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Abstract

Titanium alloys are ideal materials for load-bearing components, and hot forming is the
primary method for manufacturing these parts. In this work, the hot deformation behavior
and microstructure of an anti-damage titanium alloy are studied, and a phenomenological
constitutive model is established. The results show that hot deformation has little effect on
the shape of the equiaxial α phase, and the α phase retains its equiaxial morphology. The
size and fraction of the α phase vary with the hot-deformation parameters. The dynamic
phase transformation, Ostwald ripening, and spheroidization occur simultaneously during hot
deformation. An Arrhenius constitutive equation is established with a correlation coefficient
of 0.9848, and the model can be utilized to predict the flow behavior of the studied titanium
alloys at high-temperature deformation.
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1. Introduction

Among steel and lightweight alloys, titanium alloys
are crucial in load-bearing parts owing to their signif-
icant damage tolerance and high specific strength [1–
8]. Thermomechanical processing (TMP) is the pre-
ferred method for manufacturing titanium alloy parts
to achieve excellent mechanical properties, such as
strength, fatigue life, and fracture toughness [9–14].
The relationships among the microstructure, flow be-
havior, and TMP-forming parameters must be clari-
fied to optimize the comprehensive mechanical prop-
erties of titanium alloy components.
Due to the multiscale microstructural characteris-

tics, the microstructural development of titanium al-
loys is complicated. According to the TMP parame-
ters, work hardening (WH), dynamic recovery (DRV),
static/dynamic/meta-recrystallization (SDRX,
MDRX, DRX), dynamic phase transformation (DPT),
and texture evolution (TE) may occur to varying de-
grees [15–19]. Generally, in alloys deformed in the
single-phase zone, WH and DRV are the main defor-
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mation mechanisms in the β phase, and DRX is rare.
Jiang et al. [20] reported the DRX in a Ti-55511 alloy.
Liu et al. [21] confirmed a novel refinement mecha-
nism for ultra-large β grains. However, when titanium
alloys are deformed in the α + β phase region, var-
ious mechanisms of α-phase evolution are observed,
and the interaction between the α and β phases also
significantly affects α-phase evolution. One of the eye-
catching features is the spheroidization of the α phase,
and the β-phase wedging and terminal migration are
the main mechanisms of spheroidization [22, 23]. The
DPT is another evolution mechanism. The microstruc-
tural evolution of the constituent phases in a titanium
alloy is influenced by deformation parameters, the
initial microstructure, and deformation modes [24].
Huang et al. [25] reviewed the microstructure of high-
strength β titanium alloys in the hot deformation pro-
cess. Zhang et al. [26] prepared a heterogeneous struc-
ture with lamellar microstructures and ultrafine grains
using a four-step multidirectional forging and anneal-
ing process. Su et al. [27] investigated the DPT at 1263
K. Jiang et al. [28] addressed kinking in TA15 titanium
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Fig. 1. Initial microstructure of the as-received alloy: (a) OM, (b) diameter distribution of equiaxed α phase, and (c)
thickness distribution of lamellar α phase.

alloy and analyzed strain partitioning and intercolony
interactions using a two-scale crystal plasticity model.
To predict the complicated deformation and mi-

crostructure in titanium alloys, numerous constitu-
tive models have been developed [29, 30]. Yang et al.
[31] developed a physically based constitutive model.
Zhang et al. [32] proposed an elasto-viscoplastic con-
stitutive model that incorporates dislocation density,
WH, DRV, DRX, and JMAK-based DRX kinetics. In
the two-phase titanium alloy, the constituent phases
exhibit different deformation behaviors due to their
HCP and FCC structures. Therefore, Buzolin et al.
[33] proposed a mesoscale approach to describe the
complex interactions among different populations of
dislocation densities and predicted the flow stresses of
both α and β phases using constitutive equations. Jha
et al. [34] compared the flow softening of equiaxed and
lamellar α phases in Ti-6Al-4V alloy, and the correla-
tion between flow stress and the equiaxed and lamellar
morphologies was observed. Wu et al. [35] reported the
CDRX behavior of Ti-55511 using a cellular automata
model, and integrated dislocation density, sub-grain
nucleation, misorientation, grain boundary migration,
and topology deformation models into the proposed
cellular automata model. In recent years, the machine
learning methods in constitutive modeling have be-
come increasingly popular [36–38]. Wu et al. [39] pre-
dicted the high-temperature deformation behavior of
a titanium alloy using a data-driven time-series deep
learning approach. Hong et al. [40] predicted the flow
stress in TC17 alloy using multiple prediction mod-
els. Using a machine learning and FEM simulation
approach, Kim et al. [41] optimized the process pa-
rameters of a hot-forged Ti-6242 alloy.
Typically, the Ti-6Al-2Sn-2Zr-3Mo-1Cr-2Nb alloy

(TC21 alloy) is successfully used in airframes due to its
damage-tolerant characteristics. The mechanical prop-
erties of this alloy are especially sensitive to the mi-
crostructure and the TMP parameters. Wang et al.
[42] reported that the micro-stress distribution de-
pends on crystal orientation in this titanium alloy. Li

et al. [43] investigated the hot deformation character-
istics of a lamellar TC21 titanium alloy, and the glob-
alization mechanism of the lamellar α phase involves
the formation of a groove, localized shear deforma-
tion, and subgrain in α lamellae, which is followed
by the penetration of β phase into α lamellae along
the groove. Li et al. [44] optimized the quasi-β forging
parameters, resulting in a trimodal microstructure in
these titanium alloy forgings. In the damage-tolerant
alloy, the α colony is a key microstructure correlated
with the alloy’s strength [45]. Thus, it is meaningful
to systematically study the hot deformation and mi-
crostructure of a titanium alloy under different TMP
conditions.
However, recent work is mainly focused on common

commercial titanium alloys, and there are few related
investigations of damage-tolerant titanium alloys. In
this study, the high-temperature deformation behav-
ior of the Ti-6Al-2Sn-2Zr-3Mo-1Cr-2Nb alloy was in-
vestigated using hot-compression testing, and the mi-
crostructural evolution of the alloy was characterized.
A constitutive model of deformation was developed,
and its accuracy was evaluated. The findings of this
work can provide valuable insights for the develop-
ment of TMP designs for the Ti alloys.

2. Materials and methods

A titanium alloy bar with the chemical con-
stituents of 6.4Al-3.0Mo-2.1Zr-2.1Sn-1.9Nb-1.5Cr-Ti
(Bal.) was used in this work, and the metallurgical
measured β transition temperature is 1243 K. The
original alloy is mainly made up of equiaxed and
lamellar α phases, which is a typical bi-modal mi-
crostructure, as shown in Fig. 1a. The α phase with
a length-width ratio less than 2.5 is regarded as the
equiaxed α phase, while the length-width ratio larger
than 2.5 is called the lamellar α phase. Figures 1b,c
show the size distributions of the equiaxed and lamel-
lar phases. According to optical micrographs (OM),
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Fig. 2. The OM at 1173 K, 0.1 s−1 and true strains of: (a)–(c) 0.22, (d)–(f) 0.51, (g)–(i) 0.92, (j) dimension of α phase,
(k) fraction of α phase, and (l) microhardness.

the α-phase fraction in the original titanium alloy bar
is about 55.8%. Among the α phase, the volume frac-
tion of the equiaxed phases with an average diameter

of 3.37 µm is 66.8%, while the average thickness of
lamellar α phases is 0.60 µm.
The ø 10mm × 15mm cylindrical samples were
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used for the high-temperature compression experi-
ments, and the Gleeble-3500 thermal simulator was
used for the high-temperature compression experi-
ments. Four deformation temperatures (1093, 1133,
1173, and 1213K) and strain rates (0.001, 0.01, 0.1,
and 1 s−1) were adopted, and the engineering strains
were 0.2, 0.4, and 0.6, i.e., the true strains were 0.22,
0.51, and 0.92, respectively. After the hot compression
experiments, the microstructures were counted using
Image-Pro Plus 6.0. The detailed experimental and
characterization procedural details are reported in the
prior publications of the authors [46, 47].

3. Microstructural evolution during the TMP
process

3.1. Effect of strain

Figure 2 shows the microstructure of the studied
alloy deformed at 1173K and 0.1 s−1, with different
true strains. It can be found in Figs. 1–2, that the true
strain has a significant influence on the microstructure
of the studied alloy. The diameter of the equiaxed α
phase, the thickness lamellar α phase, as well as the
fraction of equiaxed and lamellar α phases are changed
with the strains, as shown in Fig. 2. For the as-received
alloy, the equiaxed and lamellar α phases are evenly
dispersed in the β matrix in Fig. 1a. There are also
some large bulk α phases in the β matrix, and the
bulk α phase is not incomplete globalization. This is
because the original titanium alloy is hot forged before
the hot-compression experiments in this work, and the
large bulk α phase in Fig. 1 is the residual microstruc-
ture of the original titanium alloy bar.
However, when the alloy is deformed to 0.22, the

tiny lamellar α phases in the as-received alloy are
dissolved into the β matrix, and the microstructure
consists of the equiaxed and some lamellar α phases,
Fig. 2a–c. Generally, when the titanium alloy deforms
at the α+β phase zone, although the β transition tem-
perature is higher than the deformation temperature,
the α → β DPT still occurs, and some phases with a
large diameter will grow at high deformation tempera-
tures due to the Ostwald ripening effect [48–50]. In the
TMP process, the proliferation and entanglement of
dislocations increase the deformation storage energy,
which favors the DPT. Therefore, only equiaxed and
some large lamellar α phases can be found in Fig. 2a.
The diameter of the equiaxed α phase with a fraction
of 46.1% is 5.14 µm, and the thickness and fraction of
the lamellar α phase are 0.80 µm and 10.2%, respec-
tively, Figs. 2b,c,j,k. Meanwhile, due to the DPT, the
diameter of the equiaxial phase and the thickness of
the lamellar phase are increased when compared with
those of the as-received alloy in Fig. 2j.
With the true strain increasing to 0.51, i.e., the

engineering strain is 0.4, some lamellar α phases are
transformed into small equiaxed α phases, and the
thickness of the lamellar α phases is decreased, as
shown in Figs. 2d–f. Due to the DRX of the large
equiaxed α phases and the dynamic globalization, a
portion of small equiaxed α phases is observed in
Figs. 2d–f. Therefore, the average diameter of the
equiaxed α phase is decreased. The diameter of the
equiaxed α phase with a fraction of 45.6% is 3.65 µm,
and the thickness and fraction of the lamellar α phase
are 0.68 µm and 15.5 %, respectively, Figs. 2e,f,j,k.
However, when the strain is further increased to 0.92,
the α phases exhibit large equiaxed and thick lamellar
morphologies, Figs. 2g–i, and the diameter of equiaxed
α phase with a fraction of 35.0% is 4.10 µm, and the
thickness and fraction of lamellar α phase are 0.94 µm
and 13.3%, respectively, Figs. 2h,i,j,k, indicating that
the lamellar α phase is thickened.
Figure 2l shows the microhardness of the studied

alloy deformed at 1173K, 0.1 s−1, and different true
strains. The microhardnesses are 336.1, 357.4, and
322.4 HV at true strains of 0.22, 0.51, and 0.92, re-
spectively. With the increase of strain, the microhard-
ness increases and then decreases; the spheroidization
effect of the lamellar α phase is evident, resulting in
the formation of some fine equiaxed α phases at the
true strain of 0.22 and 0.51, as shown in Figs. 2a,d.
The fine equiaxed α phases can act as hard particles,
strengthening the alloy and increasing its microhard-
ness. With the true strain increasing to 0.92, the α
phases are in the form of large equiaxed and thick
lamellar morphologies; the fine equiaxed α phases are
dissolved, Fig. 2g, and the microhardness decreases.
As shown in Fig. 3, a similar phenomenon is ob-

served at a relatively low deformation temperature
(1093K, 0.1 s−1). When the true strain is 0.22, a plen-
tiful of tiny lamellar α phases can be found, and the
degree of dissolution of the tiny lamellar α phases
is decreased when compared with that at 1173K,
Figs. 2a–c and Figs. 3a–c. The dimensions of the
equiaxial and lamellar phases at a true strain of 0.22
are 3.50 and 0.50µm, while the fractions are 33.6 and
11.6%, respectively, Figs. 3b,c,j,k. Increasing the true
strain to 0.92, the fraction of α phase is decreased
to 41.3 %, and the average dimension of the equiax-
ial α phase is further decreased to 3.41µm, Figs. 3j,k.
Due to the low deformation temperature, the thickness
variation of the lamellar α phases is less pronounced
than at 1173K. However, the average dimension of the
α phase first increases and then decreases.
Therefore, it can be concluded that the lamellar

and equiaxed α phases will undergo distinct evolution
mechanisms, and that the TMP parameters have a
significant effect on the α-phase evolution mechanism
[51, 52]. For the equiaxed phase, the α → β DPT, the
Ostwald ripening effect, and the lamellation can occur
due to the coupled deformation process. As shown in
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Fig. 3. The OM of the alloy deformed at 1093 K, 0.1 s−1 and true strain of: (a)–(c) 0.22, (d)–(f) 0.51, (g)–(i) 0.92, (j)
dimension of α phase, (k) fraction of α phase, and (l) microhardness.

Figs. 1a and 2a, when the alloy is deformed at a rela-
tively high temperature, i.e., 1173K, the tiny equiaxed
α phases are dissolved at the beginning of the hot de-

formation, and the average diameter of the equiaxed α
phases is increased. Then, when the strain is increased,
the spheroidization of lamellar α phases takes place,
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and some tiny equiaxed α phases are formed, lead-
ing to the decreased average diameter of the equiaxed
α phases. However, with further increased strain, a
portion of the equiaxed α phases grows, and their di-
ameter increases, Figs. 2d–i. In contrast, the growth
and dissolution of the tiny equiaxed α phases are not
obvious at a relatively low deformation temperature,
i.e., 1093 K (Fig. 3).
As for the lamellar α phases, spheroidization, Ost-

wald ripening, and DPT may occur simultaneously.
Due to the relatively high temperature, the small
lamellar α phases are rapidly dissolved into the β ma-
trix at a true strain of 0.22, resulting in the increased
thickness of lamellar α phases, Fig. 2a. Compared
with the large lamellar α phases, the small lamellar
α phases are more prone to spheroidization. At a true
strain of 0.51, because of the large deformation, the
DPT occurs, and the size of the lamellar α phases
decreases slightly, Fig. 2j. When the true strain is fur-
ther increased to 0.91, the deformation energy also
increases, and the transformation and spheroidization
of the thin lamellar phases are more complete, leading
to an increased thickness of the lamellar phase. How-
ever, at the relatively low deformation temperature,
the growth of the lamellar phase is inhibited. Upon the
deformation initiation, the small lamellar phases are
partly dissolved, and the average thickness decreases,
Fig. 3a. As the small lamellar phase is sufficiently dis-
solved, the average lamellar thickness increases at a
true strain of 0.51, Fig. 3d. Subsequently, the thicker
lamellar phases are also dissolved, and the thickness
continues to decrease, Fig. 3g.
The α-phase fraction and the equiaxed phase both

vary with the true strain. At a relatively high de-
formation temperature, the small α phase dissolves
and the large α phase grows, and the total fraction
of the α phase constantly rises, Fig. 2k. This phe-
nomenon can also be seen from the proportion dis-
tribution in Figs. 1–3. During the deformation, the
lamellar α phase continuously spheroidizes, the small
equiaxed α phase grows simultaneously, and the frac-
tion continues to increase at a true strain of 0.51. Sub-
sequently, the temperature rises significantly due to
the large deformation, the DPT intensifies, and the
fraction of the α phase decreases, Fig. 2k. At a low
temperature, the growth is not obvious, and the frac-
tion of the α phase decreases. Then, the spheroidized
equiaxed phase grows at 0.51, the fraction of the α
phase increases, and, finally, as the temperature rises,
the total fraction of the α phase decreases (Fig. 3k). In
the TMP, the DPT and deformation occur simultane-
ously. As the lamellar α phase becomes spherical, the
spherical α phase undergoes deformation and trans-
forms into the tiny lamellar α phase again, leading to
a continuous increase in the proportion of the lamellar
α phase and a continuous decrease in the proportion
of the equiaxed α phase, as shown in Figs. 2k and 3k.

Figure 3l shows the microhardness of the studied
alloy deformed at 1093K and 0.1 s−1, for different true
strains. The micro hardnesses are 366.9, 354.5, and
381.8 HV at 0.22, 0.51, and 0.92, respectively. Com-
pared to 1173K, the hardness is increased. Due to
the restriction of DPT and DRX at low temperatures,
significant material softening does not occur. With in-
creasing strain, the microhardness decreases, then in-
creases. At the beginning of deformation, some small
lamellar α phases can hinder the dislocation move-
ment. Increasing the true strain to 0.51, the small
lamellar α phase is sufficiently dissolved, and the hard-
ness begins to decrease. Further increasing the true
strain to 0.92, the thicker lamellar α phases are also
dissolved, the spheroidization effect increases, and the
fine equiaxed α phase is formed. The fine equiaxed
α phase can hinder dislocation movement, leading to
increased hardness.

3.2. Effect of deformation temperature

Figure 4 shows the OM of the alloy deformed at
a strain rate of 0.1 s−1, a strain of 60 %, and dif-
ferent deformation temperatures. It can be found in
the Figs. 2–4 that the microstructures are remark-
ably affected by the deformation temperature. At a
relatively low deformation temperature (1093, 1133,
and 1173K), the microstructure mainly consists of
equiaxed and lamellar α phases. In comparison, only
equiaxed α phase and some incomplete β grain bound-
aries are observed at 1213K (Figs. 4d–f). The equiax-
ial α phase maintains its morphology after hot de-
formation, and hot deformation has little effect on its
shape. It can be observed that with the increased tem-
perature, there is little variation in the morphology of
equiaxed α phases, and the morphology and fraction of
lamellar α phases are significantly changed, especially
at 1213K, Figs. 4d–f, the lamellar α phases have al-
most disappeared. These phenomena indicate that the
lamellar α phase and β phase undergo the main de-
formation, while the equiaxial α phase remains unde-
formed during the high-temperature deformation pro-
cess. This is correlated to the crystal structure of the α
and β phases. Generally, the BCC-structured β phase
has more slip systems, plastic deformation preferen-
tially occurs in the β phase, and the HCP-structured
equiaxial α phase can rotate to coordinate with the
macroscopic deformation of the alloy [53]. Due to the
relatively large aspect ratio of the lamellar α phase,
deformation instability is easy to occur, and the lamel-
lar α phase is readily cut off by dislocations, leading
to fragmentation and spheroidization.
The dimensions of the equiaxial α phase after

deformation at 1093, 1133, 1173, and 1213K are
3.41, 3.33, 4.10, and 4.67µm, respectively, Figs. 4g,h.
When the deformation temperature rises from 1093
to 1133K, the size of the equiaxed α phase is almost
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Fig. 4. The OM of the studied alloy deformed at a strain rate of 0.1 s−1, strain of 60 %, and temperature of: (a)–(c)
1133 K, (d)–(f) 1213 K, (g) dimension of α phase, (h) fraction of α phase, and (i) microhardness.

unchanged. This phenomenon can be ascribed to the
spheroidization and DPT of the small α phase. Dur-
ing high-temperature deformation, the tiny α phase,
a part of the lamellar α phase, is spherized, and a new
tiny α phase forms again. As a result, the size of the
equiaxial α phase is almost unchanged. However, the
DPT is accelerated, the tiny α phase is changed into
β phase, the larger α phase is preserved in the matrix,
and the size of the equiaxial α phase is raised at 1173
and 1213K, Figs. 2l and 4g. At 1093, 1133, 1173, and
1213K, the average thickness of the lamellar α phase
is 0.51, 0.58, 0.94, and 0.39µm, respectively (Figs. 2g,
3g, and 4g). The average thickness is slightly increased
at low deformation temperature. At 1173K, the tiny
lamellar α phase is quickly converted into β phase, and
the thickness of the lamellar α phase is raised. How-

ever, due to the relatively high temperature of 1213K,
the DPT is evident, resulting in a decreased thickness.
As shown in Figs. 2k, 3k, and 4h, the fractions

of α phases are 41.3, 54.4, 48.3, and 11.5% at 1093,
1133, 1173, and 1213K, and the fractions of equiaxed
α phases are 25.6, 30.6, 35.0, and 10.9%, respectively.
At a low deformation temperature, such as 1093K,
the DPT and precipitation of α phase occur simul-
taneously, and the total fraction of α phase and the
equiaxed α phase decrease, mainly caused by the DPT
of small-sized equiaxed and lamellar α phases. When
the deformation temperatures are increased to 1133
and 1173K, the spheroidization process accelerates,
and a fine, equiaxed α phase forms. Due to the high
temperature, a part of the fine equiaxed α phase is dis-
solved, while another part of the fine equiaxed α phase
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Fig. 5. OM of the alloy deformed at 1173 K, strain of 60 %, strain rates of: (a)–(c) 0.001 s−1, (d)–(f) 0.01 s−1, (g)–(i) 1 s−1,
(j) dimension of α phase, (k) fraction of α phase, and (l) microhardness.

absorbs the surrounding solute atoms and grows, and
the fraction of the total α phase and the equiaxed α

phase is increased. However, at 1213K, strong DPT
occurs, the lamellar α phase almost disappears, and
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the fraction of α phase and the equiaxed α phase de-
creases. Figure 4i shows the microhardness of the alloy
deformed at a strain rate of 0.1 s−1, strain of 60 %, and
different deformation temperatures. The micro hard-
nesses are 381.8, 344.2, 322.4, and 316.2HV at 1093,
1133, 1173, and 1213K, respectively. As the deforma-
tion temperature increases, the accelerated dynamic
phase transformation makes the harder α phase trans-
form into the β phase. The α phase has an HCP struc-
ture, which can effectively hinder dislocation motion
within the alloy. The β phase has a BCC structure
and is less resistant to deformation than the α phase,
leading to a decrease in the alloy’s hardness at high
deformation temperatures.

3.3. Effect of strain rate

Figures 2g–i and Fig. 5 are the OM of the studied
alloy deformed at 1173K, strain of 60 %, and various
strain rates. It can be found in the Figs. 2g–i and
Fig. 5 that the microstructure of the studied alloy is
mostly constituted of equiaxial and residual lamellar
α phases.
As the strain rate is 0.001 s−1, the average diame-

ter of equiaxial and thickness of lamellar α phase are
4.38 µm and 0.68 µm, Figs. 5a–c,j,k. Due to the low
strain rate and high deformation temperature, there is
enough time for the evolution of the α phase, the tiny
α phase is converted into β phase, and some lamellar
α phase is thickened, leading to the formation of short
rod-like α phase, Fig. 5a. The grown-up of the large
equiaxial α phase and the DPT of tiny phases occur at
the same time, the fraction of the α phase is almost
unchanged. However, the fraction of the lamellar α
phase is remarkably decreased, Figs. 5j,k. When the
studied alloy is deformed at a relatively high strain
rate, such as 0.1 s−1, because of the constrained de-
formation time, the DPT and the spheroidization are
insufficient, the average diameter is decreased, and the
thickness is increased, Figs. 2g–i. At a strain rate of
1 s−1, there are fewer spheroidized α phases at the in-
creased strain rate, and the formation of a very fine
equiaxial α phase is blocked, Figs. 5g–i. Therefore, the
average diameter and the fraction of the α phase in-
crease.
Figure 5l shows the microhardness of the studied

alloy deformed at 1173K, 60% strain, and various
strain rates. The microhardness is 312.8, 313.7, 322.4,
and 339.7 HV at strain rates of 0.001, 0.01, 0.1, and
1 s−1, respectively. With increasing strain rate, the mi-
crohardness gradually increases. Due to higher strain
rates and WH, dislocation entanglement is more pro-
nounced, and dislocation density is higher at higher
strain rates. At the same time, the deformation time
is relatively short, and the grain growth time during
DRX is insufficient, resulting in grain refinement and
increased hardness.

4. Constitutive modeling

4.1. Hot deformation behavior

Figure 6 presents the true stress-strain of the stud-
ied alloy, as reported in the previous work [46]. The
true stress increases significantly with the true strain
until reaching a maximum, then gradually decreases
with continued strain, and finally stabilizes into a
steady-state condition. In the initial stage of high-
temperature deformation, dislocations in the alloy
multiply, and the WH rate increases rapidly, leading
to a maximum flow stress. As high-temperature defor-
mation continues, DRV and DRX form, and the true
stress decreases. When the WH rate and DRV/DRX
softening rate reach an equilibrium, the hot deforma-
tion enters the steady-state stage.

4.2. Arrhenius constitutive equation

The relationship among deformation temperature,
strain rate, and flow stress in the high-temperature
deformation can be provided as:

ε̇ = A1σ
n1 exp

(
− Q

RT

)
, as < 0.8, (1)

ε̇ = A2 exp (βσ) exp

(
− Q

RT

)
, as < 1.2, (2)

ε̇ = A [sinh (ασ)]n exp

(
− Q

RT

)
, all stress values,(3)

where ε̇ represents the strain rate, σ represents the
stress value, Q stands for the hot deformation activa-
tion energy (kJmol−1), R is the molar gas constant
(8.314 Jmol−1 K−1), and T represents the deforma-
tion temperature (Kelvin temperature). A1, n1, A2, β,
A, α, and n are material-related parameters. The cor-
relation between α and β can be shown as: α = β/n1.
During the hot deformation, the strain rate and

deformation temperature can also be provided as:

Z = ε̇ exp

(
− Q

RT

)
, (4)

where Z represents the Zener-Hollomon parameter.
Combining Eqs. (3) and (4), the relationship between
Z and stress can be derived:

Z = A [sinh (ασ)]n . (5)

Therefore, the flow stress σ can be derived through:

σ =
1
α
ln

⎧⎪⎨
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Q
RT

)
A

⎤
⎦
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+

⎡
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)
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⎤
⎦
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⎪⎪⎭
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Fig. 6. The studied alloy true stress-strain curve at (a) 1093 K, (b) 1133 K, (c) 1173 K, and (d) 1213 K.

4.2.1. Determination of the α values

Applying the natural logarithm of Eqs. (1) and (2)
yields:

ln ε̇ = lnA1 + n1 lnσ − Q

RT
, (7)

ln ε̇ = lnA2 + βσ − Q

RT
. (8)

Taking the partial derivatives of Eqs. (4) and (5)
yields:

n1 =
∂ (ln ε̇)
∂ (lnσ)

, (9)

β =
∂ (ln ε̇)
∂σ

. (10)

At a constant temperature, the mean slope values for
ln-lnσ and ln-σ correspond to the values of n1 and β.
Substituting the stress-strain at a true strain of 0.4
into Eqs. (7) and (8), Fig. 7 shows the relationship
between ln-lnσ and ln-σ plotted.
Table 1 shows the values of n1 and β at different

deformation temperatures.

Ta b l e 1. The values of n1, β, and α at different tempe-
ratures

T (K) n1 β α = β/n1

1093 5.7315 0.0401 0.0070
1133 3.8649 0.0389 0.0101
1173 4.0274 0.0566 0.0141
1213 4.1876 0.0752 0.0180

4.2.2. Determination of the n values

Taking the natural logarithm of Eq. (3) yields:

ln ε̇ = lnA+ n ln [sinh (ασ)]− Q

RT
. (11)

Applying the partial derivatives of Eq. (8) with re-
spect to ln[sinh(ασ)] gets:

n =
∂ ln ε̇

∂ [ln sinh (ασ)]
. (12)

So, when the temperature is constant, the parame-
ter n represents the slope of the ln-ln[sinh(ασ)] curve.
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Fig. 7. Linear relationships of (a) ln ε̇-lnσ and (b) ln ε̇-σ.

Fig. 8. The linear relationships between lnε̇ and ln[sinh(ασ)].
ln[sinh(ασ)] is plotted, as shown in Fig. 8.

Substituting the stress-strain at true strain of 0.4 into
Eq. (11), the relationship between ln and ln[sinh(ασ)]

Fig. 9. The linear relationships between ln[sinh(ασ)] and
1/T .

is plotted as shown in Fig. 8.

4.2.3. Determination of the Q values

Equation (8) can be transformed into:

ln [sinh (ασ)] = ln ε̇/n− lnA/n+ Q

nRT
. (13)

Taking the partial derivatives of Eq. (13) with respect
to 1/T gets:

Q

nR
=

∂ ln [sinh (ασ)]
∂ (1/T )

. (14)

When the strain rate is constant, the activation en-
ergy Q can be determined by calculating the slope of
the ln[sinh(ασ)]-1/T curve, then substituting the val-
ues of n and R into the corresponding equation. Fig-
ure 9 shows the relationship between ln[sinh(ασ)] and
1/T , and the average value of Q is 487.5443 kJmol−1.
Generally, the material parameters, such as the acti-
vation energy Q, are related to the DRV and DRX
processes. In the DRV process, the activation energy
Q is close to the self-diffusion activation energy of
materials, while the DRX is accompanied by the for-
mation of sub-grains and the migration of large-angle
grain boundaries, and the Q is larger than the self-
diffusion activation energy. The self-diffusion activa-
tion energy of α-Ti is 169 kJ mol−1 and 153 kJmol−1

for β-Ti [54]. Figure 9 reveals that the value of Q
is 487.5443 kJmol−1, which is larger than the self-
diffusion activation energy, suggesting the DRX is a
major softening mechanism of the studied alloy.

4.2.4. Determination of the Z values

Applying the natural logarithm of Eq. (5) yields:

lnZ = lnA+ n ln [sinh (ασ)] . (15)
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Fig. 10. Relationships between lnZ and ln[sinh(ασ)].

Substituting the strain rate, deformation tempera-
ture, and Q into Eq. (4), the Z value can be obtained.
The ln Z-ln[sinh(ασ)] curve in Fig. 10 can be plotted
using Eq. (15), and the intercept of the curve corre-
sponds to lnA. The value of A is 1.13903 × 1020.
Substituting the parameters obtained from the

above calculations into Eq. (3), the Arrhenius con-
stitutive equation for the studied titanium alloy can
be established at a true strain of 0.4:

ε̇ = 1.1390× 1020 [ln sinh (0.0123σ)]3.107 ·
6 exp

(
−487.5443× 10

3

8.314T

)
. (16)

Inserting the parameters into Eq. (6), the flow
stress of the studied titanium alloy at a true strain
of 0.4 can be expressed as:

σ = 81.54 ln

⎧⎨
⎩
[
ε̇ exp

(
487544.3
8.314T

)
1.1390× 1020

]0.3218
+

⎡
⎣
[
ε̇ exp

(
487544.3
8.314T

)
1.1390× 1020

]0.6436
+ 1

⎤
⎦
1
2

⎫⎪⎬
⎪⎭ . (17)

Ta b l e 2. Material parameters under different strains

ε α n Q lnA

0.1 0.0114 2.9484 566.3584 54.3033
0.2 0.0116 2.9620 552.7427 52.8354
0.3 0.0119 2.9982 522.0714 49.7044
0.4 0.0127 3.1076 487.5443 46.1819
0.5 0.0125 3.1751 461.5903 43.5518
0.6 0.0126 3.1776 452.7204 42.6354
0.7 0.0126 3.2003 447.9726 42.1437
0.8 0.0126 3.2591 435.2679 40.8616
0.9 0.0124 3.3643 429.4418 40.3297

It is observed from Eq. (17) that the flow stress is
determined by strain rate and deformation tempera-
ture. Different strain conditions lead to variations in
flow stress. Therefore, the flow stress also depends on
strain.

4.2.5. Strain compensatory Arrhenius model

The model parameters at a true strain of 0.4 can
be determined in Section 4.2.1. Following the same ap-
proach, the parameters under other strain conditions
can be obtained, as presented in Table 2.
The parameters in Table 2 can be expressed as a

function of strain, and the 5th polynomial fitting is
best to describe this relation, as illustrated in Fig. 11.
The factors in the 5th polynomial fitting are listed in
Eq. (18) and Table 3.

⎡
⎢⎣

α (ε)
n (ε)
Q (ε)
lnA (ε)

⎤
⎥⎦=

⎡
⎢⎣
X0 X1 X2 X3 X4 X5
Y0 Y1 Y2 Y3 Y4 Y5
U0 U1 U2 U3 U4 U5
V0 V1 V2 V3 V4 V5

⎤
⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

1
ε
ε2

ε3

ε4

ε5

⎤
⎥⎥⎥⎥⎥⎦
.

(18)
where ε represents the strain, and Xi, Yi, Ui, and Vi

represent the coefficients.
Substituting Eq. (18) into Eq. (6), the strain com-

Ta b l e 3. The fitting coefficients of α, n, Q, and lnA

α n Q lnA

X0 = 0.0117 Y0 = 3.1447 U0 = 508.6163 V0 = 48.6139
X1 = –0.0061 Y1 = –3.3597 U1 = 1128.4899 V1 = 111.8952
X2 = 0.0444 Y2 = 17.1570 U2 = –6849.3738 V2 = –686.5431
X3 = –0.0922 Y3 = –30.8307 U3 = 14179.6998 V3 = 1426.5725
X4 = 0.0830 Y4 = 22.7968 U4 = –12855.5430 V4 = –1297.6322
X5 = –0.0289 Y5 = –5.3059 U5 = 4318.7967 V5 = 437.6827
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Fig. 11. Polynomial fittings of (a) α , (b) n, (c) Q, and (d) lnA.

pensatory Arrhenius model can be obtained:

σ =
1

α (ε)
ln

⎧⎨
⎩
[
Z(ε)
A(ε)

] 1
n(ε)

+

[[
Z(ε)
A(ε)

] 2
n(ε)

+ 1

] 1
2

⎫⎬
⎭ ,

(19)

Z = ε̇ exp

(
Q(ε)
RT

)
. (20)

Figure 12 shows the comparisons of the pre-
dicted and experimental stress value of the strain-
compensated constitutive model, the correlation co-
efficient R, and the average absolute relative error
(AARE ) in Eqs. (21) and (22) are used to evaluate
the correctness of the established model.

R =

n∑
i=1

[(
Ei − Ē

) (
Pi − P̄

)]
√

n∑
i=1

(
Ei − Ē

)2√ n∑
i=1

(
Pi − P̄

)2 , (21)

AARE =
1
n

n∑
i=1

∣∣∣∣Ei − Pi

Ei

∣∣∣∣× 100%, (22)

where n represents the number of data, Ei represents
the experimental value, Pi represents the predicted
value, Ē and P̄ are the average values of Ei and Pi,
respectively. The values of R and AARE are 0.0809
and 0.9848, indicating the good prediction ability of
the established model.

5. Conclusions

In this paper, the microstructure characteristics
and high-temperature deformation response of a Ti-
6Al-2Sn-2Zr-3Mo-1Cr-2Nb titanium alloy were stud-
ied, and a strain-compensated Arrhenius constitutive
model was developed. The main conclusions are as fol-
lows:
(1) The equiaxial α phase still shows the equiaxial

morphology after hot deformation, and hot deforma-
tion has little influence on the shape of the equiaxial α
phase. The size and fraction of the α phase vary with
the hot-deformation parameters.
(2) The true strain, deformation temperature, and

strain rate have an enormous effect on the microstruc-
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Fig. 12. Comparisons between predicted (point) and experimental (line) stress for studied titanium alloy: (a) 1093 K, (b)
1133 K, (c) 1173 K, (d) 1213 K, and (e) R and AARE.

ture of the studied titanium alloy, and the DPT, Ost-
wald ripening effect, and spheroidization occur simul-
taneously.
(3) An Arrhenius constitutive equation is estab-

lished with a correlation coefficient of 0.9848, and the
model can be utilized to predict the flow behavior of
titanium alloys at high-temperature deformation.
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