
Citation: Jia, W.; Mao, C.; Zhou, W.

Hot Deformation Behavior of

Electron-Beam Cold-Hearth Melted

Ti-6Al-4V Alloy. Metals 2024, 14, 1459.

https://doi.org/10.3390/

met14121459

Academic Editor: Alain Pasturel

Received: 15 November 2024

Revised: 6 December 2024

Accepted: 12 December 2024

Published: 20 December 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Hot Deformation Behavior of Electron-Beam Cold-Hearth
Melted Ti-6Al-4V Alloy
Weiju Jia * , Chengliang Mao and Wei Zhou

Northwest Institute for Nonferrous Metal Research, Xi’an 710016, China; mcl827@c-nin.com (C.M.);
zw2021@c-nin.com (W.Z.)
* Correspondence: jwj1025@c-nin.com; Tel.: +86-29-86231078; Fax: +86-29-86231078

Abstract: The deformation behavior and microstructure changes of electron-beam cold-hearth-melted
(EBCHM) Ti-6Al-4V alloy were investigated. The stress–strain curves of the alloy were obtained, the
constitutive model was established based on the Arrhenius equation, and the hot processing map
was drawn. The results showed that the stress of the alloy decreases with increasing temperature
and decreasing strain rate. In the β phase field, there are more recrystallized grains when the strain
rate is slow, and the recrystallization of the β phase does not have enough time to occur when the
strain rate is fast. There are obvious shear bands in the microstructure at the strain rate of 10 s−1.
In the α + β field, the morphology and crystallographic orientation of the microstructure changed
simultaneously. Globularization is a typical microstructure evolution characteristic. The prismatic
slip is easier to activate than basal and pyramidal slips. Moreover, globularization of the lamellar α
phase is not synchronously crystallographic and morphological.

Keywords: titanium alloy; electron-beam cold-hearth melting (EBCHM); hot deformation;
microstructures

1. Introduction

Titanium alloys have been widely used in many industries due to their excellent
strength-to-weight ratio and corrosion resistance [1,2]. Vacuum arc remelting (VAR) is the
conventional melting method and is a widely used technology for titanium alloys. However,
there are several possible problems during VAR melting, such as the inhomogeneity of the
microstructure and composition, and low- and high-density inclusions [3,4]. Furthermore,
with further application of titanium alloys in the marine, chemical, and equipment fields,
the specification of the components become larger and larger, and the corresponding
specification of single ingot also increasing. Larger ingots will lead to more obvious
defects, as mentioned above. Electron-beam cold-hearth melting (EBCHM) is an effective
process used to eliminate high- and low-density inclusions during melt processing, and to
reduce the number of remelting steps for high quality titanium alloys. In addition, there
is also a greater flexibility in the ingot form (cylinder or slab) in terms of the cross-section
geometry of the water-cooled crystallizer and the ingot length depending on the adequate
continuously withdrawing operations [5].

Ti-6Al-4V alloy is the most used titanium alloy. Usually, the alloy is melted by VAR
and then forged to make the semi-finish products, and then at last forged or rolled to the
final products. In recent years, there has been an increasing demand for large Ti-6Al-4V
plates and strips, while requiring a low manufacturing cost for these products. EBCHM
shows an advantage over VAR in manufacturing low-cost and large-specification products.
The relationship between the process, microstructure, and properties of the VAR Ti-6Al-4V
alloy has been extensively studied. In particular, the hot deformation behavior of the alloy
under various conditions was studied [6–8]. However, limited research works have been
performed for the EBCHM Ti-6Al-4V alloy. Despite the potential of the EBCHM process,
the hot deformation behavior and microstructure characterization from this method have
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not been established to any great extent. The traditional hot deformation behavior of
titanium alloys provides guidance for the research in this work. The Arrhenius model is
the most common constitutive model construction method, and it has been applied to a
variety of titanium alloys, such as Ti-6Al-4V alloy [9], IMI834 alloy [10], Ti55531 alloy [11],
DsTi700 [12], etc.

Microstructure evolution during high-temperature deformation is another area of
concern because microstructure evolution determines the mechanical properties of the
material. Globularization of the α phase is an important characteristic of microstructure
evolution, and relevant studies have been carried out for different titanium alloys [13–17].
Balachandran et al. [18] found that the globularization and epitaxial recrystallization of the
α phase are the main characteristics of microstructure evolution for Ti5553 alloy during
hot deformation in the two-phase region. Xu et al. [19,20] studied the static globularization
behavior of Ti17 alloy, established the kinetic model of globularization, and clarified the
globularization mechanism. Previous research can help us to carry out the research work
in this project.

In this work, the deformation behavior and microstructure evolution of EBCHM Ti-6Al-
4V alloy during hot compression can provide guidance to produce Ti-6Al-4V. For instance,
stress level and temperature increases under different conditions can guide the selection
of processes for rotation speed and jacking force during cross-piercing. Microstructure
evolution, such as grain size, recrystallization extent, grain boundary curvature, and so
on, can help us set the right temperature of deformation. Hence, this study about the
deformation behavior and microstructure evolution of EBCHM Ti-6Al-4V alloy is very
meaningful for ensuring the high quality of Ti-6Al-4V final components.

The objective of this work is to study the high-temperature deformation behavior and
microstructure changes of EBCHM Ti-6Al-4V alloy. For this purpose, the hot compression
tests were conducted in single β and (α + β) two-phase regions. High-temperature deforma-
tion behavior was analyzed via stress–strain curves, while the microstructure morphology
was characterized by the optical microscope (OM) and electron back-scattered diffraction
(EBSD) techniques.

2. Experimental Procedures

The material used in this work was received in bulk form with dimensions of
120 × 150 × 300 mm, which was machined from a EBCHM Ti-6Al-4V ingot. The chemical
composition of the as-received EBCHM Ti-6Al-4V alloy was analyzed by chemical methods
and listed in Table 1. The β transus temperature was 980 ◦C, which was determined by
using the metallographic method. The initial microstructure of the as-received EBCHM
Ti-6Al-4V alloy is shown in Figure 1, and it presents a typical characterization of the casting
microstructure containing large beta grains.

In the present work, the specimens with dimensions of Φ10 × 15 mm were prepared for
high-temperature compression tests. The Gleeble3500 thermo-simulator system was used
to carry out compression tests. Hot compression tests were carried out in the temperature
range of 910–1060 ◦C with 30 ◦C intervals and a strain rate range of 10−3–10 s−1 on a
Gleeble3500 simulator. The height reduction in the specimens was 65%. The specimens
were heated to experimental temperatures with a heating rate of 5 ◦C/s and held for
5 min to ensure uniform temperature distribution. To reduce die friction and obtain
uniform deformation, the ends of the specimens were coated with graphite powder, and
a foil of tantalum was placed between the faces of the specimen and the anvils. During
compression, temperature was monitored by a thermocouple which was welded in the
center of the surface of the specimen. After deformation, the specimens were water-
quenched immediately to preserve their microstructures at high temperatures.

Deformed specimens were sectioned parallel to the compression axis and prepared for
metallographic examination using standard procedures. The 1/2 radius of the specimens
was chosen to observe microstructure changes. Finally, the OM and EBSD technologies
were used for evaluating the microstructural evolution. In the EBSD tests, the step size was
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set as 0.3 µm, and the other parameters were the system defaults. The EBSD data were
analyzed using Channel 5 software.

Table 1. The chemical composition of the EBCHM Ti-6Al-4V alloy (wt %).

Al V Fe C H N O Ti

6.21 4.31 0.172 0.009 0.0008 <0.003 0.12 Balanced
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3. Results and Discussion
3.1. Stress–Strain Curves

Figure 2 shows the stress–strain curves of EBCHM Ti-6Al-4V alloy deformed at 910 ◦C,
970 ◦C, 1030 ◦C, and 1060 ◦C. The first two represent the deformation behavior of the alloy
in the (α + β) two-phase region, while the last two represent the deformation behavior
in the single β phase region. The curves indicate that the flow stress increases with
increasing strain rate and decreasing temperature, showing a high sensitivity to strain rate
and temperature. From the overall change trends, it can be seen that both in the (α + β)
phase region and single β phase region, basically, the flow stress reaches a steady state
soon after arriving at the peak value. This type of flow curve, defined as a steady-state
curve, usually means that the dynamic recovery (DRV), which can reduce the density of
dislocation, will be the dominant softening behavior during the deformation [21]. However,
some different flow curves can be observed in several deformation conditions in the
(α + β) two-phase region. When deformed at 910 ◦C with a low strain rate of 0.01–0.001 s−1,
the flow stress continues to decrease after the peak until it reaches a steady state. Moreover,
when deformed at 970 ◦C with a high strain rate of 10 s−1, the decrease in flow stress remains
to the end of the deformation. The continuous dynamic flow softening characteristic
indicates the possible occurrence of dynamic recrystallization (DRX) or the globularization
of the lamellar α phase [22,23].

Based on the stress–strain curve, the deformation mechanism of the alloy can only be
roughly speculated upon. Since the same variation trend of the flow curve may be caused
by several different deformation mechanisms, in order to understand which mechanisms
are involved in the deformation process of the alloy, it is necessary to use theoretical
calculation and deformation microstructure analysis for a deeper understanding.
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Figure 2. The stress–strain curves of the EBCHM Ti-6Al-4V alloy deformed at different temperatures:
(a) 910 ◦C, (b) 970 ◦C, (c) 1030 ◦C, and (d) 1060 ◦C.

3.2. Constitutive Equation

From the point of deformation kinetics, the high-temperature plastic deformation of
metal materials involves several thermal activation processes. Since the activation energies
(Q) of different deformation mechanisms exhibit obvious differences, a reasonable estimate
of the dominant deformation mechanism in the process of hot deformation can be made
according to the calculated value of the apparent activation energy. Usually, the value of
the apparent activation energy can be obtained by constructing the constitutive equation
during the hot deformation, which can also visually express the relationship of the flow
stress, deformation temperature, and strain rate. In this study, the classical Arrhenius
equation was used to establish the constitutive model, which was expressed as follows [24]:

When ασ < 0.8,
.
ε = A1e−

Q
RT σn1 (1)

When ασ > 1.2,
.
ε = A2e−

Q
RT σβσ (2)

For all σ,
.
ε = A[sinh(ασ)]ne−

Q
RT (3)

where A1, A2, A, α (MPa−1), and β are the temperature-independent material constants,
n1 and n are the stress exponent,

.
ε is the strain rate (s−1), σ is the flow stress at a strain

of 1.0 (MPa), Q is the activation energy of deformation (kJ·mol−1), R is the gas constant
(8.3145 J·(mol·K)−1), T is the absolute temperature of deformation (K), and α = β/n1.

Taking the natural logarithms of both sides of Equations (1) and (2) gives the following:

ln
.
ε = lnA1 −

Q
RT

+ n1lnσ (4)

ln
.
ε = lnA2 −

Q
RT

+ βσ (5)
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According to Equations (4) and (5), the slopes of curve ln
.
ε-lnσ and curve ln

.
ε-σ can

give the values of n1 and β, respectively. Then, the value of α can be obtained by α = β/n1.
In this paper, the peak stresses of the EBCHM Ti-6Al-4V alloy under different deformation
conditions were used to construct the constitutive equation. The ln

.
ε-lnσ and ln

.
ε-σ graphs

of EBCHM Ti-6Al-4V alloy within the used deformation temperature range are shown in
Figures 3 and 4, respectively. The value of α was calculated as 0.021.
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Furthermore, taking the natural logarithms of both sides of Equation (3) gives
the following:

ln
.
ε = lnA − Q

RT
+ nln[sinh(ασ)] (6)

Similarly, substitute the peak stress to draw the picture of ln
.
ε-ln[sinh(ασ)], as shown

in Figure 5. Using the linear fitting method, the value of n, which is the average slope
of the fitting lines, was obtained as 4.165. It can be seen from the figure that the double
logarithm of flow stress and strain rate satisfies the linear relationship. Therefore, it can
be concluded that the stress–strain relationship of EBCHM Ti-6Al-4V alloy under high
temperature compression deformation satisfies the hyperbolic sinusoidal form, and this
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hyperbolic sinusoidal function relationship can be used to describe the relationship between
flow stress and strain rate at the whole stress level of EBCHM Ti-6Al-4V alloy.

Metals 2024, 14, x FOR PEER REVIEW 6 of 16 
 

 

Figure 4. Linear fitting lnε -σ diagram of the EBCHM Ti-6Al-4V alloy using the peak values of flow 
stresses under different deformation conditions. 

Similarly, substitute the peak stress to draw the picture of lnε -ln[sinh(ασ)], as shown 
in Figure 5. Using the linear fitting method, the value of n, which is the average slope of 
the fitting lines, was obtained as 4.165. It can be seen from the figure that the double loga-
rithm of flow stress and strain rate satisfies the linear relationship. Therefore, it can be 
concluded that the stress–strain relationship of EBCHM Ti-6Al-4V alloy under high tem-
perature compression deformation satisfies the hyperbolic sinusoidal form, and this hy-
perbolic sinusoidal function relationship can be used to describe the relationship between 
flow stress and strain rate at the whole stress level of EBCHM Ti-6Al-4V alloy. 

The Equation (6) can be transformed as: ln[sinh(ασ)] = ଵ୬ lnεሶ − ଵ୬ lnA + ୕୬ୖ  (7)

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
-8

-6

-4

-2

0

2

4

 910℃
 940℃
 970℃
 1000℃
 1030℃
 1060℃

l
n
ε

ln[sinh(ασ)]

 

Figure 5. Linear fitting lnε -ln[sinh(ασ)] diagram of EBCHM Ti-6Al-4V alloy using the peak values 
of flow stresses under different deformation conditions. 

In drawing the picture of ln[sinh(ασ)]-1/T, we perform a linear regression on the data 
points, as shown in Figure 6. As can be seen from the figure, ln[sinh(ασ) and 1/T are well 
consistent with the linear relationship in Equation (7), indicating that the flow stress and 
deformation temperature of the EBCHM Ti-6Al-4V alloy during high temperature defor-
mation conform to the Arrhenius relationship. This relationship also indicates that the hot 
compression deformation of the EBCHM Ti-6Al-4V alloy is controlled by thermal activa-
tion. Taking the derivative of Equation (7) at a certain strain rate, we can obtain the fol-
lowing: Q = Rn ୢ୪୬[ୱ୧୬୦()]ୢ(భ)   (8)

According to the above equation, ln[sinh(ασ)] is linear with 1/T when Q is independ-
ent of temperature. The slope of the ln[sinh(ασ)]-1/T curve in Figure 6 was substituted 
into Equation (8) to obtain the deformation activation energy of the EBCHM Ti-6Al-4V 
alloy, which was found to be 277 kJ/mol. Since the calculated apparent activation energy 
value is close to the self-diffusion activation energy, the DRV controlled by the dislocation 
climb is supposed to be dominant in the hot deformation process. 

Figure 5. Linear fitting ln
.
ε-ln[sinh(ασ)] diagram of EBCHM Ti-6Al-4V alloy using the peak values of

flow stresses under different deformation conditions.

The Equation (6) can be transformed as:

ln[sinh(ασ)] =
1
n

ln
.
ε− 1

n
lnA +

Q
nRT

(7)

In drawing the picture of ln[sinh(ασ)]-1/T, we perform a linear regression on the
data points, as shown in Figure 6. As can be seen from the figure, ln[sinh(ασ) and
1/T are well consistent with the linear relationship in Equation (7), indicating that
the flow stress and deformation temperature of the EBCHM Ti-6Al-4V alloy during
high temperature deformation conform to the Arrhenius relationship. This relationship
also indicates that the hot compression deformation of the EBCHM Ti-6Al-4V alloy is
controlled by thermal activation. Taking the derivative of Equation (7) at a certain strain
rate, we can obtain the following:

Q = Rn
dln[sinh(ασ)]

d
(

1
T

) (8)

According to the above equation, ln[sinh(ασ)] is linear with 1/T when Q is indepen-
dent of temperature. The slope of the ln[sinh(ασ)]-1/T curve in Figure 6 was substituted
into Equation (8) to obtain the deformation activation energy of the EBCHM Ti-6Al-4V
alloy, which was found to be 277 kJ/mol. Since the calculated apparent activation energy
value is close to the self-diffusion activation energy, the DRV controlled by the dislocation
climb is supposed to be dominant in the hot deformation process.

To further estimate the comprehensive effect of temperature and strain rate on
the deformation behavior, the Zener–Holloman parameter Z is calculated using the
following equation:

Z =
.
εexp

(
Q
RT

)
= A[sinh(ασ)]n (9)

Taking the natural logarithms of both sides of Equation (9) gives the following:

ln Z = ln A + nln [sinh(ασ)] (10)

Then, using the same linear fitting method, as shown in Figure 7, the average intercept
lnA and average slope n were obtained as 3.925 and 4.133, respectively. Therefore, the con-
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stitutive equation of the EBCHM Ti-6Al-4V alloy during hot compression can be expressed
as follows:

.
ε = e23.925[sinh(0.021σ)]4.133exp [−277226/(RT)] (11)
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values of flow stresses under different deformation conditions.
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3.3. Processing Map

The hot processing map is an important index to characterize the plastic deformation
ability of materials, and it is a powerful tool to optimize the production process. At
present, the dynamic material model (DMM) proposed by Prasad et al. [25] is the most
widely used and has been widely used with a variety of materials [26,27]. According to
DMM, the thermal deformed workpiece can be regarded as a power dissipator, and the
thermal deformation process can be regarded as a power dissipation process. During
thermal deformation, part of the energy is dissipated through plastic deformation, which
is represented by G, and the other part of energy is dissipated through microstructure
evolution, represented by J. The corresponding power dissipation efficiency η can be
used to reflect the mechanism of the microstructure evolution with a certain condition of
deformation temperature and strain rate, which is defined as follows:
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η =
J

Jmax
=

2m
m + 1

(12)

where Jmax can only be obtained at linear dissipation, in which case J is equal to G. Addi-
tionally, m is the strain rate sensitivity exponent, which is expressed as follows:

η =
J

Jmax
=

2m
m + 1

(13)

Based on the irreversible thermodynamic extremum principle of large plastic flow
proposed by Zeigler, the Prasad instability criterion is established on the assumption that
m is constant in the dynamic constitutive equation to identify the flow instable region in
the processing maps. The Prasad flow instability parameter ξ is defined as follows:

ξ =
∂{lg[m/(m + 1)]}

∂
(
lg

.
ε
) + m < 0 (14)

Namely, flow instability will occur when ξ is negative. By superimposing the corre-
sponding power dissipation (η) map and the (ξ) map, the processing maps of EBCHM
Ti-6Al-4V alloy with true strain of 0.8 were obtained, as shown in Figure 8.
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Figure 8. Processing map of the EBCHM Ti-6Al-4V alloy with the true strain of 0.8.

The processing map shows that the temperature and strain rate have a complicated
effect on the hot deformation behavior of the EBCHM Ti-6Al-4V alloy. On the whole,
there is no instability zone, indicating that the alloy is not prone to deformation and
instability in the range of temperature and strain rate set by the experiment, and that
it has a large processing window and good machinability. The lowest dissipation
efficiency is obtained when the strain rate is medium at lower and higher temperatures.
According to the DMM theory, regions with low dissipation efficiency have lower
power for microstructure evolution and often correspond to regions with poor thermal
working performance. These regions should be dominated by dynamic recovery without
dynamic recrystallization. The peak dissipation efficiency is obtained when the strain
rate is low at lower and higher temperatures, indicating that this alloy has better thermal
working performance in this zone. Dynamic recrystallization should occur in these
zones to make the deformation more adequate [21,28]. Under different conditions,
different types of microstructure evolution of materials will affect their machinability,
which is a common-sense law. In order to further understand the properties of materials,
their microstructure evolution behavior needs to be explored.
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3.4. Microstructure Evolution

Microstructure morphology is an important indicator to evaluate the hot deformation
behavior of titanium alloy, and it is also critical for subsequent processes planning. In this
paper, the microstructures for deformation in the single β phase field and (α + β) two-phase
field will be analyzed, respectively. The microstructure evolution involved is mainly β

phase in the single-phase field during the compression process, and the OM is used to
analyze it. In the (α + β) two-phase deformation process, the microstructure evolution
involved is α phase and β phase, and the EBSD is used for analysis.

3.4.1. Microstructure Evolution in the Single β Phase Field

Figure 9 presents the microstructure characteristics under typical deformation condi-
tions in the single β phase field. Under the deformation condition of 1030 ◦C/0.001 s−1, the
microstructure contains a large number of recrystallized grains, suggesting that the β phase
undergoes relatively sufficient dynamic recrystallization at a slower deformation rate, as
shown in Figure 9a. Under the deformation condition of 1030 ◦C/0.1 s−1, the characteristics
of microstructure evolution are mainly dominated by elongated β grains, with a smaller
number of recrystallizations. Under the deformation condition of 1030 ◦C/10 s−1, uneven
plastic deformation and shear bands can be observed. The difference in strain rate mainly
leads to the difference in deformation time. When the deformation amount is 65%, the
deformation times corresponding to the strain rates of 0.001, 0.1, and 10 s−1 are 1050, 10.5,
and 0.105 s, respectively. When the deformation amount is sufficient, the slower strain
rate enables the microstructure to have more adequate time for dynamic recrystallization,
while the faster strain rate induces uneven plastic deformation. The law of microstructure
evolution is consistent at other temperatures in the single β phase field. Moreover, the
influence laws of process parameters on the evolution of the β phase are basically clear,
and they will not be elaborated upon here.
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3.4.2. Microstructure Evolution in the α + β Phase Field

According to the information obtained from the hot processing map, it can be found
that the influence of temperature and strain rate on the hot deformation behavior of
titanium alloy is comprehensive and complex. It is considered that this influence law is
closely related to the characteristics of microstructure changes during the compression
process. In the (α + β) phase field, the microstructure evolution process is more complex
due to the coexistence of the α phase and β phase, which involves not only the changes
in microstructure morphology, but also the changes in crystallographic orientation and
texture. In order to show the microstructure evolution characteristics in the (α + β) phase
region more clearly, the EBSD technology was used in this part.

Figure 10 shows crystallographic characteristics of microstructure with different strain
rates at 910 ◦C. At a strain rate of 0.001 and 1 s−1, the microstructure shows obvious defor-
mation characteristics. The originally flat lamellar α phase becomes curved and twisted
under the action of external forces, which is a typical globularization process. During
this process, the crystallographic orientation of the microstructure changes differently and
shows different colors. However, it can be seen that the orientations of the α phase are
still similar in the same colony. At the strain rates of 0.001 and 1 s−1, there is no signif-
icant difference in crystallographic orientation of microstructure. Moreover, significant
texture characteristics of the [0001] vertical compression axis are presented due to the large
deformation. Such texture characteristics are related to the prismatic slip of the α phase
in the titanium alloy, which will be explained in detail by the Schmid factor. In contrast,
the crystallographic characteristics of the microstructure are completely different when
the strain rate is 10 s−1, as shown in Figure 10(c1–c3). The microstructure does not show
deformation characteristics; on the contrary, it shows a kind of precipitation characteristic.
This is because the temperature rise caused by rapid deformation causes the temperature of
the specimen to exceed the β transus temperature. This can also be reflected by the PF (pole
figure), for which the precipitated α phase does not have obvious orientation concentration
characteristics, and it can be seen that there are 12 variants. When the α phase is separated
from the β phase, the α phase and β phase are related by the Burgers orientation relation-
ship: {0001}α//{110}β, <11-20>α//<111>β [29,30]. Normally, 12 variants of the α phase
will be precipitated. In the PF of {0001}, there are three points that are stronger, indicating
that six variants are more abundant. Such a phenomenon indicates that the microstructure
has some variant selection, which may be related to compression deformation [31–33].

Figure 11 shows the crystallographic characteristics of microstructure with different
strain rates at 970 ◦C. In general, the microstructure also showed obvious globularization
characteristics at a strain rate of 0.001 and 1 s−1. However, the crystallographic orien-
tation and texture characteristics show some differences compared with the sample at a
temperature of 910 ◦C. At 970 ◦C, the orientation of the microstructure shows a certain
dispersion characteristic, which is related to the higher deformation temperature. The
higher deformation temperature causes the original α phase to dissolve, while the reprecip-
itated secondary α phase follows the Burgers orientation relationship, which leads to the
increased dispersion of orientation. This phenomenon is especially obvious at the strain
rate of 1 s−1, because the rapid deformation increases the temperature of the sample. When
the strain rate is increased to 10 s−1, the temperature rise caused by rapid deformation
causes the temperature of the sample to exceed the β transus temperature, and the α phase
shows the characteristic of precipitation.

In addition, the grain size of the microstructure is significantly different when compar-
ing samples at temperatures of 910 ◦C (Figure 10) and 970 ◦C (Figure 11). At 910 ◦C, the
average grain size is about 2~4 µm; by contrast, the average grain size is about 3~7 µm at
970 ◦C. Higher temperatures lead to the coarsening of the microstructure, which means
there are fewer interfaces in the microstructure. This is one of the reasons for lower
deformation stresses at higher temperatures.

For the α phase of titanium alloy, a dislocation slip is the main mode of deformation.
In general, the α phase with a HCP (hexagonal close-packed) structure is the most likely
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initiate an <a> type slip, that is, a slip in the <a> direction [11-20]. In order to better
understand the behavior of the microstructure evolution, the Schmid factors of the basal
{0001}<11-20>, prismatic {1-100}<11-20>, and pyramidal {1-101}<11-20> slip systems of α
phase were analyzed, as shown in Figure 12. The larger the Schmid factor, the easier the slip
is to initiate. Under different compression conditions, the Schmid factors of different slip
systems show similar rules. The prismatic {1-100}<11-20> Schmid factor is the largest, while
the basal {0001}<11-20> is second, and the pyramidal {1-101}<11-20> is the smallest. Hence,
the prismatic slips occur more easily than basal and pyramidal slips. Such behavior is
related to crystallographic structure of the α phase with the HCP structure. The activation
of slip systems is influenced by the axial ratio (c/a). The basal slip occurs more easily when
c/a ≥ 1.633, or else the prismatic slip occurs more easily. The axial ration of the α phase of
the titanium alloy is about 1.587; thus, the Schmid factor of the prismatic slip is larger [34].
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Figure 10. Euler + band contrast (BC) map, inverse pole figures (IPF), and pole figures (PF) of the
microstructure at 910 ◦C: (a1) Euler + BC at a strain rate of 0.001 s−1, (a2) IPF at a strain rate of
0.001 s−1, (a3) PF at a strain rate of 0.001 s−1, (b1) Euler + BC at a strain rate of 1 s−1, (b2) IPF at a
strain rate of 1 s−1, (b3) PF at a strain rate of 1 s−1, (c1) Euler + BC at a strain rate of 10 s−1, (c2) IPF at
a strain rate of 10 s−1, and (c3) PF at a strain rate of 10 s−1.
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Figure 11. Euler + band contrast (BC) map, inverse pole figures (IPF), and pole figures (PF) of the
microstructure at 970 ◦C: (a1) Euler + BC at a strain rate of 0.001 s−1, (a2) IPF at a strain rate of 0.001 s−1,
(a3) PF at a strain rate of 0.001 s−1, (b1) Euler + BC at a strain rate of 1 s−1, (b2) IPF at a strain rate of
1 s−1, (b3) PF at a strain rate of 1 s−1, (c1) Euler + BC at a strain rate of 10 s−1, (c2) IPF at a strain rate of
10 s−1, and (c3) PF at a strain rate of 10 s−1.

The globularization of the α phase is one of the main characteristics of the microstruc-
ture evolution during the deformation in the two-phase region. However, despite the large
amount of deformation, some α phases still maintain the lamellar structure in morphology.
In order to understand the globularization process more clearly, some typical α phases at
970 ◦C/1 s−1 are selected for targeted misorientation analysis, as shown in Figure 13. Some
positions have a misorientation of more than 15◦, such magnitudes represent the formation
of high-angle boundary. Therefore, these α phases have completed the globularization
process in crystallography. However, they have not yet completed the morphological
separation due to insufficient time. After heat treatment, these high-angle boundaries will
be separated quickly, and the globularization process in morphology will be completed.
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Figure 12. Schmid factor maps for different slip systems at 910 ◦C (a,b) and 970 ◦C
(c,d): (a1) (0001)<11-20> at a strain rate of 0.001 s−1, (a2) (1-100)<11-20> at a strain rate of 0.001
s−1, (a3) (1-101)<11-20> at a strain rate of 0.001 s−1, (b1) (0001)<11-20> at a strain rate of 1 s−1,
(b2) (1-100)<11-20> at a strain rate of 1 s−1, (b3) (1-101)<11-20> at a strain rate of 1 s−1, (c1) (0001)<11-
20> at a strain rate of 0.001 s−1, (c2) (1-100)<11-20> at a strain rate of 0.001 s−1, (c3) (1-101)<11-20> at
a strain rate of 0.001 s−1, (d1) (0001)<11-20> at a strain rate of 1 s−1, (d2) (1-100)<11-20> at a strain
rate of 1 s−1, and (d3) (1-101)<11-20> at a strain rate of 1 s−1.
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mainly through dislocation slips. The Schmid factor of the prismatic {1–100}<11–20> 
slip is largest, the basal {0001}<11–20> slip is second, and the pyramidal slip {1–
101}<11–20> is the smallest. Prismatic slips are easier to activate than basal and py-
ramidal slips. Moreover, globularization of the lamellar α phase is not synchronously 
crystallographic and morphological. 
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Figure 13. Crystallographic characteristics of the typical α phase at 970 ◦C/1 s−1.

4. Conclusions

In the current work, the deformation behavior and microstructure changes of
electron-beam cold-hearth-melted Ti-6Al-4V alloy were investigated. The main conclu-
sions are as follows:

(1) The stress–strain curves of electron-beam cold-hearth-melted Ti-6Al-4V alloy for
isothermal compression in the α + β and single β phase fields were obtained. The
constitutive model was established based on the classical Arrhenius equation. In
addition, a hot processing map was drawn, and it is a powerful tool to optimize the
production process.

(2) Microstructure evolution in the single β phase field presents different characteristics
with the change in strain rate. When the strain rate is slow, there are more recrystal-
lized grains, and the recrystallization of the β phase does not have enough time to
occur when the strain rate is fast. At the strain rate of 10 s−1, there are obvious shear
bands in the microstructure.

(3) Microstructure evolution in the α + β phase field is more complicated. The mor-
phology and crystallographic orientation of the microstructure changed simul-
taneously. Globularization is a typical microstructure evolution characteristic,
which occurs mainly through dislocation slips. The Schmid factor of the prismatic
{1-100}<11-20> slip is largest, the basal {0001}<11-20> slip is second, and the pyra-
midal slip {1-101}<11-20> is the smallest. Prismatic slips are easier to activate than
basal and pyramidal slips. Moreover, globularization of the lamellar α phase is
not synchronously crystallographic and morphological.
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