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Abstract: The dynamic spheroidization mechanism and its orientation dependence in Ti-6Al-2Mo-
2V-1Fe alloys during subtransus hot deformation were studied in this work. For this purpose, hot
compression tests were carried out at temperatures of 780–880 ◦C, with strain rates of 0.001–0.1 s−1.
Based on SEM, EBSD and TEM characterization, the results showed that the aspect ratio of the α phase
decreased with increasing deformation temperatures and decreasing strain rates. At 880 ◦C/0.001 s−1,
the aspect ratio of the α phase was the smallest at 2.05. The proportion of HAGBs decreased with
increasing temperatures and strain rates, which was different from the trend of the spheroidization;
this indicated that the formation of HAGBs was not necessary for the spheroidization process.
Furthermore, the formation of the α/α interface was related to the evolution of dislocations and twin
boundaries at high (880 ◦C) and low temperatures (780 ◦C), respectively. Moreover, the dependence
of lamellar spheroidization on the crystallographic orientation tilt from the compression direction (θ)
was clarified: when θwas between 45◦ and 60◦, both the prism <a> slip and basal <a> slip systems
were activated together, which was more favorable for spheroidization. This study could provide
guidance for titanium alloy process designs and microstructure regulation.

Keywords: α + β titanium alloy; hot deformation; spheroidization mechanism; crystallographic
orientations

1. Introduction

Dual-phase titanium alloys are widely used in the aerospace, navigation and other fields
due to its characteristics of low density, high specific strength and excellent plasticity [1,2].
In order to obtain a desirable microstructure and properties, it is necessary for titanium
alloys to go through a series of thermo-mechanical processing (TMP) steps at temperatures
above or below the β transus temperature [3]. In general, primary hot working in the β
phase region for ingots is implemented to eliminate casting defects and refine the grains [4].
Subsequently, a lamellar microstructure is produced for the billet during the cooling process
after primary hot working. Although such lamellar microstructures present with moderate
strength and good fracture toughness, their plasticity is poor [5]. In contrast, an equiaxed
microstructure presents exhibits superior strength, plasticity and toughness [6,7]. Hence,
further hot working in the dual-phase region is necessary to break down the lamellar
microstructure (also referred to as spheroidization of the lamellar microstructure) and then
obtain the equiaxed microstructure.

It is quite difficult to achieve the spheroidization of a lamellar microstructure for
titanium alloys from the viewpoint of workability and microstructure regulation. As a
result, a large number of studies have been devoted to clarifying the factors affecting
dynamic spheroidization and the mechanisms involved. The dynamic spheroidization of
lamellar microstructures significantly determines the initial microstructure and processing
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conditions during the hot deformation process [8]. For example, Buzolin et al. [9] systemat-
ically investigated the effects of deformation parameters on the dynamic spheroidization
of the α phase for a Ti-6Al-4V alloy in the dual phase region; they found that the spherical
α was more likely to form at lower strain rates and higher temperatures. Wu et al. [10]
established the dynamic spheroidization kinetics of a TA15 titanium alloy with a lamellar
microstructure at different deformation parameters. Shell et al. [11] revealed that dynamic
spheroidization kinetics vary with the α colony size for lamellar microstructures. The
spheroidization rate of a fine α colony was faster than that of a coarse α colony. In addition,
the mechanism of spheroidization during hot deformation has been explained—the widely
accepted mechanism of dynamic spheroidization was previously thought to consist of
three steps: the formation of α/α interfaces during deformation, βwedging along the α/α
intra-boundaries and boundary splitting [8,12–16]. The α/α intra-boundaries are mainly
formed by high-energy defects such as dislocations, twins and shear bands, providing the
necessary driving force for the subsequent instability of the α lamellae [17]. Furthermore,
this is accompanied by variations in the accumulated misorientation within α lamellae
during the dynamic spheroidization process [18].

Recently, the relationship between the spheroidization mechanism and deformation
parameters—especially the deformation temperature—has been investigated. For instance,
Zherebtsov et al. [19] reported the spheroidization mechanism of a Ti-6Al-4V alloy during
hot deformation at 600 ◦C and 800 ◦C; they concluded that spheroidization was mainly
accomplished by dislocation slipping-induced α substructure evolution at 800 ◦C, while
restricted spheroidization appeared under the action of dynamic recrystallization at 600 ◦C.
Chong et al. [20] investigated twinning as a spheroidization mechanism of a Ti-6Al-4V
alloy during hot deformation at 700 ◦C. Besides this, researchers have found that the
spheroidization rates in different regions are still different even under identical initial
microstructure and deformation conditions; the reason for this was thought to be the de-
pendence of sphericalization on the orientation of the α colony [21,22]. Mironov et al. [23]
reported that α lamellae parallel to the loading direction are more easily broken up, pre-
senting a higher spheroidization efficiency during hot processing for a Ti-6Al-4V alloy.
Roy et al. [24–26] reported that the formation of sub-boundaries within α lamellae and
the separation of α lamellae for a Ti-6Al-4V alloy were all crystallographic orientation-
dependent. Wang et al. [27] reported that the activation of the basal <a> slip and prism
<a> slip promoted the generation of α/α boundaries. Notably, the activation of the slip
systems was related to the crystallographic orientation of the α phase with respect to
the compression direction. However, there was still an absence of a further explanation
concerning the correlation of the spheroidization mechanism with the crystallographic
orientation and compression direction.

In this study, isothermal compression tests were carried out to clarify the dynamic
spheroidization mechanism and its orientation dependence in a Ti-6Al-2Mo-2V-1Fe ti-
tanium alloy. The microstructure evolution under various deformation conditions was
investigated. The correlation of spheroidization mechanisms and temperatures has also
been revealed in detail. The dependence of spheroidization on the crystallographic orienta-
tion of the α relative to the compression axis was also clarified. These results could guide
the design of hot working and the microstructure regulation of dual-phase titanium alloys.

2. Experimental Procedure

The specific chemical composition of the experimental material in the present work
was 6.2 Al, 2.1 Mo, 2 V and 0.9 Fe, balanced with Ti (wt.%). The as-received alloys were
supplied in the form of forged bars that were subjected to the ingot breakdown process
in the single β region. The β transus temperature was determined by the metallographic
method to be 915 ± 5 ◦C. The initial microstructure was a typical lamellar microstructure.
Cylindrical specimens 10 mm in diameter and 15 mm in height were cut from the billet
for hot compression experiments. Uniaxial hot compression experiments were carried
out at the deformation temperatures of 780 ◦C, 830 ◦C and 880 ◦C with strain rates of
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0.001 s−1, 0.01 s−1 and 0.1 s−1 on a Gleeble-3500 compressor. In order to reduce friction,
the top and bottom surfaces of the samples were covered with high-temperature lubricant
and tantalum sheets were placed on both ends of the sample and the indenter. Samples
were heated to a preset temperature at a heating rate of 10 ◦C/s and held for 5 min to
ensure a uniform temperature before compression. Samples were compressed until the
true strain was 0.9, followed by immediate water quenching to retain the high temperature
deformation microstructure. In order to elucidate the spheroidization process under high
and low temperature conditions, two sets of specimens with true strains of 0.2, 0.5 at
780 ◦C/0.01 s−1 and 880 ◦C/0.01 s−1 were also obtained.

The finite element simulation results for the strain region of the deformed specimen is
also shown in Figure 1. The center of the samples was the main observed and characterized
area, where the strain was the required strain value for the experiments. Deformed samples
were cut along the compression axis for microstructure observation. The surfaces of the
samples were ground, polished, etched with Kroll’s etching solution—10% nitric acid, 30%
hydrofluoric acid and 60% water—and then examined on a Tescan Mira4 scanning electron
microscope with an accelerating voltage of 15 kV. The aspect ratios and volume fractions of
the α phase were statistically calculated by Image J v1.8.0 software. For details such as the
grain boundary features and orientation features, a field-emission SEM (Helios Nano Lab
G3 UC) equipped with an EBSD detector was employed to characterize the microstructure.
The collected data were processed using OIM v8 software. The specimen coordinate system
was chosen with the OA1// radial directions (RD1) and OA2// the compression direction
(CD). In order to achieve the surface quality required for the EBSD measurements, the
samples were electropolished with a solution of 10% perchloric acid, 30% n-butanol and
60% methanol at −25 ◦C. In addition, more microscopic features were characterized using
a Transmission Electron Microscope (TEM) Tecnai F20 G2 at a voltage of 200 kV. TEM foils
were cut from the core of the deformed samples—first mechanically thinned to about 5 µm,
and then electropolished using a twin-jet electropolishing device (Denmar Struers A/S).
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region of the deformed specimen.

3. Results and Discussion
3.1. The Initial Microstructure

The initial microstructure information of the as-received alloy is shown in Figure 2. The
initial microstructure consisted of lamellar α and a very slight fraction (Vol. 3.6%) of β phase
(Figure 2a). Furthermore, the thickness of the α lamellae was about 1 µm. Different colors
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of α phase represent different α variants (Figure 2b). There was only one orientation of the
parent β phase (Figure 2c). According to the pole figures in Figure 2d, it could be confirmed
that the α and β phase followed the Burgers orientation relationship: {0001}α//{110}β and

<11
¯
20>α//<111>β. The relationship between the α precipitated phase and the parent β

phase has been reported in the lamellar microstructures and transformed microstructures
of other titanium alloys [28].
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Figure 2. Initial lamellar microstructure of the experiment material. (a) Phase distribution (FD)
map + image quality map (IQ). Inverse pole figure (IPF) maps of (b) α phase and (c) β phase. (d) Pole
figures (PFs) of the lamellar α and β phase.

3.2. Thermal Plastic Flow Behavior

Figure 3a–c shows the stress–strain curves of the experimental alloy with a lamellar
microstructure under various hot deformation conditions. As can be seen from all of the
curves, the true stress reached a peak value at small strains (ε < 0.1), after which, continuous
flow softening occurred. Furthermore, the stress–strain curves tended to stabilize until the
true strain reached 0.9. The deformation temperature and strain rate significantly affected
the characteristics of the stress–strain curves. The peak stress dramatically decreased with
increases in the deformation temperature and decreases in the strain rate. The maximum
peak stress was 278 MPa at 780 ◦C, with a strain rate of 0.1 s−1. In contrast, the minimum
peak stress was only 39 MPa at 880 ◦C, with a strain rate of 0.001 s−1. This trend is
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consistent with other titanium alloys [29,30]. The amount of flow softening under different
deformation conditions is shown in Figure 3d. The trend of the flow softening values is
similar to that of the peak stress, decreasing with increases in the deformation temperature
and decreases in the strain rate. Previous studies have shown that flow softening could be
caused by adiabatic effects and microstructure evolution, such as the spheroidization of α
lamellae [31], texture evolution [32] and β recrystallization [12].
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different temperatures, with strain rates of (a) 0.001 s−1, (b) 0.01 s−1 and (c) 0.1 s−1 and (d) the
amount of flow softening at different deformation conditions.

3.3. Morphological Characteristic of the α Lamellae

The αmorphology of the experimental material under various hot compression con-
ditions is shown in Figure 4. The lamellar α underwent significant bending and rotation
during the deformation in the dual phase region. Furthermore, the spherical α phase was
observed under different hot compression conditions. The aspect ratios of the α lamellae
increased with increasing strain rates and decreasing deformation temperatures. The corre-
sponding quantitative results for the α aspect ratio are presented in Figure 5. The aspect
ratios of the α phase were 2.79, 6.80 and 7.32 at 830 ◦C, with strain rates of 0.001 s−1, 0.01 s−1

and 0.1 s−1, respectively. The low strain rates allowed for sufficient time to achieve α/α
interface separation, and then promoted dynamic spheroidization of the α lamellae. The de-
formation temperature also affected the aspect ratio of the α phase. When the stain rate was
0.001 s−1 and the deformation temperatures increased from 780 ◦C to 880 ◦C, the aspect ratio
of the α phase decreased from 5.96 to 2.05 (Figure 5). This suggests that higher deformation
temperatures are more conducive to dynamic spheroidization of the α lamellae, which is
relevant to the fast diffusion rate of solute atoms at high temperatures [17]. Furthermore,
the α’ phase was also observed in the samples after deformation at 880 ◦C/0.001 s−1 and
880 ◦C/0.001 s−1.
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The volume fraction of the α phase under different deformation conditions is also
shown in Figure 5. Increases in temperature and decreases in strain rates both led to a
decrease in the volume fraction of the α phase. In particular, the volume fraction of the
α phase was only 9.5% at 880 ◦C/0.001 s−1. Normally, the α phase dissolves under the
effect of phase equilibrium at high temperatures. As the strain rate gets lower, the α phase
takes longer to dissolve, resulting in a lower volume fraction of the α phase. Besides
this, dynamic phase transformation is easily induced at high temperatures and low strain
rates [33]. These two reasons together led to the changes in the volume fraction of the α
phase under the various deformation conditions.

3.4. Relationship between Dynamic Spheroidization and the Dynamic Restoration of α Lamellae

The EBSD results of the alloys deformed at 780 ◦C/0.001 s−1, 780 ◦C/0.1 s−1 and
880 ◦C/0.1 s−1 are presented in Figure 6, which contains IPF maps, FD maps and kernel
average misorientation (KAM) maps. The high angle boundaries (>15◦, HAGBs) and low
angle grain boundaries (2~15◦, LAGBs) are indicated by the black and white lines in the
IPF maps, respectively. The KAM index is often used to represent the local misorienta-
tion caused by geometrically necessary dislocations [34]. For the specimen deformed at
780 ◦C/0.001 s−1, the long α lamellae were split into short ones by the HAGBs (Figure 6(a1)).
The percentage of HAGBs and the average misorientation of the α lamellae reached 68.4%
and 43.07◦, respectively (Figure 7a)—suggesting that dynamic recrystallization was the
main restoration mechanism of the α phase at 780 ◦C/0.001 s−1. Low KAM values were
exhibited within the DRXed α grains, while relatively high KAM values were found near
the sub-boundaries (Figure 6(a3)); this indicates that the occurrence of dynamic recrystal-
lization is effective in reducing the distortion degree within the α phase. When the strain
rate increased from 0.001 s−1 to 0.1 s−1, the percentage of HAGBs and the average misori-
entation decreased to 48.6% and 31.6◦, respectively (Figure 7a). Furthermore, the average
KAM value increased from 1.34 to 1.62. These results suggest that dynamic recrystallization
is inhibited by increasing strain rates.
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As the deformation temperature increased from 780 ◦C to 880 ◦C, the proportion
of HAGBs and the average misorientation decreased to 36.5% and 33.9◦, respectively
(Figure 7a). Furthermore, the average KAM value of 1.31 was lower at 880 ◦C than
that at 780 ◦C. The above results show that dynamic recrystallization was suppressed
as the deformation temperature increased. However, it is already known that dynamic
spheroidization is more significant at higher temperature from Figure 4. The dynamic
recrystallization and dynamic spheroidization of α lamellae show opposite trends; as a
result, the occurrence of dynamic recrystallization is non-essential for the spheroidization
of α lamellae.

3.5. Dynamic Spheroidization Mechanism of α Lamellae
3.5.1. Correlation of Spheroidization Mechanisms and Deformation Temperature

The formation of the α/α interfaces within the α lamellae is a key step for spheroidiza-
tion during the hot deformation of titanium alloys. High-energy defects such as dislo-
cations and twins provide the preconditions for the formation of α/α interfaces within
lamellae [20,35,36]. The formation of these high-energy defects is closely related to the
deformation temperature. In this section, two deformation temperatures of 880 ◦C and
780 ◦C were selected to investigate the deformation mechanism of the α lamellae. The
deformed microstructures at 880 ◦C with a strain rate of 0.01 s−1 were characterized by
TEM (Figure 8). Figure 8a illustrates that the α lamellae were divided into two sub-grains
with different orientations. A groove-like microstructural feature appeared at the α/β
interface. According to the corresponding dark field (DF) image (Figure 8b), a large num-
ber of dislocation and dislocation lines near the grooves were observed. In addition, a
sub-boundary is observed across the spherical α phase in Figure 8c,d. Analogously, a large
number of dislocations occurred near sub-boundaries within the spherical α phase. It could
be speculated that the spherical α phase would probably be broken up should the strain
continue to increase. Therefore, the formation of sub-boundaries is mainly dependent
on dislocation rearrangement during high-temperature deformation. When the defor-
mation temperature decreased to 780 ◦C, several parallel or crossed plate-like structures
were found across the α lamellae (Figure 9a). Based on the diffraction patterns along the
[1213] zone axis in selected regions (Figure 9b), the plate-like structures were identified
as {1011} compression twins. High-resolution TEM images and corresponding inverse
fast Fourier-filtered (IFFT) information (Figure 9c,d) further demonstrated the twinning
type of the α phase. Furthermore, substantial dislocations piled up at the twin interface.
During deformation at a low temperature, the initiation of twinning and the pile-up of
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dislocations near the twinning interface led to stress concentration, which facilitated the
interface separation of the α phase.
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In order to further investigate the process of dynamic spheroidization, specimens
compressed to a true strain of 0.2, 0.5 at temperatures of 880 ◦C and 780 ◦C and a strain
rate of 0.001 s−1, respectively, were also obtained. Furthermore, their microstructures were
characterized by TEM, as shown in Figure 10. At 880 ◦C, dislocations and dislocation walls
were generated within the α lamellae when the true strain reached 0.2 (Figure 10a). These
dislocation walls gradually developed into α/α boundaries with increasing strain up to 0.5.
At the same time, the formation of the α/α interface led to the destruction of the original
interfacial energy system [37,38]. To reduce the interfacial energy, grooves were formed
and the βmatrix wedged into the α lamellae along the α/α boundaries (Figure 10b). This
process was also accompanied by elemental diffusion, whereby α-type stabilizing elements
within the non-equilibrium βmatrix migrated into the α phase [39–41]. Besides this, the
groove depth was also influenced by the misorientation of the α/α boundaries. Therefore,
HAGBs were more likely to show development of the groove depth [42]. By further
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increasing the strain to 0.9, the α lamellae gradually sphered to reduce the total interfacial
energy (Figure 10c). At the lower temperatures, the spheroidization mechanism of the
α lamellae—on the basis of the formation of sub-interfaces by twins—can be described
as follows: Firstly, twinning occurred within the α lamellae when the true strain reached
0.2 (Figure 10d). As the strain increased to 0.5, more slip systems were activated, leading
to dislocations becoming enriched in the vicinity of the twin boundaries. The α phase
started to fracture along the twin under the action of external forces, and the twins were
transformed into an α/α interface (Figure 10e). As the strain continued to increase to 0.9,
the βmatrix penetrated the α phase along the α/α boundaries. Furthermore, the α lamellae
were gradually broken up (Figure 10f). Due to the decreased diffusion rate of the solute
atomic at low temperatures, the curvature of the grooves will be smaller with the same
strain at low temperatures. The corresponding schematic diagram of the spheroidization
mechanism is also displayed in Figure 10. The fragmentation and spheroidization of the
α lamellae in titanium alloys involves three steps: (i) the formation of α/α boundaries
by dislocations and twin boundaries, (ii) the wedging of the β matrix along the α/α
boundaries and (iii) the separation and spheroidization of the α phase.
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Figure 10. Schematic diagrams demonstrating the dynamic spheroidization mechanism of the α
lamellae with the variation of strain at higher and lower temperatures. TEM results showing the
dynamic spheroidization process at 880 ◦C with the true strain of (a) 0.2, (b) 0.5, (c) 0.9 and at 780 ◦C
with the true strain of (d) 0.2, (e) 0.5, (f) 0.9, respectively.

3.5.2. Dependence of Spheroidization on Lamellar Orientation

The spheroidization behavior of α lamellae also depends on the orientation character-
istics of the α lamellae in addition to the external deformation conditions [17,43,44]. From
Section 3.5.1, it is known that dislocation slipping is the main deformation mechanism
of the α phase under high-temperature conditions. A favorable orientation for α lamel-
lae promotes the activation of multiple slip systems, thereby facilitating the process of
spheroidization. In contrast, spheroidization will be delayed by the limited crystal rotation
for α lamellae with poor orientations. Nevertheless, the activation of the slip systems is
also related to the direction of the loading direction. Therefore, it is essential to analyze
the initiation of the dislocation slip system based on the orientation of the α lamellae
and the loading direction. Additionally, its effects on spheroidization behavior will be
further elucidated.

Schmid factor distribution maps of the basal <a> slip and prism <a> slip of the α phase
for the specimen during deformation at 880 ◦C/0.1 s−1 are shown in Figure 11a and b,
respectively. The activation of the slip systems is closely related to the c-axis tilt towards the
compression direction. The angle between the c-axis of the α lamellae and the compression
direction is defined as θ. In order to facilitate understanding of the activation of slip
systems in α lamellae with different orientations, typical α were selected according to the
alignment of the c-axis with respect to the compression direction (Figure 11c). Furthermore,
the variation in the Schmid factors of the basal <a> slip and prism <a> slip systems with
a c-axis tilt from the compression direction is summarized in Figure 11d. When θ was
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around 45◦, both the prism <a> slip and basal <a> slip of the α phase is activated, providing
favorable conditions for the formation of the α/α interface within the lamellae. When
the c-axis was close to parallel or perpendicular to the compression direction, the basal
<a> slip is hardly likely to be activated. The α phase had two orientations of <0001>
and <1120> when the θ was 75–90◦ (Figure 11c). However, the prism <a> slip systems
of the α phase with the two orientations were difficult to activate. An α phase with an
unfavorable orientation may rotate around the c-axis, bringing into it a more favorable
orientation to initiate basal/prism slip; this was confirmed by the presence of low levels
of misorientation in the lamellae when θwas 0–15◦ or 75–90◦, according to the IPF color
(Figure 11c). Wang et al. [27] investigated whether deformation resistance would reach its
lowest value when θwas around 50◦—a case in which both the basal <a> plus prism <a>
slip systems of the α phase could be activated. The results were similar to those found in
the present study. The relationship between the aspect ratio of the α phase and the c-axis tilt
from the compression direction during deformation at 880 ◦C and 0.01 s−1 is presented in
Figure 11e. The aspect ratio of the α phase decreased with θ, reaching a minimum value at
45–60◦ and then increasing. As a result, the spheroidization of α lamellae is more favorable
when both the prism <a> slip and basal <a> slip systems are activated together.
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(d) Schmid factors of the basal <a> slip and prism <a> slip systems as well as the (e) aspect ratio and
c-axis tilt from the compression direction.
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As mentioned above, the spheroidization behavior differs when the c-axis of the α
lamellae tilt from the compression axis varies, which can lead to α spheroidization inhomo-
geneity. In recent years, researchers have proposed that spheroidization inhomogeneity
can be improved by changing the strain path [43,45].

4. Conclusions

In the present study, the dynamic spheroidization of a Ti-6Al-2Mo-2V-1Fe alloy during
subtransus hot deformation, its mechanism and its orientation dependence were investi-
gated. By detailed microstructure characterization and quantitative analysis, the following
conclusions can be drawn:

(1) The peak stress and the amount of flow softening decreased with increases in defor-
mation temperature and decreases in strain rates. At 880 ◦C/0.001 s−1, the aspect
ratio of the α phase was the smallest, at 2.05.

(2) The proportion of HAGBs decreased with increasing temperatures and strain rates,
which was different from the trend of the spheroidization. Furthermore, the formation
of HAGBs was not necessary for the spheroidization process.

(3) The spheroidization mechanisms of α lamellae under high and low-temperature
deformation conditions were revealed, comprised of three steps: (i) the formation of
sub-interfaces by dislocation slipping at 880 ◦C and by twinning at 780 ◦C, respectively,
(ii) wedging of the β matrix along the α/α sub-interfaces and (iii) separation and
spheroidization of the α phase.

(4) The dependence of lamellar spheroidization on the crystallographic orientation tilt
from the compression direction (θ) was clarified. When θ was between 45 and 60◦,
both the prism <a> slip and basal <a> slip systems were activated together, which
was more favorable for spheroidization.

Author Contributions: Conceptualization, J.G.; Methodology, J.G.; Software, X.Z. (Xiaodong Zhan),
C.L. and K.Z.; Validation, C.L. and K.Z.; Formal analysis, J.G.; Investigation, X.Z. (Xiaodong Zhan);
Resources, X.Z. (Xiaoyong Zhang); Data curation, J.G.; Writing—original draft, J.G.; Writing—review
& editing, X.Z. (Xiaoyong Zhang). All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Technical Key Project of Hunan Province (2021GK1080)
and the Joint Funds of the Natural Science Foundation of Hunan Province (2023JJ50333). This work
was also sponsored by the Graduate Innovation Project of Central South University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge that this work was sponsored by the Graduate Inno-
vation Project of Central South University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Banerjee, D.; Williams, J.C. Perspectives on Titanium Science and Technology. Acta Mater. 2013, 61, 844–879. [CrossRef]
2. Veiga, C.; Davim, J.; Loureiro, A. Properties and applications of titanium alloys: A brief review. Rev. Adv. Mater. Sci 2012, 32,

133–148.
3. Fan, X.G.; Yang, H.; Gao, P.F.; Zuo, R.; Lei, P.H. The role of dynamic and post dynamic recrystallization on microstructure

refinement in primary working of a coarse grained two-phase titanium alloy. J. Mater. Process. Technol. 2016, 234, 290–299.
[CrossRef]

4. Ghaderi, A.; Hodgson, P.D.; Barnett, M.R. β-Ti Grain Refinement Via α-Precipitation. Metall Mater Trans A 2015, 47, 1322–1330.
[CrossRef]

5. Meng, L.; Zhang, Y.; Zang, M.; Zhang, M.; Wang, C.; Wang, Y.; Zhao, X.; Zhang, D. Strength enhancement of a bi-lamellar PM
Ti–6Al–4V alloy without sacrificing ductility by Al partitioning and twinning-induced plasticity effect. Mater. Sci. Eng. A 2022,
832, 142368. [CrossRef]

https://doi.org/10.1016/j.actamat.2012.10.043
https://doi.org/10.1016/j.jmatprotec.2016.03.031
https://doi.org/10.1007/s11661-015-3299-0
https://doi.org/10.1016/j.msea.2021.142368


Materials 2023, 16, 5752 14 of 15

6. Jha, J.S.; Toppo, S.P.; Singh, R.; Tewari, A.; Mishra, S.K. Flow stress constitutive relationship between lamellar and equiaxed
microstructure during hot deformation of Ti-6Al-4V. J. Mater. Process. Technol. 2019, 270, 216–227. [CrossRef]

7. Zhao, Q.Y.; Sun, Q.Y.; Xin, S.W.; Chen, Y.N.; Wu, C.; Wang, H.; Xu, J.W.; Wan, M.P.; Zeng, W.D.; Zhao, Y.Q. High-strength
titanium alloys for aerospace engineering applications: A review on melting-forging process. Mater. Sci. Eng. A 2022, 845, 143260.
[CrossRef]

8. Li, L.; Li, M.Q.; Luo, J. Mechanism in the β phase evolution during hot deformation of Ti-5Al-2Sn-2Zr-4Mo-4Cr with a transformed
microstructure. Acta Mater. 2015, 94, 36–45. [CrossRef]

9. Buzolin, R.H.; Lasnik, M.; Krumphals, A.; Poletti, M.C. Hot deformation and dynamic α-globularization of a Ti-17 alloy:
Consistent physical model. Mater. Des. 2021, 197, 109266. [CrossRef]

10. Wu, C.B.; He, Y.; Fan, X.G.; Sun, Z.C. Dynamic globularization kinetics during hot working of TA15 titanium alloy with colony
microstructure. Trans. Nonferr. Metal. Soc. 2011, 21, 1963–1969. [CrossRef]

11. Shell, E.B.; Semiatin, S.L. Effect of initial microstructure on plastic flow and dynamic globularization during hot working of
Ti-6Al-4V. Metall. Mater. Trans. A 1999, 30, 3219–3229. [CrossRef]

12. Gao, Y.; Ma, G.Q.; Zhang, X.Y.; Xu, J.W. Microstructure evolution and hot deformation behavior of Ti-6.5Al–2Zr–1Mo–1V alloy
with starting lamellar structure. J. Alloys Compd. 2019, 809, 151852. [CrossRef]

13. Klimova, M.; Zherebtsov, S.; Salishchev, G.; Semiatin, S.L. Influence of deformation on the Burgers orientation relationship
between the α and β phases in Ti-5Al-5Mo-5V-1Cr-1Fe. Mater. Sci. Eng. A 2015, 645, 292–297. [CrossRef]

14. Shams, S.A.A.; Mirdamadi, S.; Abbasi, S.M.; Kim, D.; Lee, C.S. Mechanism of martensitic to equiaxed microstructure evolution
during hot deformation of a near-alpha Ti alloy. Metall. Mater. Trans. A 2017, 48, 2979–2992. [CrossRef]

15. Zherebtsov, S.; Murzinova, M.; Salishchev, G.; Semiatin, S.L. Spheroidization of the lamellar microstructure in Ti–6Al–4V alloy
during warm deformation and annealing. Acta Mater. 2011, 59, 4138–4150. [CrossRef]

16. Xu, J.W.; Zeng, W.D.; Zhou, D.D.; Chen, W.; He, S.T.; Zhang, X.Y. Analysis of crystallographic orientation and morphology of
microstructure during hot working for an alpha/beta titanium alloy. J. Mater. Sci. Technol. 2020, 59, 1–13. [CrossRef]

17. Gao, P.F.; Fu, M.W.; Zhan, M.; Lei, Z.N.; Li, Y.X. Deformation behavior and microstructure evolution of titanium alloys with
lamellar microstructure in hot working process: A review. J. Mater. Sci. Technol. 2020, 39, 56–73. [CrossRef]

18. Zhao, Z.B.; Wang, Q.J.; Liu, J.R.; Yang, R. Characterizations of microstructure and crystallographic orientation in a near-α titanium
alloy billet. J. Alloys Compd. 2017, 712, 179–184. [CrossRef]

19. Zherebtsov, S.V.; Murzinova, M.A.; Klimova, M.V.; Salishchev, G.A.; Popov, A.A.; Semiatin, S.L. Microstructure evolution during
warm working of Ti-5Al-5Mo-5V-1Cr-1Fe at 600 and 800 ◦C. Mater. Sci. Eng. A 2013, 563, 168–176. [CrossRef]

20. Chong, Y.; Bhattacharjee, T.; Gholizadeh, R.; Yi, J.; Tsuji, N. Investigation on the hot deformation behaviors and globularization
mechanisms of lamellar Ti-6Al-4V alloy within a wide range of deformation temperatures. Materialia 2019, 8, 100480. [CrossRef]

21. Gey, N.; Bocher, P.; Uta, E.; Germain, L.; Humbert, M. Texture and microtexture variations in a near-α titanium forged disk of
bimodal microstructure. Acta Mater. 2012, 60, 2647–2655. [CrossRef]

22. Germain, L.; Gey, N.; Humbert, M.; Vo, P.; Jahazi, M.; Bocher, P. Texture heterogeneities induced by subtransus processing of near
α titanium alloys. Acta Mater. 2008, 56, 4298–4308. [CrossRef]

23. Mironov, S.; Murzinova, M.; Zherebtsov, S.; Salishchev, G.; Semiatin, S. Microstructure evolution during warm working of
Ti-6Al-4V with a colony-αmicrostructure. Acta Mater. 2009, 57, 2470–2481. [CrossRef]

24. Roy, S.; Suwas, S. Microstructure and Texture Evolution During Sub-Transus Thermomechanical Processing of Ti-6Al-4V-0.1B
Alloy: Part I. Hot Rolling in (α + β) Phase Field. Metall. Mater. Trans. A 2013, 44, 3303–3321. [CrossRef]

25. Roy, S.; Suwas, S. The influence of temperature and strain rate on the deformation response and microstructural evolution during
hot compression of a titanium alloy Ti-6Al-4V-0.1B. J. Alloys Compd. 2013, 548, 110–125. [CrossRef]

26. Roy, S.; Suwas, S. Unique texture transition during sub β-transus annealing of warm-rolled Ti-6Al-4V alloy: Role of orientation
dependent spheroidization. Scr. Mater. 2018, 154, 1–7. [CrossRef]

27. Wang, L.; Fan, X.G.; Zhan, M.; Jiang, X.Q.; Zeng, X.; Liang, Y.F.; Zheng, H.J.; Zhao, A.M. The heterogeneous globularization
related to crystal and geometrical orientation of two-phase titanium alloys with a colony microstructure. Mater. Des. 2020,
186, 108338. [CrossRef]

28. Wang, K.; Wu, M.Y.; Yan, Z.B.; Li, D.R.; Xin, R.L.; Liu, Q. Dynamic restoration and deformation heterogeneity during hot
deformation of a duplex-structure TC21 titanium alloy. Mater. Sci. Eng. A 2018, 712, 440–452. [CrossRef]

29. Park, C.H.; Kim, J.H.; Hyun, Y.T.; Yeom, J.T.; Reddy, N. The origins of flow softening during high-temperature deformation of a
Ti-6Al-4V alloy with a lamellar microstructure. J. Alloys Compd. 2014, 582, 126–129. [CrossRef]

30. Lin, Y.C.; Xiao, Y.W.; Jiang, Y.Q.; Pang, G.D.; Li, H.B.; Zhang, X.Y.; Zhou, K.C. Spheroidization and dynamic recrystallization
mechanisms of Ti-55511 alloy with bimodal microstructures during hot compression in α + β region. Mater. Sci. Eng. A 2020,
782, 139282. [CrossRef]

31. Lu, T.; Dan, Z.H.; Li, T.J.; Dai, G.Q.; Sun, Y.Y.; Guo, Y.H.; Li, K.; Yi, D.Q.; Chang, H.; Zhou, L. Flow softening and microstructural
evolution of near β titanium alloy Ti-35421 during hot compression deformation in the α + β region. J. Mater. Res. Technol. 2022,
19, 2257–2274. [CrossRef]

32. Xu, J.W.; Zeng, W.D.; Zhou, D.D.; Ma, H.Y.; He, S.T.; Chen, W. Analysis of flow softening during hot deformation of Ti-17 alloy
with the lamellar structure. J. Alloys Compd. 2018, 767, 285–292. [CrossRef]

https://doi.org/10.1016/j.jmatprotec.2019.02.030
https://doi.org/10.1016/j.msea.2022.143260
https://doi.org/10.1016/j.actamat.2015.04.045
https://doi.org/10.1016/j.matdes.2020.109266
https://doi.org/10.1016/S1003-6326(11)60957-6
https://doi.org/10.1007/s11661-999-0232-4
https://doi.org/10.1016/j.jallcom.2019.151852
https://doi.org/10.1016/j.msea.2015.08.008
https://doi.org/10.1007/s11661-017-4065-2
https://doi.org/10.1016/j.actamat.2011.03.037
https://doi.org/10.1016/j.jmst.2020.06.002
https://doi.org/10.1016/j.jmst.2019.07.052
https://doi.org/10.1016/j.jallcom.2017.04.083
https://doi.org/10.1016/j.msea.2012.11.042
https://doi.org/10.1016/j.mtla.2019.100480
https://doi.org/10.1016/j.actamat.2012.01.031
https://doi.org/10.1016/j.actamat.2008.04.065
https://doi.org/10.1016/j.actamat.2009.02.016
https://doi.org/10.1007/s11661-013-1672-4
https://doi.org/10.1016/j.jallcom.2012.08.123
https://doi.org/10.1016/j.scriptamat.2018.05.005
https://doi.org/10.1016/j.matdes.2019.108338
https://doi.org/10.1016/j.msea.2017.11.127
https://doi.org/10.1016/j.jallcom.2013.08.041
https://doi.org/10.1016/j.msea.2020.139282
https://doi.org/10.1016/j.jmrt.2022.05.144
https://doi.org/10.1016/j.jallcom.2018.07.106


Materials 2023, 16, 5752 15 of 15

33. Guo, B.Q.; Jonas, J.J. Dynamic transformation during the high temperature deformation of titanium alloys. J. Alloys Compd. 2021,
884, 161179. [CrossRef]

34. Hou, Z.C.; Nie, Z.H.; Liu, Z.C.; Hao, F.; Li, M.R.; Zhou, G.; Tan, C.W. Effect of second phase particles on the dynamic
recrystallization in Ni-W alloys during thermal compression. J. Alloys Compd. 2021, 865, 158872. [CrossRef]

35. Li, X.; Deng, S.Y.; Wang, S.; Song, H.W.; Zhang, S.H.; Wang, K.L.; Ouyang, D.L. Dynamic globularization mechanism during hot
working of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy with lamellar microstructure. Mater. Charact. 2021, 171, 110749. [CrossRef]

36. Chao, Q.; Hodgson, P.D.; Beladi, H. Ultrafine grain formation in a Ti-6Al-4V alloy by thermomechanical processing of a martensitic
microstructure. Metall. Mater. Trans. A 2014, 45, 2659–2671. [CrossRef]

37. Liu, H.J.; Zhang, Z.M.; Xu, K.H.; Zhang, J.S.; Xue, Y.; Wang, Q. Evolution of the α phase and microhardness for hot isostatic
pressed Ti-6Al-4V alloy during multi-pass deformation. Mater. Charact. 2021, 178, 111263. [CrossRef]

38. Chen, K.; Luo, J.; Han, W.; Li, M. Formation and evolution of new α grain boundary and its influence on globularization of α
lamellae in TC17 alloy. J. Alloys Compd. 2020, 848, 156141. [CrossRef]

39. Luo, J.; Ye, P.; Han, W.C.; Li, M.Q. Microstructure evolution and its effect on flow stress of TC17 alloy during deformation in
α + β two-phase region. Trans. Nonferr. Metal. Soc. 2019, 29, 1430–1438. [CrossRef]

40. Hua, K.; Xue, X.Y.; Kou, H.C.; Fan, J.K.; Tang, B.; Li, J.S. Characterization of hot deformation microstructure of a near beta titanium
alloy Ti-5553. J. Alloys Compd. 2014, 615, 531–537. [CrossRef]

41. Zhao, Q.Y.; Bolzoni, L.; Chen, Y.N.; Xu, Y.K.; Torrens, R.; Yang, F. Processing of metastable beta titanium alloy: Comprehensive
study on deformation behaviour and exceptional microstructure variation mechanisms. J. Mater. Sci. Technol. 2022, 126, 22–43.
[CrossRef]

42. Huang, L.; Li, C.M.; Li, C.L.; Hui, S.X.; Yu, Y.; Zhao, M.J.; Guo, S.Q.; Li, J.J. Research progress on microstructure evolution and
hot processing maps of high strength β titanium alloys during hot deformation. Trans. Nonferr. Metal. Soc. 2022, 32, 3835–3859.
[CrossRef]

43. Roy, S.; Suwas, S. Orientation dependent spheroidization response and macro-zone formation during sub b-transus processing of
Ti-6Al-4V alloy. Acta Mater. 2017, 134, 283–301. [CrossRef]

44. Bieler, T.R.; Semiatin, S. The origins of heterogeneous deformation during primary hot working of Ti-6Al-4V. Int. J. Plast. 2002, 18,
1165–1189. [CrossRef]

45. Wang, L.; Fan, X.G.; Zhan, M.; Jiang, X.Q.; Liang, Y.F.; Zheng, H.J.; Liang, W.J. Revisiting the lamellar globularization behavior of
a two-phase titanium alloy from the perspective of deformation modes. J. Mater. Process. Technol. 2021, 289, 116963. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jallcom.2021.161179
https://doi.org/10.1016/j.jallcom.2021.158872
https://doi.org/10.1016/j.matchar.2020.110749
https://doi.org/10.1007/s11661-014-2205-5
https://doi.org/10.1016/j.matchar.2021.111263
https://doi.org/10.1016/j.jallcom.2020.156141
https://doi.org/10.1016/S1003-6326(19)65050-8
https://doi.org/10.1016/j.jallcom.2014.07.056
https://doi.org/10.1016/j.jmst.2022.02.050
https://doi.org/10.1016/S1003-6326(22)66062-X
https://doi.org/10.1016/j.actamat.2017.04.071
https://doi.org/10.1016/S0749-6419(01)00057-2
https://doi.org/10.1016/j.jmatprotec.2020.116963

	Introduction 
	Experimental Procedure 
	Results and Discussion 
	The Initial Microstructure 
	Thermal Plastic Flow Behavior 
	Morphological Characteristic of the  Lamellae 
	Relationship between Dynamic Spheroidization and the Dynamic Restoration of  Lamellae 
	Dynamic Spheroidization Mechanism of  Lamellae 
	Correlation of Spheroidization Mechanisms and Deformation Temperature 
	Dependence of Spheroidization on Lamellar Orientation 


	Conclusions 
	References

