
Investigating the hot deformation behavior of Ti6Al4V alloys produced by
powder metallurgy and forging

Yu Pana,*, Xinjing Wanga, Guanghao Shib, Jianbo Tongc, Jinshan Zhanga, Xin Lua,**

a Institute of Engineering Technology, National Engineering Research Center for Advanced Rolling and Intelligent Manufacturing, University of Science and Technology
Beijing, Beijing, 100083, China
b China Aerospace Science and Technology Hunan Power Machinery Research Institute, Zhuzhou, 412002, China
c Key Laboratory of Advanced Titanium Alloys, AECC Beijing Institute of Aeronautical Materials, Beijing, 100095, China

A R T I C L E I N F O

Keywords:
Powder metallurgy
Forged metallurgy
DRX
Hot workability
Microstructural evolution

A B S T R A C T

Powder metallurgy (PM), as an advanced manufacturing method, offers different microstructures and mechan-
ical properties for titanium (Ti) alloys compared to forging metallurgy (FM). Therefore, investigating the hot
deformation behaviour of PM and FM Ti alloys is of great significance. Herein, we systematically study the hot
workability and hot deformed microstructure of PM and FM Ti6Al4V alloys deformed at 1000 ◦C–1200 ◦C and
0.01 s− 1~10 s− 1 strain rates, so as to compare the different hot working properties. The true stress-strain curves
were drawn through the isothermal compression tests, and the constitutive equations as well as hot processing
maps of PM and FM alloys were further constructed. Results show that the PM alloy displays smaller hot
deformation resistance, larger hot working safe zone and smaller instable zone when compared with FM alloy.
PM alloy has higher dynamic recrystallization (DRX) degree. In DRX process, the PM alloy was dominated by
discontinuous dynamic recrystallization (DDRX), while the FM alloy was dominated by continuous dynamic
recrystallization (CDRX). This work reveals the difference between PM and FM Ti6Al4V alloys in hot deformation
behavior and hot working properties, and further explains the underlying deformation mechanism.

1. Introduction

Titanium (Ti) and its alloys are widely used in aerospace, bio-
materials, and marine fields due to their excellent strength, high-
temperature resistance, corrosion resistance, and biocompatibility
[1–3]. Since its inception, the Ti industry has focused on improving the
manufacturing technology to optimize part quality and reduce produc-
tion costs. FM technology is the main preparation method for Ti alloys
[4,5]. However, the fabrication of Ti alloys by FM technology is chal-
lenging due to their complicated process and uneven microstructure,
which seriously limits the cost and mechanical properties of FM parts.
PM technology has the advantages of near-net-shape attributes, high
material utilization levels, and chemically homogeneous microstruc-
tures, which provides an attractive method for manufacturing Ti alloys
[6–10].

Unfortunately, defects such as insufficient density and coarse grain
seriously affect the ductility and toughness of PM alloys, which seriously
restricts the application of PM alloys. Therefore, it is necessary to

develop subsequent processes to eliminate the sintering defects and
further improve the material properties. The secondary hot deformation
is an efficient method to optimize the microstructure of PM alloys. The
pores in the microstructure are closed and the coarse grains are broken
into fine grains after hot deformation [11–13]. DRX and dynamic re-
covery (DRV) are important mechanisms leading to grain refinement
[14–16]. The kinetic constitutive analysis reflects the quantitative
relationship between flow stress and thermodynamic parameters, and
can directly describe the hot deformation behavior of materials [17].
The hot processing map can be used to optimize their machining process
and machinability [18]. This tool plays a crucial role in exploring the
high-temperature deformation mechanisms of Ti alloys. Zhao QY et al.
[19] found that the dynamic α precipitation mechanism of ingot met-
allurgy (IM) Ti-5553 alloy is diffusion spheroidization and coarsening,
and extensive DRX occurs at 900 ◦C–1050 ◦C. Chen XW et al. [20]
identified the optimal hot working windows for the FM Ti-6Al-4V alloy
in the α+β phase zone as the first domain (840–920 ◦C/0.01–0.049 s− 1)
and the second domain (940–980 ◦C/0.11–1.65 s− 1). Park NK et al. [21]
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employed the dynamic materials model (DMM) to confirm that the
dominant deformation mechanism of the FM Ti-6Al-4V alloy in the α+β
phase region is DRV, while the unstable deformation is attributed to the
flow localization and dynamic grain growth of the transformed β phase,
respectively. However, most of the current researches focus on the hot
deformation characteristics of traditional FM Ti alloys [22–24].
Comparatively, PM Ti alloys possess more uniform and finer micro-
structure when deformed in the β single-phase zone due to the stable
microstructure obtained through high-temperature sintering [25,26],
which may change the deformation processing window. Therefore, it is
of great significance to explore the hot deformation behavior and
microstructural evolution of PM Ti alloys in the β single-phase zone.
Comprehensive comparison of deformation mechanism differences be-
tween PM and FM Ti alloys, and establishing the optimal processing
windows for PM Ti alloys is essential for practical engineering
applications.

In this paper, the hot deformation behaviors of PM and FM Ti6Al4V
alloys were systematically investigated, and the differences in hot pro-
cessing maps and hot working properties were determined by analysing
microstructural evolution. This work reveals the differences and un-
derlying mechanisms of the hot deformation behaviors between PM and
FM Ti6Al4V alloys.

2. Experimental procedures

The PM alloy was produced by pressureless sintering route. The raw
materials were hydride-dehydride (HDH) Ti6Al4V powders
(D50 = 27.67 μm, 0.20 wt% O) supplied by the Tian Tai Long Metal
Materials Co., Ltd. China. The commercially available FM alloy is sup-
plied by the Dongguan Huijing Metal Materials Co., Ltd. China. The
preparation of PM alloy mainly includes two parts: Firstly, the raw
powders were compacted by cold isostatic pressing at 250 MPa with
silicone envelope for 1 min. Secondly, the samples were sintered in a
tube furnace under the protection of high-purity argon atmosphere
(99.999% purity) with the heating rate of 5 ◦C/min to 1000 ◦C and 2 ◦C/
min to 1300 ◦C. After holding at 1300 ◦C for 2 h, it began to cool to
800 ◦C at a rate of 5 ◦C/min. Finally, the PM alloy was obtained after
cooling to room temperature. Table 1 shows the specific chemical
compositions of PM and FM alloys. In addition, some samples cut from
PM and FM alloys were heated to 1100 ◦C, then immediately water-
quenched.

The samples used in isothermal compression tests are cut from the
middle area of PM and FM alloys, and then machined into smooth sur-
faces with electric spark cutting to φ8 × 12 mm. The isothermal
compression tests were carried out on the Gleeble-3500 thermal testing
machine. Considering the β-transus temperature of Ti6Al4V alloy and
practical hot-working temperature ranges of PM alloys [27,28], the
testing temperatures were selected as 1000 ◦C, 1100 ◦C, and 1200 ◦C,
the strain rates are 0.01 s− 1, 0.1 s− 1, 1 s− 1, and 10 s− 1, and the maximum
deformation is 70 %. Before compression, the graphite foils and
tantalum plates were coated between the end face of sample and
extrusion head to increase conductivity. The samples were heated at
10 ◦C/s and held for 3 min. After isothermal compression testing, the
samples were immediately water-quenched. Three samples were used
for parallel experiments under each condition. The quenched samples
after cooling were machined and analyzed along the compression
direction.

The microstructures of deformed samples were observed using a
confocal laser scanning microscope (OLS4100, Japan). The grain

structure, DRX grain distribution, and grain boundary misorientation
angle of the deformed samples were studied using electron backscatter
diffraction (EBSD, FEI Quanta 450F, USA). The samples were electro-
polished at − 20 ◦C and 25 V. The as-compressed microstructure was
analyzed by transmission electron microscope (TEM, Tecnai G2 F20,
USA). TEM foil samples of PM and FM alloys were fabricated by ion
beam thinning.

3. Results

3.1. Initial microstructures

Fig. 1 presents the initial microstructures of PM and FM alloys. The
PM alloy shows a typical Widmanst€atten structure (Fig. 1a–d). The α
phase is presented along the grain boundaries, while the interior of the
grains consists of elongated α plates and interlamellar β phase. The grain
size is relatively coarse (Gavg = 31.3 μm), which conforms to the char-
acteristics of PM alloy cooling slowly at high temperature. The inverse
pole figure (IPF) in Fig. 1c displays the irregular grain morphologies and
randomly distributed grain colors. The FM alloy displays a lamellar
structure, and the grain boundary presents obvious irregular charac-
teristics, as many plate-like β phases are distributed in the irregular α
grains. The α grains are elongated in the forging process. In addition, a
certain amount of equiaxed α grains are distributed around the
deformed grains (Fig. 1e–f). The IPF image in Fig. 1g displays the rela-
tively smaller grain size (Gavg = 4.98 μm) for FM alloy.

3.2. Stress-strain curves of high-temperature compression

Fig. 2 shows the true strain-stress curves of PM and FM alloys under
different hot working parameters. The flow stress (σ) of PM and FM
alloys both decreases with the increase of deformation temperature and
the decrease of strain rate ( _ε). During this process, the work hardening
and dynamic softening jointly affect the flow behaviors of alloys [29,
30]. As shown in Fig. 2a–b and d-e, those curves initially rise with
increasing strain at the beginning of compression for both PM and FM
alloys. With the increase of strain, the flow stress drops to the
steady-state value. For Fig. 2c and f, some curves initially rise and then
fall with increasing strain. It is noteworthy that this phenomenon dis-
appears in the FM alloy at the strain rates above 0.1 s− 1, whereas it
persists in the PM alloy even at the strain rate of 10 s− 1. This suggests
that the softening mechanism present in the PM alloy predominates over
work hardening at high strain rates.

3.3. Kinetic analysis of hot deformation process

The deformation activation energy Q directly reflects the hot
deformation resistance of materials [31,32]. The value of Q can be
expressed as shown below:

έ=A
[

sin h(ασ)n exp
(

−
Q

RT

)

(1)

where A, n and α are the constants, T is the temperature (K), R is the gas
constant (8.314 J mol− 1 K− 1). Under the condition of hot deformation,
the constitutive equation can also be expressed by exponential equation
and power function:

έ=B1σn (2)

έ=B2 exp(βσ) (3)

Taking the logarithm of equations (2) and (3):

ln έ= ln B1 + n1 ln(σ) (4)

ln έ= ln B2 + βσ (5)

Table 1
Chemical compositions of PM and FM Ti6Al4V alloys (wt.%).

Raw materials Ti O Al C V H N

PM alloy Bal. 0.27 6.01 0.027 4.08 0.018 0.023
FM alloy Bal. 0.20 6.2 0.1 4.1 0.015 0.05

Y. Pan et al. Progress in Natural Science: Materials International 36 (2026) 131–142

132



where α = β/ n1, B1 and B2 are constants. By linear fitting the peak
stresses and corresponding strain rates of PM and FM alloys, the relation
curves of σ-ln ( _ε) and ln(σ)-ln ( _ε) are shown in Fig. 3. Both materials are
suitable for solving the constitutive equation by least squares linear
regression. According to equations (4) and (5), the slopes of two curves
are n1 and β, respectively. It can be calculated from Fig. 3a–b that the
average values of β and n1 are 0.213 and 9.440. From Fig. 3c–d, the
values of β and n1 of FM alloy are calculated to be 0.233 and 9.615. Thus,
the α values of PM and FM alloy are determined as 0.022 and 0.024,
respectively.

The Q value can be expressed from equation (1), as shown below:

Q=R⋅
∂ln έ

∂ln(sin h(ασ))
⋅
∂ln(sin h(ασ))

∂ln(1=T)
= R⋅n⋅n2 (6)

The relation curves of ln(sinh(ασ))-1000/T and ln ( _ε)-ln(sinh(ασ)) are
shown in Fig. 4. The slopes of two curves are n and n2/1000, respec-
tively. From Fig. 4a–b, the average values of n and n2/1000 of PM alloy
are 4.02 and 3.16, respectively. By linear fitting to Fig. 4c–d, the average
values of n and n2/1000 of FM alloy are 4.22 and 3.55, respectively.
Thus, the Q values of PM and FM alloys are 105.61 kJ mol− 1 and
124.55 kJ mol− 1, respectively.

From equation (1), the A values can be obtained according to the Q,
R, T, and n, as shown in Table 2. The relationship between temperature
and A value was fitted as a power function (Fig. 5). Finally, the consti-
tutive equations of PM and FM alloys can be presented as:

PM alloy: έ = A
[

sin h(0:02σ)3:45 exp
(

− 1:2×105
RT

)

, A = 4:9×

10− 17 exp
(

− T
25:25

)

+ 5:5× 104 FM alloy: έ = A
[

sin h(0:02σ)3:16 exp
(

−

2:5×105
RT

)

, A = 5:5× 10− 5 exp
(

− T
26:22

)

− 6:5× 1011

3.4. Hot processing map

In the DMM, the input external force P in the deformation process
mainly has two parts [33,34]:

P=σέ = G + J =

∫ έ

0
σdέ+

∫ σ

0
έdσ (7)

where G and J represent the power dissipation of energy in the form of
heat and microstructure change, respectively. The use of power dissi-
pation coefficient in hot processing can define the energy utilization rate

Fig. 1. The microstructure of the PM (a–d) and FM (e–h) alloys: (a) (e) SEM image; (b) (f) Phase fraction of α phase and β phase; (c) (g) IPF map; (d) (h) Grain size
distibution.

Fig. 2. True stress-strain curves of Ti6Al4V alloys. PM alloy: (a) 1000 ◦C; (b) 1100 ◦C; (c) 1200 ◦C; FM alloy: (d) 1000 ◦C; (e) 1100 ◦C; (f) 1200 ◦C.
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of materials, defined as η, as shown below:

η=
J

Jmax
=

2m
1 + m

(8)

where m is strain rate sensitive index, which can be expressed by
equation (9):

Fig. 3. Relationships between the stable flow stress and strain rate. PM alloy: (a) σ-ln ( _ε); (b) ln(σ)-ln ( _ε); FM alloy: (c) σ-ln ( _ε); (d) ln(σ)-ln ( _ε).

Fig. 4. Relationships between the stable flow stress and variations of strain rate and temperature. PM alloy: (a) ln(sinh(ασ))-1000/T; (b) ln ( _ε)-ln(sinh(ασ)); FM alloy:
(c) ln(sinh(ασ))-1000/T; (d) ln ( _ε)-ln(sinh(ασ)).

Table 2
A values of the two alloys at different temperatures.

Temperature/◦C PM alloy FM alloy

1000 5.55 × 104 1.37 × 1012

1100 5.59 × 104 9.11 × 1013

1200 7.69 × 104 4.16 × 1015
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m=
∂J
∂G

=
έ∂σ
σ∂έ

=
∂(ln σ)
∂(ln έ)

(9)

Prasad Y.V.R.K et al. [35,36] proposed the condition of material
plastic deformation instability:

ξ(έ)=
∂ln

(
m

m+1

)

∂ln έ
+ m< 0 (10)

Therefore, the hot processing maps of PM and FM alloys are con-
structed, as shown in Fig. 6a–b, respectively. According to Ref. [37], the
region that η values are greater than 0.4 is considered to be the
reasonable hot working window. Thus, the PM alloy has larger safe
processing window than that of FM alloy (Fig. 6). By comparison, the
optimal zone (η ≥ 0.4) for PM alloy is the 1025 ◦C–1200 ◦C/0.01
s− 1~0.1 s− 1 (Fig. 6a), while the optimal zone for FM alloy is only the
1000 ◦C–1050 ◦C/0.01 s− 1~0.56 s− 1 (Fig. 6b). Additionally, the instable
zone is showed as the shade region in Fig. 6. It is known that the PM
alloy exhibits smaller instable zone when compared to FM alloy
(1000 ◦C–1040 ◦C/1 s− 1~10 s− 1 vs. 1000 ◦C–1070 ◦C/0.56 s− 1~10 s− 1).
Additionally, Fig. 7 presents the hot processing maps at different strain
levels, illustrating a clear trend of shrinking safe processing zones for
both alloys as strain increases. In comparison, the PM alloy exhibits a
larger safe zone and a relatively smaller instable zone than the FM alloy
in Fig. 7a–f. This is also consistent with the observations in Fig. 6. It is
noteworthy that the safe processing zone of the FM alloy gradually in-
creases under high-temperature and low-strain-rate conditions, whereas
that of the PM alloy decreases. This divergent behavior can be likely
attributed to their distinct strain softening mechanisms.

Furthermore, the macroscopic morphologies of all specimens after
compression testing are shown in Fig. 8. It is evident that cracking tends
to occur under the condition of low temperature and high strain rate.
Specifically, the FM alloys crack at the processing window of
1000–1100 ◦C and 1-10 s− 1, while the PM alloys crack at only 1000 ◦C
and 1-10 s− 1. These observations are corresponding to the predictions of

hot processing maps in Figs. 6 and 7. PM billets are typically precision-
forged with a deformation strain of ≤50 % [38,39]. Therefore, the
appropriate hot working parameters are determined as
1000–1150 ◦C/0.01–0.14 s− 1 and 1150–1200 ◦C/0.14–10 s− 1 for PM
alloy. Comparatively, the FM alloy need the suitable parameters of
1000–1030 ◦C/0.01–0.37 s− 1, 1170–1200 ◦C/0.01–0.03 s− 1 and
1170–1200 ◦C/2.7–10 s− 1 under the same strain.

3.5. Microstructural evolution

Fig. 9 shows the deformed microstructure of PM and FM alloys in
their respective instable and safe zones. For the PM alloy deformed at
1000 ◦C/10 s− 1, there are some unevenly deformed α precipitation
bands in instable zone (Fig. 9a). It is worth noting that the shear bands
(angle of 45◦ with the matrix) are observed for PM alloy (Fig. 9b). In
addition, the acicular martensite α′ phase formed during the rapid
cooling is also found. For the FM alloy deformed at 1000 ◦C/10 s− 1,
coarse grains can be seen in Fig. 9e, indicating that the α grains are
rapidly spheroidized and grow up in instable zone [40]. Furthermore,
the combined effects of rapid deformation and cooling lead to the for-
mation of numerous discontinuous β-phase particles, which even
agglomerate into clusters (Fig. 9e and f). For the PM alloy deformed at
1100 ◦C/0.01 s− 1, there are many lathy β grains and fine α grains along
the deformation direction (Fig. 9c and d). Compared with PM alloy,
some DRV features are obviously shown in FM alloy deformed at
1100 ◦C/0.01 s− 1, such as irregular and serrated border β grains (Fig. 9g
and h). Due to the high temperature and rapid cooling, acicular
martensite α′ phase is found in the grain [41].

The deformation microstructure in the instable zone and safe zone
are analyzed using EBSD. Fig. 10 shows the IPF maps and DRX distri-
bution maps of PM and FM alloys deformed at 1000 ◦C/10 s− 1 and
1100 ◦C/0.01 s− 1. According to the grain orientation spread (GOS)
values, the microstructure can be divided into DRX grains, substructures
and deformed grains, which are marked with blue, yellow, and red,

Fig. 5. Relationships between the A values and temperatures for (a) PM and (b) FM alloys.

Fig. 6. The hot processing maps of PM (a) and FM (b) alloys at peak stress. The inner areas of the red dashed lines represent the safe zones and the grey-shaded
regions represent the instable zones.
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respectively. As shown in Fig. 10a–b, the microstructure of PM alloy
deformed at 1000 ◦C/10 s− 1 is mainly composed of α lamellar (αL) and
few DRX grains. Compared with the safe zone, the decomposition of αL
and deformed grains are promoted by the low strain rate (Fig. 10c).
From Fig. 10c–d, the PM alloy has a large number of fine DRX grains. In
addition, the grain size is more uniform than that of FM alloy deformed
at 1000 ◦C/10 s− 1. For FM alloy (Fig. 10e), the microstructure is mainly
lamellar. From Fig. 10f, the proportion of deformed grains is relatively
high while the DRX is low. For FM alloy deformed at 1100 ◦C/0.01 s− 1,

the grain size is obviously coarsened (Fig. 10g), and the degree of DRX
increases significantly compared with the instable zone. Moreover, the
proportions of DRX grains and deformed grains for PM alloy (1000 ◦C/
10 s− 1) are 13.5 % and 11.9 % (Fig. 10b), respectively. For comparison,
the respective proportions of FM alloy (1000 ◦C/10 s− 1) are 9.3 % and
33.0 % (Fig. 10f). For the PM alloy deformed at 1100 ◦C/0.01 s− 1, the
proportion of DRX grains is 24.2 % (Fig. 10d). However, the proportion
of DRX microstructure for FM alloy (1100 ◦C/0.01 s− 1) is relatively
small, at only 15.02 % (Fig. 10h).

Fig. 7. The hot processing maps of PM (a–c) and FM (d–f) alloys. PM alloy: (a–c) ε = 0.2, 0.5, 0.8; FM alloy: (d–f) ε = 0.2, 0.5, 0.8. The inner areas of the red dashed
lines represent the safe zones and the grey-shaded regions represent the instable zones.

Fig. 8. Stereoscopic microscopic morphologies of the samples after hot compression testing.
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The dislocation density distributions for PM and FM alloys deformed
at 1000 ◦C/10 s− 1 are shown in Fig. 11. The local misorientation values
in Kernel Average Misorientation (KAM) map are divided into low
dislocation density (0–1), medium dislocation density (1–2) and high
dislocation density (2–5). Comparing with the previous IPF maps
(Fig. 10b and f), it is found that DRX is mainly prone to occur in the areas
with low dislocation density. The dislocation density is relatively
concentrated in the deformed structure of FM alloy (1000 ◦C/10 s− 1)
when compared with PM alloy deformed at 1000 ◦C/10 s− 1. In addition,
Fig. 12 studies the grain boundary information of PM and FM alloys
deformed at 1100 ◦C/0.01 s− 1. Results show that the low angle grain
boundary mainly exists in the deformed grains with incomplete DRX,
resulting in the formation of subgrains [42]. For PM alloy, the orienta-
tion difference angle of the nuclei is significantly higher than that of FM
alloy (87.1% vs. 68.6 %), as shown in Fig. 12b and d. In addition, the PM
alloy exhibits a more homogeneous distribution of grain boundary an-
gles compared to the FM alloy.

The different DRX mechanisms of PM alloy (1100 ◦C/0.01 s− 1) and
FM alloy (1100 ◦C/0.01 s− 1) are further observed by TEM. For PM alloy,

there are obvious DRX grains appear at the junction of β grains
(Fig. 13a), which are determined as α-Ti (Fig. 13a1). Subsequently, the
growth of DRX grains (Fig. 13b) is caused by the migration and expan-
sion of prominent HAGBs (Fig. 13c). Furthermore, dislocation plugging
in the β matrix near HAGBs is significantly higher than that in DRX
grains (Fig. 13c and d). Fig. 13f shows the well-grown DRX grain
morphology, which has no internal dislocations. For FM alloy, DRX
grains are formed inside β grains, and the grown DRX grains are sur-
rounded by obvious HAGBs (Fig. 13e), which were transformed from
vague LAGBs [43,44]. As shown in Fig. 13f, DRX grains are surrounded
by a large number of dislocations and sub-grains. Meanwhile, there are
many dislocations in DRX grains, but the dislocation density is signifi-
cantly higher than that in DRX grains of PM alloy. These results indicate
that the nucleation of DRX grains in FM alloys is due to the merger of
subgrains, with the conversion of aggregated LAGBs to HAGBs. As the
selected area electron diffraction (SAED) images shown in Fig. 13g1-g2,
the bright phase (point 2) is hexagonally structured α-Ti, and the dark
phase (Fig. 13g) is determined to be the β-Ti phase (point 3).

Fig. 9. OM images of the PM and FM alloys. PM alloy: (a) 1000 ◦C/10 s− 1; (b) Magnified image of (a); (c) 1100 ◦C/0.01 s− 1; (d) Magnified image of (c); FM alloy: (e)
1000 ◦C/10 s− 1; (f) Magnified image of (e); (g) 1100 ◦C/0.01 s− 1; (h) Magnified image of (g).

Fig. 10. IPF maps and DRX maps of the PM and FM alloys. PM alloy: (a), (b) 1000 ◦C/10 s− 1; (c), (d) 1100 ◦C/0.01 s− 1; FM alloy: (e), (f) 1000 ◦C/10 s− 1; (g), (h)
1100 ◦C/0.01 s− 1.
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4. Discussion

4.1. Deformation mechanisms

The DRX grains of PM alloy are mainly formed at the grain boundary

with an equiaxed structure (Fig. 10c–d), while the DRX grains of FM
alloy are mainly nucleated inside the grain boundary (Fig. 10g–h). It
should be noted that the dislocation density in the DRX grain in FM alloy
is higher than that of PM alloy (Fig. 11), indicating that the different
DRXmechanism for the two alloys. To further compare the differences in

Fig. 11. KAM maps (a, c) and dislocation density distribution maps (b, d) of the PM (a, b) and FM (c, d) alloys deformed at 1000 ◦C/10 s− 1.

Fig. 12. Grain boundary misorientation angles (a, b) and distributions maps (c, d) of PM (a, c) and FM (b, d) alloys deformed at 1100 ◦C/0.01 s− 1.

Y. Pan et al. Progress in Natural Science: Materials International 36 (2026) 131–142

138



DRXmechanisms between the two alloys, Fig. 14 shows the variations of
the misorientation angle (MA) calculated on the piecewise images in
Fig. 10c and e. TheMA of PM alloy are both below 4.0◦. For FM alloy, the

internal orientation of DRX grain changes significantly. At this time,
HAGBs has not been fully formed [45–47], and the MA of FM alloy are
greater than 8◦ and 9◦, respectively. Therefore, the subcrystal rotation of

Fig. 13. TEM observations of PM (a–d) and FM (e–g) alloys. (a–d) bright field images; (a1) SAED pattern of point 1. (e–g) bright field images; (g1)-(g2) SAED pattern
of points 2 and 3.

Fig. 14. Segment enlarged IPF maps and variations of MA values. (a) Segment enlarged IPF map of PM alloy; (b), (c) MA values along the arrows of A1 and A2,
respectively; (d) Segment enlarged IPF map of FM alloy; (e), (f) MA values along the arrows of B1 and B2, respectively.
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FM alloy plays an important role for the formation of DRX grains
compared with PM alloy.

From the above analysis of Figs. 13 and 14, the DRX mechanism in
PM alloys is DDRX. It can be inferred from Fig. 13 that the grain
boundaries of the deformed grains provide nucleation locations for the
DRX grains. The existence of deformation strain energy induces HAGBs
to migrate [48]. During this migration, subgrains do not undergo sig-
nificant rotation, while dislocations in the adjacent regions are contin-
uously absorbed [49]. This is consistent with Fig. 7a–c, which show that
the PM alloy has a larger safe zone that gradually decreases with
increasing strain. The underlying reason is that the deformation process
is dominated by DDRX, which rapidly generates strain-free equiaxed
grains and causes a sharp drop in dislocation density, thereby leading to
the rapid strain softening. However, it subsequently fails to provide
sufficient driving force for continued recrystallization, resulting in poor
sustainability of the softening effect. Different from that, the main DRX
mechanism of FM alloy is CDRX. The slip and climb out of the disloca-
tions along the LAGBs realize the transformation of LAGBs to the new
HAGBs, resulting in smaller variations in dislocation density inside and
outside the CDRX grain than the DDRX grain [50]. The sustained driving
force provided by a high dislocation density for CDRX promotes the
expansion of the safe zone at high temperatures and low strain rates with
increasing strain (Fig. 7d–f). However, this occurs at the expense of
softening efficiency, resulting in a significantly smaller safe zone. Fig. 15
presents the detailed schematic diagram illustrating the hot-deformation
mechanisms for PM and FM alloys.

4.2. Stable and excellent microstructure of PM alloy

The pronounced difference in hot workability between the PM and
FM alloys can be attributed to their distinct initial microstructures at

high temperature. The microstructures of the two alloys after heating at
1100 ◦C are shown in Fig. 16a and b, respectively. The microstructure of
PM alloy heated to 1100 ◦C is still Widmanst€atten microstructure, and
the grain size does not increase significantly (Fig. 16a). However, the
thickness of α lamellae grows rapidly and the grains coarsen signifi-
cantly when FM alloy is heated to 1100 ◦C (Fig. 16b). Compared with the
high-temperature microstructures for the two alloys, PM alloy has a
finer microstructure and higher grain boundary density. This is because
that the PM alloy has already been sintered at 1300 ◦C, the as-sintered
microstructure has a higher grain growth energy barrier than that of
FM alloy. For PM alloy, the fine grain provides paths for the grains
slipping along the boundaries easily, leading to the decrease of defor-
mation resistance. In contrast, the large residual stress come from
forging process induces the significant grain growth during high tem-
perature heating of FM alloy. The nucleation of DRX grains is easy to
carry out at grain boundaries and defects. Grain refinement undoubtedly
accelerates the nucleation process of DRX grains and promotes the de-
gree of DRX to a certain extent. Furthermore, higher grain boundary
density can also be used as a fast channel for the thermal diffusion of
elements, promoting the DRX process of PM alloy [51,52].

The significant reduction in dislocation density within DDRX grains
can be partially attributed to the deformation twins. As shown in Fig. 17,
the deformed twins in PM alloy are observed by TEM. Some deformation
twins are observed in the microstructure of PM alloy deformed at
1100 ◦C/0.01 s− 1 (Fig. 17a), which are determined to be {10 1 1}<10 1
2> compression twins (Fig. 17b). The formation of deformation twins
changes the orientation of crystals and makes the new slip systems
activate, which indirectly contributes to the plastic deformation. Many
previous reports [53,54] revealed that the formation of deformation
twins is conducive to the occurrence of dynamic softening behavior,
such as the spheroidization of α phase, thereby weakening the work

Fig. 15. Schematic diagram showing the hot-deformation mechanisms for (a) FM alloy and (b) PM alloy.

Fig. 16. OM images of the (a) PM and (b) FM alloys after heating at 1100 ◦C.
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hardening effect and reducing the dislocation density and deformation
resistance. Therefore, the formation of deformation twins in the PM
alloy is considered beneficial to its hot-working performance.

5. Conclusions

The hot working behavior and microstructure evolution of PM and
FM Ti6Al4V alloys were systematically studied in this work, and the hot
workability and softening mechanisms were compared. The results can
be summarized as follows:

(1) The workability maps of PM and FM alloys were obtained by
merging efficiency maps and instable maps. PM alloy has lower
hot deformation resistance and larger area suitable for hot
working at high temperature when compared with FM alloy.

(2) The formation of uneven deformation α precipitate zone and
shear zone (45◦ angle with the matrix) are mainly occurred in the
instable region of PM alloy. The coarse grains and discontinuous β
phases limit the hot workability of FM alloy.

(3) PM alloy has higher DRX fraction, finer grain size, and lower
dislocation density than those of FM alloy. The DRX mechanism
of PM alloy is mainly DDRX, and that of FM alloy is mainly CDRX.
The fine grains and the formation of deformation twins are
conducive to the excellent hot working workability of PM alloy.
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