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Abstract: The high-temperature compression deformation behavior of Ti—6Al1-4V—0.5Mo—0.5Zr alloy was investigated
at temperatures from 890 to 1030 °C and strain rates from 0.01 to 10 s', and the corresponding dynamic recrystallization
(DRX) mechanism was revealed. The results indicate that under different deformation conditions, the intensity of flow
stress oscillations varied significantly. During thermal deformation in the o + £ phase region, the stress—strain curves
exhibited DRX. At temperatures below 950 °C, continuous dynamic recrystallization (CDRX) of the a grains and
fracturing of the strip-like phase were apparent. At temperature higher than 950 °C, the £ phase and a part of secondary

o colonies underwent DRX.
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1 Introduction

Titanium alloys have extensive applications in
various fields including biomedicine, aerospace,
automotive, shipbuilding, and oil exploration, owing
to their excellent comprehensive properties [1-4].
Ti—6Al-4V—0.5Mo—0.5Zr alloy is a newly developed
high-performance titanium alloy designed for
petroleum drilling pipe in harsh environments. One
of the routes for production of drilling pipe includes
forging and extrusion, the alloy blank would
experience high temperature flow process which
affects microstructure and properties of extruded
pipe. high temperature deformation
ability of titanium alloys is limited in some degree
due to low thermal conductivity and relative narrow
hot working window [5,6].

In general, the mechanical characteristics of
alloy are substantially influenced by the evolution

However,

of microstructure, which plays a pivotal role of
deciding the work hardening (WH) and softening
phenomena during high temperature deformation.
To achieve optimal mechanical properties, it is
necessary to control the dynamic softening such as
dynamic recrystallization (DRX), dynamic recovery
(DRYV), and superplasticity during high temperature
deformation [7-9]. Previous studies have shown
that the high-temperature deformation behaviors of
o+ f titanium alloys are complex and highly
dependent on deformation parameters [10—12]. In
recent years, some studies have focused on the hot
deformation behavior and microstructure evolution
of high-performance titanium alloys under high
temperature compression conditions [13]. The
transition of £ phase (stable at high temperatures)
into o phase (stable at lower temperatures)
is significantly influenced by the
composition of alloy and its mechanical processing
conditions [14—16]. HUANG et al [17] investigated

chemical
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the microstructure evolution during the hot
deformation of a high-strength titanium alloy.
They primarily examined a — f transformation
and the precipitation of a phase in a+f phase
region during high-temperature deformation.
GANGIREDDY [18] researched Ti—6Al-4V with
three different initial microstructures under varying
cooling rates. The study revealed that the samples
exhibited analogous high temperature softening
characteristics. Therefore, investigating the hot
deformation behavior of Ti—6A1-4V—-0.5Mo—0.5Zr
alloy under a specific initial condition is a key to
exploring the thermal deformation patterns of this
alloy.

During one of the production processes, hot-
forged round billet of Ti—6Al-4V—0.5Mo—0.5Zr
alloy was hot-extruded into pipe, therefore, in order
to provide guidance for optimizing extrusion
conditions, one of important factors is to acquire
insights into the flow behavior and microstructural
evolution mechanism during high temperature
deformation. Here, we conducted isothermal
compression tests on hot-forged Ti—6Al-4V—
0.5Mo—0.5Zr alloy under various deformation
conditions to obtain true stress—strain behavior, o
phase fragment and DRX mechanism.

2 Experimental

The material used in this study was hot-forged
round billets of Ti—6Al-4V-0.5Mo—0.5Zr alloy.

The chemical composition of the alloy is listed
in Table 1. Cylindrical specimens of 10 mm in
diameter and 12 mm in height were prepared from

the hot-forged billets for use in isothermal
compression tests. Figure 1 shows electron
backscatter diffraction (EBSD) maps of the

hot-forged specimens. In Fig. 1(a), a bimodal
microstructure can be identified in the image
quality (IQ) map. Figure 1(b) shows the inverse
pole figure (IPF) map of the alloy, where the
low-angle grain boundaries (LAGBs, 2°—15°) and
high-angle grain boundaries (HAGBs, >15°) are
represented by pink and blue lines, respectively.
The equiaxed o phase had an average grain size of
15.58 ym and a volume fraction of 38.72%. The
secondary elongated o phase had a thickness of
6.71um and a volume fraction of 58.91%.
Figure 1(c) reveals a small amount of the
intergranular reticular £ phase in the detection area,
accounting for a volume fraction of 2.44%. The
o—f transus temperature was determined to be
963 °C, using metallographic method.

The isothermal compression tests were conducted
using a thermal/mechanical machine (Gleeble 3500,
Dynamic Systems Inc.) along the axial direction
parallel to the hot-compression direction.
Additionally, to reduce the friction between the
specimens and the mold head, a 0.2 mm-deep pit
was machined on both ends of each specimen, filled
with high-temperature lubricant, and then covered
with tantalum sheets. The cylindrical specimens

Table 1 Chemical composition of Ti—6Al-4V—0.5Mo—0.5Zr alloy (wt.%)

Al A\ Mo Zr

Ca Fe Si Ti

6.1504 4.0215 0.6527 0.7034

0.0039 0.0982 0.0055 Bal.

Fig. 1 EBSD maps showing initial microstructure of hot-forged Ti—6Al-4V—0.5Mo—0.5Zr alloy: (a) Image quality (IQ)

map; (b) Inverse pole figure (IPF); (c) Phase distribution map
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were heated to the deformation temperature at a rate
of 5 °C/s and maintained at the setting temperature
for 5 min to ensure that they were heated uniformly.
Isothermal compression test was performed at
temperatures of 890—1030 °C and strain rates of
0.01-10 s '. The maximum height reduction among
the specimens during the compression tests was
60%. After deformation, the specimens were cooled
in air to prevent cracking.

Following the thermal compression experiments,
microstructure was observed for a cross section
parallel to the compression axis. The samples were
polished with emery paper and mechanically
polished with OPS (silicon suspension) mixed with
15% hydrogen peroxide. The polished samples with
smooth surfaces were observed by electron
channeling contrast imaging (ECCI) using a field-
emission scanning electron microscope (FE-SEM;
TescanMira4) equipped with the NordlysMax3
collection system. The metallographic -etching
solution was prepared at a HNOs;:HF:H,O volume
ratio of 1:1:8, with an etching time of 3-5s.
Metallographic images were obtained using an

60 (a)
50 F
2
2
230}
w r~ oo
Q
Exnf=
—
——890°C ——910°C 930°C  —— 950 °C
10 ——o970°c —990°C ——1010°C —— 1030°C
0 0.2 0.4 0.6 0.8
True strain
120 - (©
100
[+
o
2
172)
s
>
[}
=
=
——890°C ——910°C 930°C  —— 950 °C
40 ——970°C —— 990 °C —— 1010 °C = 1030 °C
0 0.2 0.4 0.6 0.8
True strain

optical microscope (OM, OLYMPUS). The samples
for EBSD measurements were electropolished using
a solution containing CH3;OH and HClIO4 at a
volume ratio of 19:1. The power supply voltage was
30V, and the polishing was conducted at room
temperature during 30s. The EBSD data were
collected using a FE-SEM (TescanMira4) equipped
with an EBSD analysis system, with an average
scanning area of 140 pm % 140 um and a step size
of 0.4 um. The EBSD data were analyzed using the
OIM analysis software.

3 Results and discussion

3.1 Stress—strain curves

The data from the Gleeble tests conducted
under different deformation conditions were
corrected using friction effects and temperature
elimination. The corrected true stress—strain curves
for Ti—6Al1-4V—0.5M0—0.5Zr alloy under different
conditions are shown in Fig. 2.

At a constant strain rate, the flow stress
decreased with increasing deformation temperature.
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Fig. 2 Stress—strain curves of Ti—6Al-4V—0.5Mo—0.5Zr alloy under different deformation conditions: (a) £=0.01s";

(b) €=0.1s5";(c) €=1s"';(d) £€=105s"
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Higher temperature provided more energy for grain
growth and promoted the formation of dislocation
and subgrain boundary, hence, the promoted
DRX phenomenon reduced flow stress. However,
when the temperature approached o — [ transus
temperature, an internal phase transition to § phase
occurred [19]. Therefore, owing to the high
plasticity of § phase, the resistance to deformation
of alloy decreased, which reduced the stress
required for deformation. Moreover, titanium alloys
have low thermal conductivity. Hence, when both
temperature and strain rate are increased, the heat
generated by deformation caused a localized
temperature increase if it is not readily dissipated,
which further reduces the flow stress [20,21].

At a constant deformation temperature, the
flow stress increased with increasing strain rate.
This can be explained by dislocation kinetics
[22,23]. The equation is expressed as follows:

&= pbv )

where & is the strain rate, p is the dislocation
density, b is the amplitude of Burgers vector of
perfect dislocations, and v is the average dislocation
velocity.

The wvelocity of dislocation movement
increased with increasing strain rate. Nonetheless,
owing to the presence of lattice friction and the
influence of solute atom, the velocity of dislocation
movement increased up to a certain threshold and
then reached a stable state. Consequently, a further
rise in the strain rate led to a sharp increase of
dislocation density, and eventually an increase of
the true stress. Moreover, the deformation
resistance decreased with increasing temperature
because of the increase of the average atomic
kinetic energy and the sharp decrease of the critical
slip shear stress.

Figure 2 reveals that the variations in the flow
stress were caused by the competing working
hardening and dynamic softening mechanisms
during hot deformation. In the early stage of
deformation, the flow stress increased sharply as
the degree of deformation increased. This is
because strain accumulated in the alloy, causing
dislocation to tangle and pile up. This increased the
dislocation density, which resulted in working
hardening. When the strain and accumulated
deformation energy reached a critical point,
dynamic softening started. Subsequently, as the

curve stabilized, the working hardening and
dynamic softening reached a dynamic equilibrium.
As shown in Figs. 2(a—c), when the deformation
temperature was less than 950 °C, the flow stress
increased sharply with a slight increase in the strain
(6<0.02), reached a well-defined peak stress, and
then decreased with increasing strain until it
reached a steady state. In this case, the main
softening mechanism was DRX, according to the
characteristics of the When the
deformation temperature was higher than 950 °C,
the flow stress increased sharply with a slight
increase in the strain (¢<0.05). After peaking, the
flow stress subsequently tended to stabilize as the
strain increased. In this case, the main softening
mechanism was DRV.

At higher strain rates (£=1-10s"), cyclic or
multi-peak flow stress occurred. This phenomenon
was called discontinuous yielding. Discontinuous
yielding has been observed in many previous
studies at higher deformation temperature and strain
rate [24,25]. It is considered to be a manifestation
of the interaction between working hardening and
DRV. As the strain rate increased, stress-oscillation
phenomena were observed, in accordance with
Figs. 2(c, d), which indicates that DRX occurred at
a certain temperature and strain rate or in an
unstable state [26].

The stress fluctuation at a strain rate of 1s~
was often related to dislocation plugging. The
dislocation plugging at grain boundaries caused by
large deformation led to stress concentration and
broke up grain boundary, which rapidly crystallized
and nucleated at high temperatures, releasing a
large amount of energy and causing a local stress
reduction. When the strain rate reached 10 s7!, the
flow instability was significant, and abrupt change
occurred. This is because at high strain rate, a large
amount of heat of deformation could not be readily
conducted, resulting in localized high temperature
and leading to inhomogeneous deformation. As
illustrated in Fig. 3, unlike in the “belly” samples at
lower strain rate, the waist crumpling phenomenon
occurred when the strain rate reached 10 s™!, which
is attributable to the greater uneven deformation
caused by the higher strain rate. This phenomenon
is also observed in some other dual-phase titanium
alloys and is unfavorable to the processing
performance [27—29].

flow curve.

1
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Fig. 3 Macroscopic morphology of Ti—6Al-4V—0.5Mo—
0.5Zr alloy samples compressed at high temperatures

Flow stress curves are affected by a variety of
deformation mechanisms. Therefore, it is difficult
to determine the specific deformation mechanisms
involved from the flow stress curves alone.

3.2 Microstructure analysis
3.2.1 Microstructure  evolution
temperature deformation

Some notable differences in microstructure
were observed between the a+f and f phase
regions after hot deformation. The radial direction
(RD) is parallel to the CD. When the deformation
temperature was 890—950 °C, a portion of the initial
equiaxed a phase and the elongated strip-like a
phase resulting from compression remained within
the micro- structure, as illustrated in Figs. 4(a—f).
Therefore, the a—f transformation was incomplete,
and the residual high-temperature a phase persisted.
The residual a phase was located along the § phase
grain boundary and became nucleation sites for a
secondary a phase that formed during cooling. As
the deformation temperature increased, the degree
of transformation to p-phase increased and the
proportion of the initial o grains gradually
decreased. Figures 4(a—d) show that the proportion
of initial grain (including deformed grain)
decreased from 67.23% to 14.77% as the
temperature rose from 890 to 950 °C. Furthermore,
an increase in the strain rate resulted in a higher
proportion of a grain that remained partially
transformed, as depicted in Figs. 4(d—f). This can
be attributed to the excessive strain rate at a specific
temperature, which resulted in a relatively short
transition period and an incomplete phase
transformation. In a + f region, long strips of a
grain fractured to form parts of fine approximate
equiaxial a phase, as shown in Fig. 4(c).

A finer microstructure was observed at the
deformation temperature ranged of 970—1030 °C, as
depicted in Figs. 4(g—1). Therefore, a higher
magnification was required to compare the

during  high

microstructures in a + f and f phase regions. For
this temperature range, the microstructure initially
consisted of fine-sheet a phase. However, when the
temperature  exceeded the phase transition
temperature, the alloy underwent a complete a—f
transition, and the § phase became dominant during
deformation. Upon cooling, a significant number of
elongated a phase lamellar precipitated from the S
phase grain boundary, which contributed to the
structure of the f transformation along with the
remaining S phase [30].

Figure 4(k) shows fine equiaxed primary S
which suggests that DRX was the
deformation mechanism under these conditions.
Conversely, Fig. 4(j) shows larger equiaxed f grains.
This can be attributed to higher temperature and
lower strain rate, which provided additional energy
and sufficient time for grain growth. The emergence
of elongated serrated grain boundary, shown in
Figs. 4(g—h), can be ascribed to the DRX of f grain,
the subsequent growth of the recrystallized grains,
and the nucleation of grain boundaries in an
arch-like manner. In general, DRX improves the
fluidity and thermal workability of a metal by
causing softening and the formation of fine
equiaxed grains during thermal deformation. The a
phase in titanium alloys with hcp crystal structures
exhibits limited plasticity. While, the § phase with
body-centered cubic crystal structures has good
plasticity. During hot working at elevated
temperature, an increased f phase content results in
a reduction in deformation resistance. This is
beneficial for the hot working of Ti—6Al-4V—
0.5Mo0—0.5Zr. In summary, DRV and DRX occur in
the o + f phase region during thermal deformation.
These processes enhance the dynamic softening
compared to the deformation in f phase region. In f
phase DRV is the primary thermal
deformation mechanism, yielding a thermal
activation energy similar to that found in other
titanium alloys [31,32].

3.2.2 Fragment of lamellar a

As depicted in Fig.5, at the deformation
temperature of 910 °C, small a phase sphere or
block-like grain formed chain structure under the
different strain conditions. This suggests that the
strip-like a phase underwent bending and fracturing
during deformation. With an increase in strain rate,
the proportion of bent and twisted o phase strips

grain,

region,
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Fragment of lamellar a

Curved grain boundary

l

DRX f grains

l

DRX p grains

Fig.4 SEM images of Ti—6Al-4V—0.5Mo—0.5Zr alloy samples deformed under different deformation conditions: (a) 7=
890 °C, £=0.01s7%; (b) =910 °C, £=0.01s""; (c) 72930 °C, £=0.01s"%; (d) =950 °C, £=0.01s7"; (e) =950 °C,
£=0.1s71 (f) =950 °C, £=10s""; (g) 7=970 °C, £=0.01s7"; (h) 7=990 °C, £=0.01s7"; (i) 7=1010 °C, £=0.01s7";
() T=1030 °C, £=0.01s"; (k) 7=990 °C, &=1s71 (1) =990 °C, £=105s"!

gradually decreased, whereas the proportion of  Measuring the length of grain in the observed area
fragmented fine o increased. In accordance with using the Image-Pro Plus software revealed that the
Figs. 5 and 6, the number of long a-phase strips average grain length decreased from 15.5679 to
decreased significantly with increasing strain rates. 8.3437 um with an increase in the strain rate, which
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0.5Zr alloy samples deformed at 910 °C and different
strain rates: (a) £=0.01s";(b) £=1s"!(c) £€=10s"

is because a large amount of laminated o phase
underwent  bending fracture after thermal
deformation at high strain rates, forming an
approximately equiaxial o phase. In the
investigation of the thermal deformation of some
dual-phase titanium alloys [33], numerous twisted
strip grains were observed at 900 °C. Nevertheless,
no distinct a strip phase fragment occurred. A

previous study showed that the lamellar a phase is
more likely to undergo bucking and kinking at high
strain rates [17]. As illustrated in Fig. 5, the residual
lamellar o phase is mostly perpendicular to the CD,
and a buckle or even a fracture is more likely to
occur when the striated grain is close to the CD.

007 — &0.015s7",
0.06 - average length: 15.5679 pum
’ &=1s7]
0.05F average length: 14.5098 um
5 &105s7,
£ 0.041 average length: 8.3437 um
s
= 0.03
0.02
0.01F
O M 1 N W | | |
| I o n
LT (RN | !

0 20 40 60 80 100 120
Length of stripped grains/um

Fig. 6 Length distribution of stripped grain at 910 °C and

different strain rates

WANG et al [34] proposed that softening
behavior (such as DRX) originated from plastic
deformation near grain boundary and the local
accumulation of high strain energy caused by
lamellar bending. Figure 7(b) shows lots of fine
grains at the intersections of the grain boundary of
the strip-like phase, which indicates that DRX
started at grain boundary. Furthermore, as the strain
rate increased, the strip-like phase became more
twisted and fractured, as demonstrated in Fig. 5,
which further increased the softening degree. The
observations of the softening stages depicted in the
stress—strain curve are shown in Fig. 2.

3.2.3 Dynamic recrystallization behavior

EBSD analysis was used to characterize the
microstructure of the alloy deformed under different
conditions for  revealing  recrystallization
mechanism. The EBSD maps are represented in
Fig. 7. Figures 7(b) and (e) show more refined
grains containing HAGBs. Furthermore, there are
more HAGBs than LAGBs, which suggests that
most of fine grains appear through DRX. The fine
DRX grains are concentrated at the edge of the
large deformed grain, which indicates that DRX
begins at the large deformed grains. Referring
to Figs.7(h) and (k), when the deformation
temperature was higher than o/f transition
temperature, the a phase with plate-like or clustered
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Fig. 7 EBSD microstructure analysis results of Ti—6Al-4V—0.5Mo—0.5Zr alloy samples at different temperatures and

strain rate of 10 s™!: (a, d, g, j) Microscopic morphology maps; (b, €, h, k) IPF maps; (c, f, i, ]) Misorientation angle

distribution charts

structure precipitated within £ grain after cooling.
In addition, there are some spherical and short
rod-shaped fine grains. By combining these
observations with the results depicted in

Figs. 8(c, d), it can be deduced that these fine grains
are recrystallized grains that formed via DRX of the
previously precipitated intragranular plate-like o
phase.
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Fig. 8 Recrystallized fraction maps of Ti—6Al-4V—0.5Mo—0.5Zr alloy samples deformed at different temperatures and

strain rate of 10 s! (Green covered area meaning DRX part (GOS value <1.6°), white covered area meaning deformed
part (GOS value >1.6°)): (a) 7=890 °C, £=10s""; (b) 7=930°C, £=10s""; (c) T=970 °C, £=10s""; (d) T=1030 °C,

£=10s"!

The misorientation angle distribution charts
are also illustrated in Fig. 7. At deformation
temperatures of 890 and 930 °C, the proportions of
LAGBs were 31.71% and 19.62%, respectively.
Moreover, a quantity of initially deformed o grains
with  substructure emerged significantly. At
deformation temperatures of 930, 990, and 1030 °C,
the peaks in the orientation distribution angles
appeared at specific positions (55°—65° and
85°-90°). These peaks corresponded to the HAGBs
between the o variants formed through the
transformation of the same or different f phase
grains [35—38]. The o variants represent the a phase
cluster that formed via the f—a transformation
within the original § grain.

The microstructure evolution during hot
deformation process was elucidated based on EBSD
observation. In particular, variations in the internal
orientation angle distributions were employed to
differentiate between recrystallized and deformed
grain within the alloy. The grain orientation spread
(GOS) that refers to the average difference between
the average crystal orientation and all the measured
grain orientation, can be expressed as [39]

I | trace[gavehig[q—l
GOS=—Z min| cos” 2
N‘O 2

where N is the number of measured points in a
certain grain, 4 represents one measured point, Zave
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is the average orientation of grain, g’ is the
orientation measured at Position 4, and A; is the
minimum misorientation angle between average
orientation and measurement Point 4. It can be
obtained that the GOS parameters are essentially
independent of step size as long as several
measurements are performed within the grain,
making it an ideal measurement method for
determining the proportion of recrystallized
structure. The GOS approach is based on the
principle that the grain orientation spread of the
DRX grain is lower than that of the deformed grain.
DRX grains, with their reduced dislocation density,
typically result in low GOS values. Combined with
the GOS statistics function in the EBSD data
analysis software, a GOS threshold of 1.6° was
determined to distinguish DRX grains from
deformed grains.

The DRX region can be delineated according
to the GOS threshold obtained from Eq.(2)
combined with the EBSD analysis software, as
shown in Fig. 8. Fine DRX « grains were observed
under different deformation conditions. The
deformed microstructure in a+f phase region
exhibited DRX volume fractions of 32.72%
(T=890 °C, £=10s"") and 45.40% (T=930°C, &
=10s"), as depicted in Figs.8(a) and (b),
respectively. In conjunction with the rheological
curve, this indicates that under these conditions, the
DRX of the initial phase is the predominant
mechanism of dynamic softening. By comparison,
in the f phase region, the volume fractions of
the secondary a clusters that underwent DRX
were 17.21% (7=970°C, £=10s") and 13.44%
(T=1030 °C, £=10s""), as shown in Figs. 8(c) and

LAGBs
HAGBs

Misorientation/(°)

495

(d), respectively. In this case, the DRX of the
secondary a clusters was not predominant. Finally,
as shown in Fig. 4, the original § phase also
underwent DRX at high temperatures.

Continuous dynamic recrystallization (CDRX)
usually occurs in alloys with high stack fault
energy, and it is typically accompanied by DRV
and the transition from LAGs to HAGs [40].
Furthermore, CDRX occurs through the gradual
rotation of subgrain adjacent to pre-existing grain
boundary, which produces a significant gradient in
the boundary orientations from the center to the
edge of the previous grain. Therefore, it is possible
to determine whether the cumulative orientation
angle is greater than 15° [41,42]. Figure 9 shows
the EBSD map at a deformation temperature of
890 °C and strain rate of 10s™'. In this context,
“point-to-point” misorientation indicates local
misorientation differences, whereas ‘“point-to-
origin” misorientation represents the cumulative
misorientation measured from a fixed reference
point.

Referring to Fig. 9(a), the large deformed grain
was divided into subgrain by subgrain boundary.
Moreover, as referenced in Fig. 9(b), the cumulative
orientation angle from the center Point 4 to the
edge Point B of the large grain was 17°, indicating
that the progressive subgrain process inside the
grain was more active. The “point-to-point”
misorientation, observed at distance of 1.56 and
7.35 um from Point 4, shows a peak misorientation
of 6°. This suggests that the orientation distribution
difference changed abruptly at the subgrain
boundary, while it remained relatively stable within
the grain themselves. The accumulated dislocation

18 | (b)
16 ——Point-to-point
14+ ——Point-to-origin
12 +
10 +

gl

6 -

4l

2 L

0 L 1 1 I 1 1 1 1 1 1 i

01 23 45 6 7 8 910

Distance/um

Fig. 9 DRX mechanism of Ti—6Al-4V—0.5Mo—0.5Zr alloy (7=890 °C, £=10s""): (a) EBSD map; (b) Misorientation
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at subgrain boundary underwent a transition from
LAGs to HAGs, which is typical CDRX [43]. This
phenomenon became more pronounced during the
deformation in a + f§ phase region.

4 Conclusions

(1) The stress began to display more noticeable
oscillation with an increase of strain rate. In a +f
phase region, the flow stress initially increased with
increasing strain until it reached a peak, beyond
which it decreased until a steady state, this was
related to the DRX. In f phase region, the flow
stress reached a peak and then gradually stabilized
as the strain increased. This was attributed to the
combined effects of work hardening and DRV.

(2) In a+p phase region, the oa—f
transformation was incomplete. As the deformation
temperature increased, the extent of transformation
to S phase also increased, resulting in a gradual
reduction in the initial proportion of a grain. In f
phase region, DRV was the primary thermal
deformation mechanism. The fragment degree of
stripe a phase increased with the strain rate at
910 °C.

(3) In a + f phase region, distinct CDRX of a
grain and lamellar fragment occurred during
deformation. In § phase region, DRX of f grain
occurred, and the lamellar o phase initially
precipitated within f grain, which subsequently
underwent DRX. The volume fraction of the
secondary a cluster where DRX occurred at
temperature up to 1030 °C was less than 20%.
Therefore, the DRX of secondary a cluster was not
dominant.
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