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Abstract: The high-temperature deformation behavior of
Ti–6.5Al–2Sn–4Zr–4Mo–1W–0.2Si alloy with initial lamellar
microstructure was investigated through performing hot
compression experiments at temperatures of 940–1,030°C
and strain rates of 0.001–10 s−1 on the Gleeble-3500 simu-
lator. Three kinds of typical flow curves corresponding to
different strain rates were distinguished. The deformation
activation energy and Zener–Hollomon parameter were
obtained through kinetic analysis. By comparing saturated
dislocation density with the critical density for dynamic
recrystallization, dynamic softening behaviors were iden-
tified and verified by the Poliak–Jonas criterion. Furthermore,
a piecewise physical-based constitutive model incorporating
dynamic softening behaviors was constructed. Finally, micro-
structures deformed under different deformation conditions
were analyzed to further verify the softening behaviors deter-
mined by identification criterions.

Keywords: titanium alloy, dynamic softening, dislocation
evolution, constitutive model

1 Introduction

The Ti–6.5Al–2Sn–4Zr–4Mo–1W–0.2Si alloy owns promi-
nent comprehensive mechanical performance at high ser-
vice temperatures [1]. For the past few years, owing to the
potential for manufacturing dual-property compressor
blisk, Ti–6.5Al–2Sn–4Zr–4Mo–1W–0.2Si alloy has gained
considerable concern. The dual-property blisk is designed
to be composed of equiaxed microstructure at the disc core
and basketweave microstructure at the blade section in
view of the different working environments and perfor-
mance requirements between two compressor parts [2].
Generally, the mechanical properties of titanium alloys
largely depend on the deformation parameters and cor-
responding microstructures. Constitutive relationship is
often used to reflect the mechanical response to defor-
mation parameters, and dynamic softening behaviors
determine the evolution of microstructure during high-tem-
perature deformation. Thus, in order to optimize the defor-
mation parameters and obtain favorable microstructure, it
is very important to identify the dynamic softening beha-
viors and establish the constitutive relationship model.

The dynamic softening behavior and constitutive
relationship of titanium alloys during hot deformation
have been studied extensively. Zyguła et al. [3] calculated
the deformation activation energy and Zener–Hollomon
parameter of powder metallurgy Ti–10V–2Fe–3Al alloy
by Arrhenius equation, and predicted the dynamic restora-
tion mechanism with determined average activation
energy. Xu et al. [4] studied the deformation behavior
of Ti-17 alloy with lamellar structure and concluded that
dynamic globularization of α phase and continuous
dynamic recrystallization (DRX) of β phase are two
main factors for flow softening. Balachandran et al. [5]
investigated the recrystallization behavior of Ti5553 alloy,
and concluded that conventional recrystallization and epi-
taxial recrystallization operated simultaneously. Jia et al. [6]
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suggested that increasing deformation temperature and
strain is beneficial to the DRX process of powder metallurgy
Ti–22Al–25Nb alloy. Quan et al. [7] analyzed the variation of
DRX volume fraction with different deformation parameters
of Ti–6Al–4V alloy. Li et al. [8] developed a series of vari-
able-based unified viscoplastic constitutive models to repre-
sent the flow behavior and globularization evolution of TC6
alloy. Liu et al. [9] proposed an improved constitutive model
of Ti–6Al–4V alloy incorporating DRX volume fraction as the
internal state variable.

In this research, hot compression experiments of
Ti–6.5Al–2Sn–4Zr–4Mo–1W–0.2Si alloy at different defor-
mation temperatures and strain rates were carried out.
Dynamic softening behaviors were identified by com-
paring saturated dislocation density with the critical
density for DRX occurrence. Besides, on account of the
experimental stresses corresponding to different defor-
mation conditions, a piecewise physical-based model
was established in view of the work hardening (WH)
and dynamic softening behaviors. Finally, the micro-
structural evolution associated with different flow soft-
ening behaviors was analyzed.

2 Experimental materials and
procedures

2.1 Sample preparation

The experimental material is supplied in a form of alloy
rod with a diameter of 270mm. Before hot deformation,
the provided rod was sectioned into round bars with a
dimension of ∅15 mm × 100mm. Then, the specimens
were thermally treated at 995°C for 30min. Subsequently,
the specimens were air cooled to room temperature. As
shown in Figure 1, the microstructure is composed of totally
basket-weave structure with lamellar α distributed disor-
derly on the β matrix.

2.2 Experimental procedures

The β phase transition temperature (Tβ) of the studied
Ti–6.5Al–2Sn–4Zr–4Mo–1W–0.2Si alloy was confirmed
as 965°C by metallographic technique. Cylindrical speci-
mens with the dimension ofΦ10 mm × 15 mm and surface
roughness of 1.6 μmwere prepared. Isothermal compression
experiments were performed on a Gleeble-3500 thermo-
simulation machine at temperatures of 940, 970, 1,000,
and 1,030°C, and strain rates of 0.001, 0.01, 0.1, 1, and

10 s−1, respectively. All the specimens were compressed by
60% of the initial height. Lubricants like graphite powder
were put between the specimens and anvils to reduce the
friction during compression. Before hot deformation, the
specimens were heated with a rate of 10°C·s−1 and insulated
for 5min to obtain a uniform temperature distribution.
During isothermal compression, the load-stroke curves
can be recorded automatically and converted into true
stress–strain curves. After hot deformation, the specimens
were immediately water-quenched to room temperature to
maintain the high-temperature deformed microstructure.
To analyze the microstructural evolution, the specimens
were axially cut, polished and etched by a solution con-
sisting of HF (3mL) + HNO3 (6mL) + H2O (91mL). The
microstructure was observed on the Olympus microscope,
the TESCAN MIRA3 SEM and the Tecnai F30 G2

field emis-
sion transmission electron microscope (TEM).

3 Results and discussion

3.1 Flow behavior

The high-temperature plastic deformation generally occurs
along with the competition between work hardening and
dynamic softening. Figure 2 presents typical flow curves
of Ti–6.5Al–2Sn–4Zr–4Mo–1W–0.2Si alloy with different
strain rates and deformation temperatures. Based on the
values of work hardening rate θ (θ = dσ/dε, σ and ε, respec-
tively, denote the true stress and true strain measured on
the flow curves), the flow curves can be separated into four
typical stages. As can be observed from Figure 2(b), the flow

Figure 1: Lamellar starting microstructure of
Ti–6.5Al–2Sn–4Zr–4Mo–1W–0.2Si alloy.
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stress increases rapidly with small strain at the work hard-
ening stage (θ > 0), as a result of extensive dislocation
proliferation and entanglement occurring due to work hard-
ening [10]. When the strain surpasses the critical strain to
activate DRX behavior, the flow stress continues to increase
with a much smaller rate until reaching the peak value.
Following the peak stress, the flow curves decrease gradu-
ally with the acceleration of DRX softening, which belongs
to the dynamic softening stage (θ < 0). Finally, when the
work hardening and flow softening attain a dynamic equili-
brium at large strain, the flow stresses become relatively
stable and the flow curve turns into ultimate steady-state
stage (θ = 0) [11,12].

The true stress–strain curves can be categorized into
three representative types based on the flow characteris-
tics. When deformed at high strain rate of 10 s−1, the flow
curve presents the feature of multi peak stresses, and then
decreases undulately with further deformation. This phe-
nomenon might be attributed to the occurrence of periodic
dynamic recrystallization (PDRX) [13]. The nucleation and
growth of DRX grains would consume large amounts of
dislocations, and thus significantly reduce the flow stress.
Nevertheless, the continuous plastic deformation will
promote the dislocation multiplication in newly formed
recrystallized grains. Before the growth up of recrystalliza-
tion grain, whether its dislocation density can achieve the
critical value for DRX occurrence and lead to the next cycle
of DRX behavior determines the flow features of true
stress–strain curves. If the increasing dislocation density
cannot achieve the critical value for DRX, a new round of
work hardening would take into effect. Once the accumu-
lated dislocation density exceeds the critical value, DRX
will occur again. Thus, periodic jitter can be observed on

the true stress–strain curves with high strain rate of 10 s−1.
Conversely, if the dislocation density is always maintained
beyond the critical value, DRX behavior will go on con-
tinuously by the progressive rotation of sub-grains with
little accompanying boundary migration, and the flow
curves show a feature of continuous decline after a single
peak stress (deformed at strain rates of 1 and 0.1 s−1),
which is called continuous dynamic recrystallization
(CDRX) [14–16]. Furthermore, another type of true stress–
strain curve is characterized by steady flow.When deformed
at lower strain rates of 0.01 and 0.001 s−1, the flow stress
increases rapidly until reaching the maximum value,
then the flow stress remains almost constant with
further strain. There is no obvious peak stress on these
flow curves.

3.2 Kinetic analysis

For metallic materials, the combined effects of deforma-
tion temperature and strain rate on the flow stress can be
described by the Zener–Hollomon parameter (Z) [17]:

( ) [ ( )]= / =Z ε Q RT A ασ̇ exp sinh ,n (1)

where ε̇ is the strain rate (s−1), σ is the true stress (MPa), R
is the gas constant (8.3145 J·mol−1·K−1), T is the absolute tem-
perature (K),Q is the deformation activation energy (kJ·mol−1),
n is the stress exponent, A and α are material constants.

Taking partial derivative of equation (1), n and Q can
be calculated from the following equations:

[ ( )]
=

∂

∂

n ε
ασ

ln ̇
ln sinh

, (2)

Figure 2: (a) True stress–strain curves of Ti–6.5Al–2Sn–4Zr–4Mo–1W–0.2Si alloy under different deformation conditions and (b) schematic
diagram for different deformation stages illustrated on typical flow curves.
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1
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Flow stresses corresponding to different peak strains
are substituted into above equations. The constant α is
calculated as 0.0131 from the linear fitting of ln ε̇−ln σ
plot and lnε̇−σ plot in Figure 3. The average values of n
and Q are calculated as 3.1256 and 237.01 kJ·mol−1 from
the fitting plots of ln ε̇−ln[sinh(ασ)] and ln[sinh(ασ)]
−1,000/T, respectively, as shown in Figure 4.

The thermal activation process of titanium alloys vitally
influences the softeningmechanism. The calculatedQ value
is quite larger than the Qsef (self-diffusion energy) for both
α-Ti (169 kJ·mol−1) and β-Ti (153 kJ·mol−1), precluding diffu-
sion playing a major role in the hot deformation, and
indicating that DRX is very likely to happen [18].

Figure 5 shows the linear correlation between ln Z
and ln[sinh(ασ)]. The value of lnA is calculated as 19.910.

Thus, the peak stress σp can be described as amathematical
relationship of Zener–Hollomon parameter:
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3.3 Constitutive modeling of flow stress

3.3.1 Identification of dynamic softening behavior

It is well known that both dynamic recovery (DRV) and
DRX softening behaviors can lead to the decrease in dis-
location density and thus the flow stress. Suppose that the
deformation dynamics is mainly controlled by dislocation
density ρ, Mecking and Kocks [19] proposed a novel model
(K–Mmodel) to describe the variation of dislocation density

Figure 3: Linear regression analysis for the plots of: (a) ln σ−ln ε̇ and (b) σ−ln ε̇.

Figure 4: Linear regression analysis of (a) ln[sinh(ασ)]−ln ε̇ and (b) ln[sinh(ασ)]−1,000/T.
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during hot deformation. According to the free path that dis-
location can move on a glide plane [20], the dislocation
multiplication rate resulted from work hardening is linearly
related to ρ . Based on the first-order dynamics, the dislo-
cation annihilation rate due to dynamic recovery is in pro-
portion to ρ [21]. Thus, the dislocation evolution at WH and
DRV stage could be summarized as follows:

= −

ρ
ε

k ρ k ρd
d

,1 2 (5)

where dρ/dε denotes the variation rate of dislocation den-
sity. k1 determines the dislocation multiplication rate,
which is related to the material structural characteristics.
k1 could be calculated using the following formula [22]:

=k θ
βGb
2 ,1

Π (6)

where θII denotes the flow curve slope in stage II,∼G/200. β is
the Taylor constant, ∼0.5. G is the shear modulus, ∼44GPa.
b is the magnitude of Burgers vector, ∼2.86 × 10−10m−1 [23].

The rate of dislocation annihilation is determined by k2
and can be achieved by dislocation glide, climb and cross-
slip during DRV process. k2 can be calculated by ref. [24]

( )= /k kβ b k σMG ,2 1 p (7)

where k is the proportional constant, M is the Taylor
conversion factor from shear strain r to normal strain
ε, ∼3.06. σp is the peak stress which could be obtained
through equation (4) or directly measured on the true
stress–strain curves.

The saturated stress σsat represents the maximum hard-
ening capacity when the dynamic competition between
dislocation multiplication rate from work hardening and
dislocation annihilation rate from DRV softening achieve

balance [25]. Therefore, once the flow stress reaches
saturated stress, corresponding dislocation variation rate
dρ/dε falls to zero, and relevant saturated dislocation den-
sity ρsat can be calculated from equation (5) as
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2
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(8)

According to the thermodynamic transformation of DRX
mechanism, Varshni [26] put forward a model to quantify
the critical dislocation density ρc for DRX occurrence. ρc
can be calculated as

⎜ ⎟
⎛
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3

,c 5 2
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1 3
(9)

where γ denotes the boundary energy, l is the average
free distance of dislocations generally taken as 3∼5b
[27].Mbm is the boundary mobility and could be obtained
by the following equation [28]:

⎛
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b

b 0
b (10)

where δ is the characteristic grain boundary thickness, Db

represents the self-diffusivity along grain boundary. Qb is
the boundary diffusion activation energy which is taken as
150 kJ·mol−1, k is Boltzmann’s constant, ∼1.381×10−23 J·K−1.

During hot deformation, DRX behavior can only be
activated once the accumulated dislocation density within
deformed grains achieves the critical value for DRX occur-
rence. Therefore, the identification of dynamic softening
behavior from dislocation evolution can be expressed as:
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Figure 6(a) and (b) presents the comparisons between cal-
culated ρsat and ρc under different deformation conditions.
The comparisons are conducted at typical temperatures
below and above the β phase transition temperature,
respectively. As can be seen, with the increase of strain
rate, ρsat and ρc increase simultaneously, but relationships
between the two parameters corresponding to different
strain rates are not exactly the same. For lower strain rates
of 0.001 and 0.01 s−1, both ρsat and ρc are much small,
which corresponds to steady flow on the true stress–strain
curves. As for strain rates of 0.1 and 1 s−1, ρsat is much larger
than ρc, thus CDRX behavior occurs easily under these
deformation conditions, resulting in continuous decline
after peak stress on the flow curves. With further increase
of strain rate, the increasing rate of ρc becomes much larger

Figure 5: Linear regression analysis for the ln Z−ln[sinh(ασ)] plot.
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than that of ρsat, and the ρc at strain rate of 10 s−1 has almost
caught up with ρsat, thus PDRX behavior occurs at such a
high strain rate. The dynamic softening behaviors can also
be identified by the Poliak–Jonas criterion from nonequili-
brium thermodynamic perspective. The occurrence of DRX
behavior can be figured out by the inflection points on
work-hardening (θ–σ) curves or the minimum points on
(−∂θ/∂σ) curves [29]. As Figure 6(c) and (d) show,
minimum points can almost be observed on each
−∂θ/∂σ curve, which validates the occurrence of DRX
under these conditions.

3.3.2 Constitutive model of the work-hardening and
dynamic recovery stage

The variation of dislocation density is largely influenced
by the competition between work hardening at small
strains and dynamic softening at larger strains. Generally,

the relationship between dislocation density and plastic
strain can be presented as follows [30]:

= −

ρ
ε

U Ωρd
d

, (12)

where U denotes the influence of work hardening
resulted from dislocation multiplication, entanglement
and pile-up, which is irrelevant to the strain and can
be considered as a constant. Ωρ signifies the influence
of DRV softening caused by dislocation offset and
rearrangement.

Taking integration of equation (12), the dislocation
density ρ can be calculated as follows:

⎛
⎝

⎞
⎠

= − −

−ρ U
Ω

U
Ω

ρ e ,Ωε
0 (13)

where ρ0 is the initial dislocation density.
On account of the Taylor relation, flow stress σ can be

represented as the function of dislocation density ρ [31]

Figure 6: Comparisons between ρsat and ρc, and verification of the dynamic softening behavior through Poliak–Jonas criterion under
different deformation conditions of (a and c) 940°C and (b and d) 1,000°C.
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=σ βMGb ρ , (14)

By substituting equation (14) into equation (13), the flow
stress σ during WH and DRV stage could be calculated by
the following formula:

[ ( ) ] ( )= + − <

−σ σ σ σ ε εe ,Ωε
sat
2

0
2

sat
2 0.5

c (15)

where the saturation stress σsat and yield stress σ0 are
equal to /αMGb U Ω and αMGb ρ0 , respectively.

The variable σsat has been considered as the max-
imum hardening capacity with mainly DRV softening,
and could be obtained once the work hardening rate
θDRV reaches zero.

=

∂

∂

=θ σ
ε

0.DRV
DRV (16)

Combining equation (14) with equation (5), the work
hardening rate θDRV can be expressed by the linear func-
tion of flow stress σ.

= −θ βMGbk k σ
2 2

.DRV
1 2 (17)

As equation (17) describes, the θDRV value during WH
and DRV stage is correlated linearly with the flow stress
σ, which is in accordance with the work-hardening curve
shown in Figure 7. Generally, the saturated stress σsat
could be directly measured by the abscissa intercept of
the tangent line of θ–σ curve through the inflection point
[32]. More accurately, the σsat value can be calculated by
the combination of equations (6), (7), and (16) as follows:

= / = ⋅σ βMGbk k k σ ,sat 1 2 p (18)

where the proportional coefficient k has the same meaning
as the constant in equation (7), which is presented in

Figure 8. Thus, the quantitative relation between σsat
and σp can be expressed as

=σ σ1.0427 .sat p (19)

The yield stress σ0 corresponding to different defor-
mation conditions can be measured on the true stress–
strain curves. As Figure 9 shows, ln σ0 and ln Z are line-
arly dependent. Thus, the σ0 value can be represented by
the Zener–Hollomon parameter as follows:

=σ Z2.6218 .0
0.0969 (20)

The dynamic recovery coefficient Ω could be obtained
from equation (15) as

⎜ ⎟
⎛

⎝

⎞

⎠
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−
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Ωε σ σ
σ σ

ln .sat
2

0
2

sat
2 2 (21)

On account of the stress values measured on the flow
curves before critical strain, the values of Ω corre-
sponding to different temperatures and strain rates
can be calculated. As can be observed in Figure 10,
the values of ln Ω present a linear relationship with
ln Z. Thus, Ω can be expressed as:

=

−Ω Z652.4405 .0.085 (22)

3.3.3 Constitutive model of the DRX stage

With further deformation, flow softening behavior gradu-
ally dominates. Once the accumulated distortion storage
and dislocation density reach critical conditions, rearran-
gement and polygonization of dislocations would contri-
bute to the formation of sub-structures, which become
nuclei of DRX grains. Then, non-distorted recrystallized

Figure 7: Relationship between the work hardening rate θ and flow
stress σ at certain deformation condition and determination of σsat
value on the θ–σ curve. Figure 8: Relationship between σsat and σp.
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grains nucleate and grow up gradually with grain
boundary migration [33]. The increase rate of flow stress
on the flow curves would decelerate and turn downward
gradually with the DRX occurrence, as shown in Figure 2.
The DRX kinetics could be expressed by the Avrami equa-
tion as [34]

⎜ ⎟
⎡

⎣
⎢

⎛

⎝

⎞

⎠

⎤

⎦
⎥ ( )= − −

−

≥X K ε ε
ε

ε ε1 exp , ,
n

DRX d
c

p
c

d

(23)

where εp is the peak strain which could be measured on
the true stress–strain curves, εc is the critical strain for
DRX occurrence, εc = 0.85εp. Kd and nd are DRX para-
meters. Generally, there is a specific relationship between
XDRX and flow stress σ as [35] follows:

( )=

−

−

≥X σ σ
σ σ

ε ε, ,DRX
DRV

sat ss
c (24)

where σDRV denotes the flow stress while DRV softening
occupies a major part, which can be obtained from equa-
tion (15). σ represents the flow stress corresponding to
certain strain ε on the flow curves in Figure 2. σsat is the
saturated stress when work hardening and DRV softening
achieve the balance, which has been discussed in Sec-
tion 3.3.2.

The steady stress σss results from the dynamic bal-
ance between work hardening and DRX softening, which
could be directly measured at relatively large strains on
the true stress–strain curves [36]. In this study, stresses at
strain of 0.7 were adopted as the σss values. As observed
in Figure 11, the steady stress σss almost keeps linear with
the peak stress σp. Thus, σss can be expressed as follows:

=σ σ0.7730 .ss p (25)

Substituting equation (24) into equation (23), the
flow stress σ during DRX stage could be calculated as:
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d (26)

Figure 12 presents the relationship between ln[−ln
(1 − XDRX)] and ln[(ε − εc)/εp]. By taking the least squares
method, data drawn in the coordinate system is linearly
fitted. Then, the mean values of Kd and nd are achieved as
0.0471 and 1.1551, respectively.

3.3.4 Verification of established constitutive models

Figure 13 presents the comparison between predicted and
experimentalflowcurves of Ti–6.5Al–2Sn–4Zr–4Mo–1W–0.2Si

Figure 9: Linear dependence between ln σ0 and ln Z.

Figure 10: Linear dependence between lnΩ and ln Z. Figure 11: Linear dependence between σss and σp.
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alloy at deformation temperatures of 940–1,030°C and strain
rates of 0.001–10 s−1. It suggests that the predicted stresses are
in good accordance with the experimental ones. However,

small deviations can be observed within a short strain
range after crossing the peak stress when deformed at
high strain rates. As can be seen from Figure 14, adiabatic
shear band is distributed along the direction 45° to the
compressive axis. While deformed at high strain rate, the
adiabatic deformation heat generated in the central part of
the specimens cannot be conducted out on time because of
insufficient deformation time and low thermal conduc-
tivity, resulting in a significant flow softening on the
experimental true stress–strain curves [37]. Thus, the pre-
dicted flow stresses are higher than the experimental
stresses for high strain rate deformation.

In order to further evaluate the predictive precision of
developed constitutive model, the scatter map of experi-
mental and predicted flow stresses under all deformation
conditions is shown in Figure 15. It can be seen that the
predicted stresses match well with the experimental ones.
Moreover, the correlation coefficient R and average abso-
lute relative error (AARE) are calculated as 0.9866 and
5.03%, respectively, suggesting good predictive capability
of the developed model.

Figure 12: Linear dependence between ln[−ln(1 − XDRX)] and
ln[(ε − εc)/εp].

Figure 13: Comparison between predicted and experimental flow curves at temperatures of: (a) 940°C; (b) 970°C; (c) 1,000°C; and
(d) 1,030°C (the curves represent experimental results and symbols represent predicted ones).
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where Xi is the experimental flow stress and Yi is the pre-
dicted flow stress gained from the established constitutive
model. X̄ and Ȳ are mean values of the experimental flow

stress and predicted flow stress, respectively. N is the total
number of stress data used in this study.

3.4 Microstructural evolution

The most effective and direct means to identify dynamic
softening behaviors is microstructure observation, which

Figure 14: Adiabatic shear band observed at high strain rate
of 10 s−1.

Figure 15: Correlation between predicted stress and experimental
stress.

Figure 16: Microstructures after deformation at the same strain rate of 0.1 s−1 and different temperatures of (a) 940°C; (b) 970°C;
(c) 1,000°C; and (d) 1,030°C.
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could be used to judge the reliability of the proposed
identification criterions. In general, the appearance of
equiaxed or spheroidized grains in the deformed region
is widely regarded as the representative characteristic of
DRX behavior.

Figure 16 shows the effect of deformation temperature on
the microstructure of Ti–6.5Al–2Sn–4Zr–4Mo–1W–0.2Si alloy
at medium strain rate of 0.1 s−1. When deformed at tempera-
ture of 940°C in α + β phase region, there are a certain amount
of fine equiaxed α grains in themicrostructure, indicating DRX

mechanism plays a part in α phase. While deformed at
970°C above the β-transus temperature, the microstructure
is totally composed of transformed β precipitated by inter-
weaved acicular α. The prior-β grains are severely elongated
and distributed vertical to the compression direction. More-
over, a few recrystallized β grains generate at the triple
grain boundaries, as the red circle in Figure 16(b) shows.
As the deformation temperature reaches 1,000°C, the grain
boundary becomes much clear with good integrity, and
necklace structures composed of a quite a number of small

Figure 17: Microstructures after deformation at the same temperature of 940°C and different strain rates of (a) 0.001 s−1; (b) 0.01 s−1;
(c) 1 s−1; and (d) 10 s−1.

Figure 18: The morphology of substructure within lamellar α: (a) thermal groove and sub-grain boundary observed by TEM and
(b) separation of lamellar α observed by electron backscatter diffraction.
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equiaxed β grains distributes along the elongated prior-β
grains, indicating that DRX behavior exists in the β phase.
The microstructure characteristic of 1,030°C is almost the
same with that of 1,000°C, only β grains and secondary
lamellar α get further coarsened. Thus, DRX softening beha-
vior occurs at all deformation temperatures but in α phase
and β phase, respectively, while deformed below and above
the β phase transition temperature.

Figure 17 shows the effect of strain rate on the micro-
structure while deformed at 940°C. When deformed at
low strain rate of 0.001 s−1, initial lamellar α have almost
been totally broken into equiaxed α grains and get further
coarsened. During hot deformation, the initial lamellar α
become kinked and sub-grain boundaries generate as a
result of dislocation rearrangement, as shown in Figure
18(a). With further deformation, the sub-grain bound-
aries transform into high-angle boundaries (HABs) by
absorbing dislocation continuously, as indicated by the
black arrows in Figure 18(b). Then, the β phase wedges
into lamellar α along the HABs, and thermal groove gener-
ates at the junction between HABs and α/β phase bound-
aries. With the increase of groove depth, initial lamellar α
grains are broken up and separated with short α lamellae.
Finally, the fragmented α lamellae get globularization under
the driving force of surface energy minimization [38]. While
the strain rate rises to 0.01 s−1, most of the thick α lamellae
get dynamic globularization and transform into equiaxed α
grains. Besides, the quantity of equiaxed α grains decreases
but grain size increases when compared with those of lower
strain rate. As the strain rate increases to 1 s−1, local plastic
flow occurs in the β phase and fiber texture can be observed
at the central part of the specimen. However, a few equiaxed
α grains could still be observed in the region away from the
large deformation zone, indicating that DRV in β phase and
DRX in α phase work simultaneously. Once the strain rate
reaches 10 s−1, prior-β grains get seriously squashed along
the metal flow direction. Moreover, there is almost no
equiaxed α grains in the microstructure because of deforma-
tion heat existing in high strain rate. The DRX characteristics
are not obvious in the non-uniformmicrostructure with local
plastic flow and adiabatic shear band. Besides, the reduced
deformation time hinders atom diffusion and dislocation
climb which play an important role in the occurrence of
DRX behavior, thus the corresponding softening behavior
is PDRX mechanism.

4 Conclusion

The high-temperature flow behavior of Ti–6.5Al–2Sn–4Zr–
4Mo–1W–0.2Si alloy with initial lamellar structure was

studied through isothermal compression tests. According
to the description of flow behavior, kinetic analysis, con-
stitutive establishment, and microstructure observation,
several conclusions could be drawn as follows:
(1) Multiple peaks on flow curves and microstructure

inhomogeneity under high strain rate of 10 s−1 have
been identified as the PDRX behavior. Single peak
and grain refinement at medium strain rates of 1 and
0.1 s−1 are the characteristics of CDRX mechanism.
Steady flow following the peak stress and grain coar-
sening appear at lower strain rates of 0.01 and 0.001 s−1.

(2) The deformation activation energy Q is calculated as
273.01 kJmol–1, indicating the occurrence of DRX soft-
ening. The relationship between σp and Z parameter

is expressed as:
⎧

⎨
⎩

⎡
⎣

⎤
⎦

⎫

⎬
⎭

( ) ( )
= + +

/ /

/

σ ln 1α A
n Z

A
n

p
1 Z 1 2 1 2

,

where α, n, and lnA are calculated as 0.0131, 3.1256,
and 19.910, respectively.

(3) Dynamic softening behaviors have been determined
by the comparison between ρsat and ρc, and verified
by the Poliak–Jonas criterion and microstructure obser-
vation. A piecewise physical-based constitutive model
has been established to describe flow characteristics of
the WH-DRV stage and DRX stage, respectively.
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