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Abstract: In this study, isothermal compression tests of TB18 titanium alloy were conducted using a
Gleeble 3800 thermomechanical simulator for temperatures ranging from 650 to 880 ◦C and strain
rates ranging from 0.001 to 10 s−1, with a constant height reduction of 60%, to investigate the dynamic
softening mechanisms and hot workability of TB18 alloy. The results showed that the flow stress
significantly decreased with an increasing deformation temperature and decreasing strain rate, which
was affected by the competition between work hardening and dynamic softening. The hyperbolic
sine Arrhenius-type constitutive equation was established, and the deformation activation energy
was calculated to be 303.91 kJ·mol−1 in the (α + β) phase zone and 212.813 kJ·mol−1 in the β phase
zone. The processing map constructed at a true strain of 0.9 exhibited stability and instability regions
under the tested deformation conditions. The microstructure characteristics demonstrated that in the
stability region, the dominant restoration and flow-softening mechanisms were the dynamic recovery
of β phase and dynamic globularization of α grains below transus temperature, as well as the
dynamic recovery and continuous dynamic recrystallization of β grains above transus temperature.
In the instability region, the dynamic softening mechanism was flow localization in the form of a
shear band and a deformation band caused by adiabatic heating.

Keywords: TB18 titanium alloy; dynamic softening mechanism; dynamic recovery; dynamic recrys-
tallization; dynamic globularization

1. Introduction

Titanium alloys are preeminent candidates for aerospace applications due to their
outstanding comprehensive properties, such as high strength-to-weight ratio, excellent
corrosion resistance, significant fracture toughness, and reasonable ductility [1–3]. The
addition of α phase stabilizing elements, such as aluminum (Al), and β phase stabilizing
elements—for instance, vanadium (V), molybdenum (Mo), and chromium (Cr)—gives
the alloy good properties but results in a relatively narrow processing window, which is
significantly detrimental to its industrial applications. In this situation, thermomechanical
processing is usually adopted to improve the hot workability of titanium alloys, which has
been successfully applied to fabricate complicated aerospace components, such as landing
gear [4], fuselages, and wings [5].

It is well known that the hot workability of titanium alloy is influenced by the initial
microstructure characteristics and the hot processing parameters, such as the deformation
temperature, strain rate, and strain [6–8], which determine the final mechanical properties
by controlling the microstructures. Although numerous studies have been conducted to
identify the relationships among process parameters, microstructures, and mechanical
properties, to satisfy the different requirements in industrial production, flow-softening
behavior is a typical characteristic that has received close attention. In titanium alloys,
dynamic softening is usually related to dynamic globularization (DG) [9,10], dynamic
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recovery (DRV) [11,12], dynamic recrystallization (DRX) [13], and flow localization [14,15].
In general, there are three types of DRX during deformation [16]: discontinuous dynamic
recrystallization (DDRX), continuous dynamic recrystallization (CDRX), and geometric
dynamic recrystallization (GDRX). DDRX occurs when new grains nucleate at grain bound-
aries through bulging followed by growing at the cost of areas full of dislocations. Mean-
while, when low-angle grain boundaries (LAGBs) are transformed to high-angle grain
boundaries (HAGBs) as the deformation proceeds without nucleation and growth process,
it is regarded as CDRX. In addition, at elevated temperatures with large strains, when the
deformed grains elongate until their thickness bellows to the size of one to two subgrains
and serrated grain boundaries pinch off the drenched grains to form equiaxed grains, this
process is known as GDRX. Flow localization [17,18] acts as another type of flow-softening
behavior at lower temperature and higher strain and includes deformation heat, shear
band, material damage, etc.

Many studies have been conducted on the dynamic softening of titanium alloys.
Long [19] investigated the hot deformation behavior of Ti-6Cr-5Mo-5V-4Al alloy and found
that DRX and DG occurred predominantly in the (α + β) phase zone, while DRV occurred
primarily in the β phase zone. Martina et al. [11] considered that the predominantly
hot deformation mechanism of the β phase in Ti-55531 alloy was DRV that controlled
by subgrain formation. However, it was noted that GDRX occurred along the β grain
boundaries in Ti-55531 alloy under conditions of large deformation, high temperature, and
low strain rates. Tan et al. [20] identified the optimum processing window for Ti-20Zr-
6.5Al-4V with different strains and deformation temperatures. Wang et al. [12] studied the
high-temperature deformation behavior of TB17 titanium alloy. Their results showed that
the strain rate sensitivity exponent m remained constant in the (α + β) phase zone while it
significantly increased in the β phase zone. Meanwhile, the optimized process parameters
were obtained with a deformation temperature of 885 ◦C, strain rate of 0.001 s−1, and height
reduction of 70%. Wang [21] found that increases in plastic deformation strain, deformation
temperature, and strain rate contributed to the DRX behavior of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si
alloy in the β forging process by finite element method modeling.

Near-β titanium alloys with a high content of β-stabilizing elements showed a rel-
atively lower β transus temperature and obtained a microstructure of near-full β phase
after quenching to an ambient temperature. These alloys are the preferred materials for
aerospace component design. In order to meet the various requirements of structural
design and material selection for aircraft parts with higher performance, a novel near-β
titanium, named TB18 alloy, has recently been developed. This alloy exhibited good com-
prehensive properties after solution and aging heat treatment, i.e., the ultimate tensile
strength was above 1300 MPa, the total elongation was no less than 5%, and the plane
fracture toughness was above 60 MPa m1/2; because of its excellent combination of high
strength and high fracture toughness, it has great potential to be applied in the aerospace
field. However, there are few studies on this novel titanium alloy, and therefore there is
a lack of information on hot workability and the dynamic softening mechanisms, which
limits its further application.

In this study, isothermal compression tests were conducted under different deforma-
tion conditions; then, the flow stress–strain curves, constitutive equation, and processing
map were built to characterize the hot workability of TB18 alloy as well as different examina-
tions were performed, such as optical microscopy (OM), X-ray diffraction (XRD), scanning
electron microscope (SEM), electron backscattered diffraction (EBSD), and transmission
electron microscope (TEM) to identify microstructure characteristics and dynamic softening
mechanisms. The results of this study should provide guidance for the production and
application of TB18 alloy.

2. Materials and Methods

The chemical composition of TB18 titanium alloy (wt.%) used in the present study
was 4.3 Al, 4.62 Mo, 4.9 V, 5.95 Cr, 0.95 Nb, 0.24 Fe, 0.01 C, 0.002 H, 0.11 O, 0.01 N, with
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the balance Ti. The β transus temperature (α + β→·β) was 795–800 ◦C, determined by
the metallographic method. The as-received billet was a forged bar, and the microstructure
mainly consisted of equiaxed α phase located inside the βmatrix, as well as continuous and
discontinuous α phase along prior β grain boundaries, as shown in Figure 1a. In addition, a
rod-like α phase (red arrow) can be observed with an aspect ratio larger than 2~3. Figure 1b
shows the constituent phases identified by the XRD patterns. The material contained 3 phases,
including α, α”, and β phases. The a” martensite phase was transformed from the high-
temperature β phase during rapid cooling. Due to the lower content of the α phase, it was
difficult to calculate the volume fraction from the XRD patterns.
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Figure 1. Microstructure of the as-received billet: (a) SEM image; (b) XRD pattens. Figure 1. Microstructure of the as-received billet: (a) SEM image; (b) XRD pattens.

Hot compression tests were conducted using a Gleeble 3800 thermomechanical simu-
lator. Cylindrical samples, with a dimension of ϕ10 × 15 mm, were cut from the middle of
the billet in the longitudinal direction. Thermocouples were spot-welded at the middle
of the samples to measure the temperature change during the deformation process. The
samples were heated to deformation temperatures of 650, 700, 750, 800, 820, 850, and 880 ◦C
with a heating rate of 5 ◦C/s, followed by isothermal holding for 3 min. Subsequently, the
samples were compressed with strain rates of 0.001, 0.01, 0.1, 1, and 10 s−1, respectively.
The height reduction of different samples was constant at about 60% (the true strain was
about 0.92). Finally, the samples were water quenched to room temperature to preserve the
deformation microstructure at high temperatures.

The deformed samples were sectioned parallel to the compression axis and the center
part of each section was subjected to OM, XRD, SEM, EBSD, and TEM. First, the OM
samples were ground and polished, followed by etching using Kroll’s reagent (10 vol.%
HF, 30 vol.% HNO3, and 60 vol.% H2O). Optical microstructure analyses were performed
on a ZEISS-AX10 optical microscope (ZEISS, Oberkochen, Germany). The XRD analy-
sis was performed using a Bruker D8 Discover X-ray diffractometer (Bruker, Karlsruhe,
Germany) with Cu Ka radiation operated at 40 kV and 40 mA. JADE 6.5 software (Mate-
rial Data Inc., Livermore, CA, USA) was used to analyze the phase structure. The SEM
observations were conducted on a Phenom Pro machine (FEI, Hillsboro, OR, USA). The
characterization of EBSD samples was performed using an Oxford Nordlys Nano machine
(Oxford Instruments, Oxford, UK) after grinding with diamond paste and ion etching
using a Leica RES101 ion etcher machine (Leica Microsystems, Wetzlar, Germany). The
scan step was 6 µm. The scanning data were post-processed by HKL CHANNEL5 software
(Oxford Instruments, Oxford, UK). The boundaries with misorientation between 2 and 15◦

were defined as LAGBs, and those with misorientations larger than 15◦ were defined as
HAGBs [22]. The TEM examination was carried out on an FEI Talos F200X transmission
electron microscope (FEI, Hillsboro, OR, USA).
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3. Results and Discussion
3.1. True Stress–Strain Curves

In order to eliminate the influence of friction between samples and anvils and the
influence of adiabatic heating at high strain rates on flow stress, the measured true stress–
strain curves were revised; the details can be seen in our previous work [23]. The corrected
flow stress–strain curves under different conditions are shown in Figure 2. The variation of
true stress–strain curves elucidated that flow stress was sensitive to the changes of strain
rate and deformation temperature, whilst the extent of strain had a significant effect on
flow stress, which means that flow stress decreased with increasing strain.
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At the beginning of the deformation, the fast multiplication of dislocation resulted in a
significant increase in flow stress until peak stress, when work hardening (WH) dominated
the deformation process. As the deformation proceeded, flow stress decreased with an
increase in the deformation temperature or a decrease in the strain rate; flow softening
such as DRX occurred in order to decrease the dislocation density and offset the effect of
WH. The flow stress–strain curves decreased due to the competition between WH and
flow softening. At this stage, flow softening dominated the deformation process. Finally,
the flow curves tended to reach a steady state, reflecting a balance between WH and flow
softening. In such a case, the rate of dislocation multiplication was the same as the rate of
dislocation annihilation.

The factors that affect flow stress–strain curves are complex. As can be seen in Figure 2,
the continuous descending of flow stress–strain curves implied that the underlying mech-
anism of DRX could be CDRX of the β phase [24,25]. Meanwhile, DG of the α phase in
the (α + β) phase zone and the deformation heat at a higher strain rate also caused flow
softening to influence the flow stress–strain curves [26,27]. It is worthwhile noting that at
higher temperatures and lower strain rates, the flow stress–strain curves reached a steady
state quickly after peak stress, which is a typical characteristic of DRV [28].

In addition, a discontinuous yielding phenomenon was also observed at a strain rate
of 1 s−1, which was probably related to the motion and rapid multiplication of mobile
dislocations located in the grain boundaries [29].



Metals 2021, 11, 789 5 of 13

3.2. Arrhenius-Type Constitutive Equation

The Arrhenius-type constitutive equation is commonly used to depict the relationships
among deformation temperature, strain rate (

.
ε), and flow stress (σ), which can be expressed

as follows [30,31]:
.
ε = A1σn1 exp(− Q

RT
); when ασ < 0.8 (1)

.
ε = A2 exp(βσ) exp

(
− Q

RT

)
; when ασ > 1.2 (2)

.
ε = A[sinh(ασ)]n exp

(
− Q

RT

)
; for all σ (3)

where A, A1, A2, α, and β are material constants, n and n1 are the stress exponents,
α = β/n1, Q is the apparent activation energy (kJ/mol), R is the universal gas constant
(8.314 J mol−1 K−1), and T is the absolute temperature of deformation (K).

Taking the natural logarithms and partial derivatives successively from both sides of
Equations (1)–(3) gives:

n1 =
∂ln

.
ε

∂lnσ
(4)

β =
∂ln

.
ε

∂σ
(5)

At a given temperature T and strain rate
.
ε, the following equations can be obtained:

n =
∂ln

.
ε

∂ln[sinh(ασ)]

∣∣∣∣
T

(6)

k =
∂ln[sinh(ασ)

∂(1/T)

∣∣∣∣ .
ε

(7)

Then, Q can be derived from the Arrhenius hyperbolic sine function:

Q = nRk = R
{

∂ln
.
ε

∂ln[sinh(ασ)]

}
T
·
{

∂ln[sinh(ασ)]

∂(1/T)

}
.
ε

(8)

The deformation activation energy for TB18 alloy is calculated by 303.91 kJ·mol−1

in the (α + β) phase zone and 212.813 kJ·mol−1 in the β phase zone. Table 1 lists the
deformation activation energy of some other near-β titanium alloys. The results indicate
that TB18 alloy had greater deformation activation energy in both the (α + β) phase zone
and the β phase zone. The deformation activation energy was the basis of studying the
deformation mechanism in the process of thermal deformation. By comparing the defor-
mation activation energy with the self-diffusion activation energy, the dynamic softening
behavior in hot deformation could be identified [32,33]. The deformation activation energy
in the β phase zone of TB18 alloy was close to the self-diffusion of pure beta-titanium
(135–153 kJ/mol) [34,35], suggesting the dominant deformation mechanism was DRV.

Table 1. Deformation activation energy of near-β titanium alloys (kJ·mol−1).

(α + β) Phase Zone β Phase Zone Ref.

Ti-6554 316.864 203.157 [19]
Ti-7333 333.74 213.83 [36]

Ti-55531
226 204 [11]

275.3 148 [13]
Ti-1300 216 178 [15]

Ti-55511 550 155 [37]
Ti-1023 - 172 [35]
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Moreover, the constitution equations were expressed as follows:
In the (α + β) phase zone:

.
ε = e34.05878[sinh(0.00334σ)]5.07382 exp

(
−303910

RT

)
(9)

In the β phase zone:

.
ε = e24.56946 [sinh(0.00695σ)]3.4842 exp

(
−212813

RT

)
(10)

3.3. Processing Maps

The dynamic materials model (DMM) was first proposed by Prasad [38] in 1984.
According to this theory, the workpiece is considered to be a dissipator of power in the
processing system. The total input power (P) can be expressed as follows:

P = G + J =

.
ε∫

0

σd
.
ε +

.
ε∫

0

.
εdσ (11)

where G is the dissipator content, which is related to the power dissipated by plastic work,
most of which is converted into heat, and J is the dissipator co-content, which represents
the metallurgical mechanisms that occurred dynamically to dissipate power.

The parameter η, called power dissipation efficiency, reflects the microstructural
changes under a certain deformation condition and is given by:

η =
J

Jmax
=

2m
m + 1

(12)

where m is strain rate sensitivity (m = ∂ ln σ/∂ ln
.
ε).

According to the principle of the maximum rate of entropy production, the criterion
for flow instability is given as follows [39]:

ξ =
∂ ln
( m

m+1
)

∂ln
.
ε

+ m < 0 (13)

where ξ is the plastic flow instability. Flow instability happens when ξ < 0.
Superimposing the energy dissipation rate (η) map and plastic flow instability (ξ)

map under different deformations and strain rates results in the DDM hot processing map,
which can be used to characterize the plastic deformation ability of materials, optimize the
hot working process, and reveals the hot deformation mechanism [40].

Figure 3 shows the hot processing maps of TB18 alloy at true strains of 0.9 under
different deformation conditions. The total domain was divided into the stability region
(ξ > 0) and the instability region (ξ < 0), which are displayed by the pink area and the
yellow area, respectively. The processing maps reflect that the TB18 alloy is highly sensitive
to strain rate and temperature but has little relation to strain. The instability region occurred
when the strain rate was above 0.1 s−1 at all deformation temperatures with η values below
30%. At a strain rate below 0.1 s−1, higher η values between 30 and 50% demonstrated the
stability region. Meanwhile, the η value above Tβ was higher than that below Tβ in the
stability region.

For titanium alloys, the reported optimum power dissipation efficiency is in the range
of 35–50% due to its relatively high stacking fault energy (SFE) [41,42]. This phenomenon
is consistent with other near-β titanium alloys, such as TB17 [12], Ti-55511 [43], and Ti-
5553 [44]. The peak η value of 41% appeared at a deformation temperature range of
800–880 ◦C with a strain rate of 0.001 s−1, which indicated the occurrence of DRX in this
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region. As the temperature increased, the peak value zone extended to a higher strain rate
of 0.01 s−1.
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3.4. Microstructural Characteristics and Restoration Mechanism
3.4.1. Stability Region

(1) Deformation in the (α + β) Phase Zone
Figure 4 shows the deformed microstructures in the (α + β) phase zone. The mi-

crostructures mainly consisted of equiaxial α phase dispersed distributed in the βmatrix,
as well as continuous and discontinuous α phase along the prior β grain boundaries, which
was similar to the initial microstructure in Figure 1. The elongated β grains were observed,
which were perpendicular to the compression direction (CD) as shown in Figure 4a–c,
and no recrystallized β grains appeared. This evidenced that the dominant deformation
mechanism should be the DRV of the β phase in this region. Moreover, the rod-like α phase
cannot be seen in Figure 4, and some kinked and split α phase emerged. This suggested
the occurrence of DG was the dominant flow-softening mechanism and could be ascribed
to one kind of DRX in titanium alloys [14].
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Furthermore, TEM observations were performed, as shown in Figure 5. In Figure 5a,
a few dislocation lines appear in the β-phase matrix, as well as some dislocation walls
form and aggregate around the α phase. In Figure 5b, dislocation piles up near the grain
boundaries to form dislocation cells, and dislocation tangles can also be found. In Figure 5c,
the amount of dislocation can be observed in the α grains, and the β phase zone penetrates
the rod-like α grains to generate a groove. According to the literature [45–47], the DG
process of the α phase can be described as follows: as deformation proceeds, the α phase
with HCP structure acting as hard particles impedes the movement of dislocation in
the β phase and leads to dislocation multiplication in the vicinity and interior of the α
phase; the α phase kinks and the β phase penetrates into the α phase, and sub-boundaries
form; finally, the sub-boundaries transform into grain boundaries and the α phase splits
into two equiaxed grains. The incomplete globularization process, shown in Figure 5c,
also indicates that this process needs sufficient time and higher temperature due to the
diffusion-controlled process [48]. This phenomenon has also been reported in another
near-β titanium alloy [49]. In Figure 5d, tangled dislocation and dislocation cells appear,
and subgrains can also be found. DRV occurs, forming substructures by dislocation glide,
climb, or cross-slip due to the high stacking fault energy of titanium alloy, and DRX hardly
occurs, which reinforces that the dominant restoration mechanism is DRV.
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Therefore, the dominant restoration mechanism in the stability region below transus
temperature was due to DRV of the β phase for the following reasons: (1) the β grains
undergo deformation to elongate perpendicular to the compression direction and no
recrystallized β grains can be observed; (2) the dislocations are reorganized into cells or
subgrain boundaries and developed substructures form; (3) DG of the α phase occurs, and
it is eventually incomplete due to sufficient time and higher temperature. Additionally, it
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is worthwhile noting that DG of α grains was the predominant flow-softening mechanism
in the (α + β) phase zone.

(2) Deformation in the β Phase Zone
Figure 6 shows the grain-boundary maps of TB18 alloy deformed in the β phase zone.

LAGBs and HAGBs are displayed by green and black colored lines, respectively. The
contents of HAGB and LAGB are also demonstrated. As shown in the figure, β grains
distorted perpendicular to the compression direction as the strain rate increased. LAGBs
formed in the regions adjacent to the boundary of the grains and tended to decrease from
there to the interior grains. This demonstrated that the deformation was concentrated at
the grain boundaries and gradually expanded to the grains. As shown in Figure 6a,b, the
frequencies of LAGBs and HAGBs developed to 57.7 and 39.3% at a strain rate of 0.001 s−1,
and 61.6 and 35.3% at a strain rate of 0.1 s−1, respectively. As shown in Figure 7c,d, the
contents of LAGBs and HAGBs were 49.2 and 47.8% at a strain rate of 0.001 s−1 and 59.5
and 37.4% at a strain rate of 0.1 s−1, respectively. At different strain rates, the frequency
of LAGBs ranged from 50–60%, which was twice that of the HAGBs. As the strain rate
increased, the content of LAGBs increased. The higher frequency of LAGBs evidenced that
the dominant restoration mechanism was DRV of the β phase.
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At the beginning of deformation, dislocation was multiplicated along the grain bound-
aries, then DRV occurred to form LAGBs and the content of LAGBs increased as deforma-
tion proceeded. Since DDRX occurred by consuming the deformed substructure containing
LAGBs, there was a sharp reduction in the content of LAGBs [50]; therefore, the stable
fraction of LAGBs evidenced that DDRX was not the predominant mechanism with these
conditions, and CDRX was the dominant softening mechanism. Due to the high stack fault
energy of titanium alloy, it requires a relatively higher strain (larger than two) to achieve
full dynamic recrystallization [51]. The lower volume fraction of HAGBs indicated that
CDRX was in the early stage. As in Figure 6a,c, small recrystallized β grains (red arrows)
occurred along the grain boundaries and formed a network microstructure, which also
proved that the flow-softening mechanism was CDRX. It is important to note that the
content of recrystallized grains was lower than 5%, suggesting that it was not easy for DRX
to take place in TB18 alloy and the dominant restoration mechanism was DRV.
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TEM micrographs are illustrated in Figure 7. Lots of substructures can be observed
at these deformation conditions. As can be seen in Figure 7a, dislocation tangles formed
around the grain boundaries. In Figure 7b, dislocation walls formed in grains, and sub-
grains can be seen. Figure 7c shows that the subgrains formed at the trigeminal grain
boundary. Numerous substructures can be observed in Figure 7d at a higher temperature
and strain rate. During the hot compression at strain rates lower than 1 s−1, dislocation
generated with deformation proceeded and gathered around the grain boundaries, then
tangled dislocation formed dislocation cells and subgrains. No dynamic recrystallization
grains can be found except in Figure 7d. It can be concluded that it was difficult for DRX to
occur, and DRV was the dominant restoration mechanism in this domain.

In summary, the dominant restoration mechanism in the stability region above transus
temperature was DRV of the β phase due to the following reasons: (1) the typical DRV
characteristic of the flow curves, (2) the deformation activation energy is close to the
self-diffusion of pure beta-titanium, (3) a higher frequency of LAGBs, (4) a lower content
of recrystallized grains (less than 5%), and (5) the formation of developed substructures.
In addition, CDRX of the β phase was the predominant flow-softening mechanism in
this region.

3.4.2. Instability Region

Figure 8 shows the optical microstructures of TB18 alloy deformed in the instability
region. Two types of flow localization can be observed under the deformation conditions,
i.e., shear band and deformation band. Figure 8a shows the shear band which is ~45◦

to the compression direction when deformed at 650 ◦C with a strain rate of 10 s−1. This
phenomenon has also been observed in Ti-40 alloy [52]. Figure 8b,c shows deformation
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band formation which is almost perpendicular to the compression direction. In Figure 8d,
with a deformation temperature of 850 ◦C, large β grains are elongated under compression
in the center of the sample, where strain is concentrated; deformation bands can also be seen
in this area. Flow localization was the typical characteristic of plastic instability deformed
at a higher strain rate and lower temperature, which has been found in other near-β
titanium alloys such as TB17 [12], Ti-55531 [11], and Ti-17 [14]. The flow-localization band
formed under shear force due to adiabatic temperature rise and low thermal conductivity
at lower temperature and higher strain rate [12]. According to our previous work [23],
when the strain rate was higher than 1 s−1, the adiabatic heating effect was remarkable,
with an increase in strain rate and a decrease in temperature, which potentially affected
the actual deformation temperature by almost 90 ◦C. An increase in temperature resulted
in flow softening at high strain rates, while a faster strain rate led to insufficient time for
the recovery process [11]. Therefore, the flow stress–strain curves tended to descend, as
shown in Figure 2. Hot deformation with high strain rates should be avoided, considering
the detrimental effect of flow localization on mechanical properties.
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4. Conclusions

In the present work, dynamic softening mechanisms and hot workability of TB18 alloy
under uniaxial hot compression were investigated under various deformation conditions;
the conclusions are as follows:

(1) The flow stress showed high sensitivity to the deformation temperature and strain
rate. Work hardening was balanced by the restoration mechanisms after reaching
peak stress, and the competition of each other led to the different characteristics of
the flow stress–strain curves.

(2) In the stability region, microstructure characteristics and deformation activation
energy demonstrated that the dominant restoration and flow-softening mechanisms
were the dynamic recovery of β phase and dynamic globularization of α grains
below transus temperature, as well as the dynamic recovery and continuous dynamic
recrystallization of β grains above transus temperature.

(3) In the instability region, the dynamic softening mechanism was flow localization
caused by adiabatic heating; the shear band occurred at a lower temperature and
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a higher strain rate, whilst the formation of the deformation band occurred at a
higher temperature.
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