (a) initial texture in parent Ti-6Al-4V sample at ambient temperature; (b) texture at final compressive strain 𝜀𝑓 = 0.5 for
train rate 𝜕𝜀∕𝜕𝑡 = 0.001 s−1 between experimental EBSD microstructure in Fig. 6-(a) and CP-DRX simulation in Fig. 6-(b).
Fig. 11. Comparison of flow stress–strain response during deformation of Ti-6Al-4V sample between DRX experimental result and CP-DRX model for constant strain rate (a)
𝜀∕𝜕𝑡 = 0.001 s−1 with 𝜀𝑓 = 0.5; (b) 𝜕𝜀∕𝜕𝑡 = 0.1 s−1 at temperature 𝑇 = 800 ◦C.
steady state. Such stress behavior before reaching the steady state may
depend on the initial grain size, temperature, and strain rate condition.
Additionally, the flow stress increases with the increasing strain rate
while the degree of nonlinearity in the softening behavior decreases.
From the aforementioned comparison of the flow stress–strain charac-
ter, it can be concluded that the softening effect is pronounced at the
lower strain rate as well as higher final strain. For the lower strain rate,
the prediction of the CP model captures experimental flow softening
behavior significantly well.

The current research demonstrates the effectiveness of the proposed
CP-DRX model to reproduce experimental softening behavior observed
during DRX in Ti-6Al-4V. The model can correctly predict the DRX
volume fraction during microstructure evolutions as well as crystal
11
orientation during thermo-mechanical processing. However, the cur-
rent model can only predict two different strain rate conditions Thus,
the predictive power of the CP-DRX needs to be extended for a rela-
tively large range of strain rate conditions. Nevertheless, the proposed
modeling approach can be extended to capture the DRX phenomenon
during cycling loading. Future studies will focus on implementing
grain boundary formulation in the CP model. Additionally, various
phase-field (PF) approaches [61–65] can be integrated into the CP-
DRX model to capture phase transformation during thermo-mechanical
loading. The prediction capability on the flow stress behavior and
texture evolution can be further enhanced by incorporating data-driven
physics-informed neural networks (PINNs)-based constitutive modeling
approaches [66–69].
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7. Conclusion

Summarizing, in this paper, a two-phase crystal plasticity finite
element model has been developed with accounted for the kinetics
of DRX and combined with experimental characterization to make
a computationally efficient Integrated Computational Materials Engi-
neering (ICME) framework. The slip system parameters, as well as
elastic properties from both 𝛼 and 𝛽 phases of Ti, are calibrated for
levated temperature and different strain rates for Ti-6Al-4V alloys to
redict the flow stress–strain behavior of DRX during the deformation
rocess. The evolution of dynamically recrystallized grains volume frac-
ion and stress–strain behavior for different strain rates are discussed
nd directly compared with experiments. The model can capture the
oftening in experimental stress–strain behavior occurring due to DRX
nd predict the recrystallization texture.
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