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Abstract: To study the compressive mechanical properties and failure modes of TC11 titanium alloy
fabricated by wire arc additive manufacturing (WAAM) technology in a large strain rate range at
room temperature, the quasi-static and dynamic compression tests were carried out. In addition,
optical microscopy (OM) and scanning electron microscopy (SEM) were employed to observe the
metallographic structure and fracture morphology, respectively. The stress–strain curves in the range
of 0.001 s−1–4000 s−1, original and post-deformation microstructures, macroscopic damage patterns,
and microscopic fracture morphology were obtained at two different loading directions, including the
scanning and deposition directions, respectively. In uniaxial compression experiments, the material
showed little difference in mechanical properties between the scanning and deposition directions,
exhibiting a strain rate strengthening effect. However, the strain rate sensitivity of the material
under quasi-static loading conditions is much less than that under dynamic loading conditions. In
addition, combining the stress–strain curve with the fracture morphology analysis, the plasticity in
the scanning direction is better than in the deposition direction. Based on the experimental results, a
modified Johnson–Cook (JC) constitutive model considering strain rate sensitivity and the effect of
strain rate on strain hardening was proposed, and the parameters were determined using a Multiple
Population Genetic Algorithm (MPGA). The obtained constitutive model is in good agreement with
the experimental data, which can provide a reference for the engineering numerical calculation of
TC11 titanium alloy for WAAM. This study also provides a fundamental databank for the application
and design of WAAM TC11 alloy in the manufacturing of large and complex structural parts.

Keywords: wire arc additive manufacturing technology; TC11 titanium alloy; strain rate effect;
fracture morphology; constitutive model

1. Introduction

Titanium alloys with high specific strength, good ductility, corrosion resistance, good
fracture toughness, and excellent biocompatibility have become one of the most promising
metal structural materials in the aviation, aerospace, marine, and medical industries [1–8].
Ti-6.5Al-3.5Mo-1.5Zr-0.3Si is an α + β two-phase titanium alloy (known as TC11 titanium
alloy in China and BT9 titanium alloy in Russia) with excellent comprehensive mechanical
properties at room and high temperatures [9,10]. TC11 has been extensively used in key
structural components of aircraft engines such as compressor disks, blades, and drums [11].
Given the high melting point and strength of titanium alloys, the use of traditional forging,
casting, welding, and machining processes for complex-shaped titanium alloy structural
parts has the disadvantages of low material utilization rate, variable material mechanical
properties, high cost, long processing cycle, difficult processing, and insufficient perfor-
mance [4,12]. Therefore, there is an urgent need to explore new manufacturing processes
for titanium alloys to meet the growing demand for complex-shaped titanium alloy com-
ponents in several industries. Wire arc additive manufacturing (WAAM) technology uses
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wire as the raw material. Compared with the technology that uses powder as the raw
material, WAAM has lower production costs, higher deposition efficiency, and a higher
material utilization rate. The use of arc as a heat source also makes it more cost-efficient
than using a laser or electron beam as the heat source additive manufacturing technology.
In addition, due to the simple manufacturing environment and unlimited processing space,
it can be used for the preparation of large-size molding parts [13–15]. With a continued
need to improve material efficiency and lower cost, WAAM is applied to fabricate large
near-net TC11 components [16].

It is widely accepted that the mechanical properties of alloys are very sensitive to
microstructural features [17]. Similar to other additive manufacturing techniques, the
repeated melting and solidification processes cause a large thermal gradient in the deposi-
tion direction, resulting in epitaxial nucleation and growth of β-grains; consequently, the
microstructure of the TC11 alloy prepared by the WAAM technique consists of coarse colum-
nar β-grains [16,18]. Therefore, the static and dynamic mechanical properties of WAAM
TC11 titanium alloy may be somewhat different from those of conventionally processed
TC11 titanium alloys. Research has been conducted on the basic mechanical properties of
TC11 titanium alloys fabricated by the conventional process. Yan et al. [19] studied the
effects of different heat treatment methods on the microstructure and quasi-static tensile
mechanical properties of TC11 titanium alloy. Four (4) different microstructures and corre-
sponding static mechanical properties were obtained by different heat treatment processes,
which proved that the microstructure has significant effects on the mechanical properties
of the material. Huang et al. [20] studied the thermal compression behavior of equiaxed
TC11 titanium alloy in the temperature range of 900–1060 ◦C and the strain rate range of
0.001–10 s−1. The effect of microstructure on its flow stress softening and adiabatic shear
band stability changes were investigated by means of optical microscopy (OM), scanning
electron microscopy (SEM), and X-ray diffraction (XRD). Chen et al. [21] determined the
parameters in the J–C constitutive model for TC11 titanium alloy by quasi-static tensile tests
and high strain rate dynamic compression tests at different temperatures. Zhang et al. [22]
studied the tensile mechanical properties of TC11 titanium alloy in the strain rate range
of 1 × 10−3 s−1~1 × 103 s−1 and observed the fracture morphology of the specimen. The
results showed that with an increase in strain rate of TC11 titanium alloy, the strain rate
sensitivity changed from insensitive to sensitive, the strain hardening rate of the material
decreased gradually, and TC11 titanium alloy exhibited ductile fracture mechanism during
tensile fracture. However, there are relatively few studies on the dynamic mechanical
properties and failure mechanisms of TC11 titanium alloy materials prepared by additive
manufacturing technology. Zhou et al. [23] studied the microstructure characteristics and
mechanical properties of TC11 titanium alloy deposited by laser melting. They found that
the microstructure of the deposited sample was composed of coarse columnar grains and
equiaxed grains. The mechanical properties also had significant anisotropy characteristics
at room temperature. After annealing at 950 ◦C for 1 h and 550 ◦C for 2 h, the continuous
α phase at grain boundaries was almost completely broken and the distribution of α + β

basket-weaved microstructure was more uniform. At room temperature, the anisotropy
of mechanical properties was completely eliminated, and the plasticity was enhanced.
Zhu et al. [24] prepared a TC11 titanium alloy plate by laser melting deposition process.
The morphology, microstructure, and formation mechanism of its grains were systemati-
cally studied. Through tensile testing, the LMDed material was found to have high strength
and low ductility when compared with traditional forging material. Zong et al. [25] stud-
ied laser additive manufacturing TC11 titanium alloy and found that the titanium alloy
prepared by laser melting was composed of coarse columnar crystals and fine equiaxed
crystals. After annealing at 1263 K for 1 h and 803 K for 6 h, the microstructure showed
a basket-weave microstructure. TC11 before and after heat treatment was dynamically
compressed at 2800 s−1 and 2900 s−1 strain rates. TC11 without heat treatment had higher
yield strength and poor plasticity. After heat treatment, the yield strength of TC11 titanium
alloy decreased, but the plasticity improved. Although numerous scholars have conducted
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extensive research on the static and dynamic mechanical properties and constitutive rela-
tionships of TC11 titanium alloys manufactured by conventional preparation processes
and achieved certain results, there are few studies on the static and dynamic mechanical
properties and failure mechanisms of TC11 titanium alloy manufactured using WAAM
technology, and the plastic constitutive model of WAAM TC11 is rarely studied. There-
fore, it is necessary to study the mechanical properties and failure modes of WAAM TC11
titanium alloy.

In this work, the quasi-static and dynamic mechanical properties of TC11 titanium
alloy fabricated by WAAM technology under two loading directions (deposition direc-
tion and scanning direction) were investigated systematically. Combined with OM and
SEM observation of the microstructure and fracture morphology of materials, the failure
mechanism of materials was studied. The failure mechanism of the material was studied
by observing the microstructure and fracture morphology by OM and SEM. A modified
Johnson–Cook (JC) constitutive model considering strain rate sensitivity and the effect of
strain rate on strain hardening was established, and the parameters were determined using
a Multiple Population Genetic Algorithm (MPGA). This model provides a reference for the
numerical simulation of TC11 titanium alloy fabricated by WAAM technology and provides
a theoretical foundation for the application of arc additive manufacturing technology in
the manufacturing of large complex titanium alloy structural parts.

2. Materials and Methods
2.1. Materials

A thick plate (180 mm × 30 mm × 200 mm) of TC11 titanium alloy was prepared
using WAAM technology, and the material is hereinafter called WAAM TC11 titanium
alloy. The instrument used for the preparation of the material is independently developed
by the School of Mechanical and Vehicle Engineering of Beijing Institute of Technology. The
processing schematic and experimental equipment are shown in Figure 1. TC11 titanium
alloy wire with a diameter of 1.6 mm was used as the additive material, and its specific
chemical composition is given in Table 1. According to the literature, the microstructure of
the as-deposited titanium alloy prepared by WAAM technology features coarse columnar
β grain throughout multiple layers, residual stress, and a rough surface [15,18]. Therefore,
in order to eliminate the residual strain and obtain the uniform microstructure of TC11
titanium alloy, the material was heat-treated by annealing at 1263 K for 1 h, followed by
annealing at 803 K for 6 h [25].
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The mechanical properties of WAAM TC11 titanium alloy were investigated via uni-
axial quasi-static and dynamic compression experiments. According to GB/T 7314-2017
quasi-static room temperature compression method for metallic materials, a cylindrical
compression specimen with a diameter of 4 mm and a length of 4 mm was designed. Given
the relationship between the stress balance and uniformity assumptions along the length
of the specimen and the size effect in the SHPB experiment, the dynamic compression
specimens share the dimensions with the quasi-static compression specimens. Higher
loading strain rate can be obtained by using this sample on existing SHPB experimental
equipment. The specimen geometry is presented in Figure 2. Considering that the me-
chanical properties of the heat-treated WAAM TC11 titanium alloy may still differ in the
scanning and deposition directions, two sets of specimens with the same geometry and
different force directions were prepared. The schematic diagram of the sampling form for
specimens is shown in Figure 3. The specimens normal to the circular cross-section along
the Z-axis (deposition direction) are the Z-set and the specimens normal to the circular
cross-section along the X-axis (scanning direction) are the X-set.
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2.2. Methods

Quasi-static uniaxial compression experiments on WAAM TC11 titanium alloy were
carried out using the Instron 8801 universal materials testing machine. The mechanical
properties and failure modes of the material were obtained at different strain rates of
0.001 s−1, 0.01 s−1, and 0.1 s−1 by adjusting the loading speed in the experiments. For
quasi-static uniaxial compression experiments, the strain rate, engineering stress, and
engineering strain can be obtained from Equation (1). Here,

.
ε(t) is the strain rate, V(t) is

the loading velocity, l0 is the length of the specimen, A0 is the initial cross-sectional area of



Materials 2022, 15, 3917 5 of 20

the specimen, and F(t) and U(t) are the force on the specimen and the deformation of the
specimen at different moments obtained by the universal test machine, respectively.

.
ε(t) = V(t)

l0

σ(t) = F(t)
A0

ε(t) = U(t)
l0

(1)

Under dynamic loading, the tests were carried out using the SHPB system at different
strain rates ranging from 700 s−1–4000 s−1. In this work, the SHPB experimental setup
consists of a striker bar, an incident bar, and a transmitter bar made of 19 mm diameter
18 Ni steel, with an impact bar length of 220 mm and an incidence and transmission bar
length of 1200 mm. Further, a stress reversal technique [27–30] is adopted here to avoid
reloading of the specimen by reflected stress waves, as shown in Figure 4.
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The SHPB experimental technique is based on two basic assumptions: the one-
dimensional stress assumption and the homogeneity assumption. Applying the one-
dimensional stress wave theory, the force–displacement curve at the interface between
the compression bar and the specimen can be obtained from the strain signal. Based on
the homogeneity assumption, the loading strain rate, strain, and stress of the material can
be determined, which can be given by Equation (2). The specific theoretical calculation
procedure for the SHPB can be found in Ref. [31].

.
ε(t) = −2 C

ls
εr(t)

ε(t) = −2 C
ls

∫ t
0 εr(t)dt

σ(t) = Abar
As

Eεt(t)

(2)

where εr(t) and εt(t) are the reflected and transmitted strains measured by strain gauges
on the compression bars, respectively. E, C, and Abar are the modulus of elasticity, elastic
wave velocity, and cross-sectional area of the incident and transmitted bars, respectively.
As and ls are the cross-sectional area and length of the specimen, respectively. In addition,
in uniaxial compression experiments, engineering strains and stresses can be converted to
real strains and stresses using Equation (3).
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{
εT = −ln(1 − ε)

σT = σ(1 − ε)
(3)

The original specimens and deformed specimens were axially sectioned parallel to the
compression axis and the cut surface was prepared for optical microstructure examination
using standard polishing and etching techniques. OM observations were carried out
on an OLYMPUS BX51M optical microscope made in China. In addition, the fracture
morphologies of the specimens were observed by Quanta 250FEG (FEI, Hillsboro, OR,
USA) field emission environmental scanning electron microscope.

The experimental test workflow is given in Figure 5. Firstly, the TC11 titanium alloy
fabricated by wire arc additive manufacturing was wire cut to obtain the experimental
specimens, then the Instron 8801 universal materials testing machine and SHPB experimen-
tal device were used to load the experimental specimens quasi-statically and dynamically,
respectively, and finally the microstructure and fracture morphology of the specimens were
observed by OM and SEM.
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3. Results and Discussion
3.1. Deformation of Specimens

Macroscopic deformations of WAAM TC11 titanium alloy specimens after static and
dynamic compression are shown in Figure 6. When the direction deposition and the
direction scanning sample are damaged, the angle between the crack or section and the
sample axis (loading direction) is approximately 45◦ under quasi-static loading conditions.
Under dynamic loading conditions, both deposited and scanned specimens were deformed
to varying degrees before damage. When loaded in the deposited direction, damage occurs
when the loading strain rate is higher than 3000 s−1. However, when loaded in the scanned
direction, damage occurred when the loading strain rate was above 4000 s−1 and the angle
between the fracture and the specimen axis (loading direction) was approximately 45◦.
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3.2. Analysis of Mechanical Properties in the Deposition and Scanning Directions

Numerous research results show that the microstructure will directly affect the me-
chanical properties of titanium alloys [6]. The microscopic morphology of the longitudinal
sections of the X and Z cylindrical compression specimens were observed by OM. The
microstructure morphology of the corresponding specimens was obtained as shown in
Figure 7. From Figure 7, the original β grain is broken to varying degrees and the lamellar
α phase is staggered inside the β phase grains and woven into a net basket, which is a
typical basket-weave microstructure in both scanning direction and deposition direction.
However, as you can see in Figure 7a, there are several α phases that are more than 100 µm
long, while in Figure 7b such α phases are not visible. These differences may result in
inconsistent mechanical properties of materials in both directions.

Materials 2022, 15, x FOR PEER REVIEW 7 of 21 
 

 

Figure 6. Macro-morphology of uniaxially compressed specimens after compression. (a) Group Z 
specimens (deposition direction). (b) Group X specimens (scanning direction). 

3.2. Analysis of Mechanical Properties in the Deposition and Scanning Directions 
Numerous research results show that the microstructure will directly affect the me-

chanical properties of titanium alloys [6]. The microscopic morphology of the longitudinal 
sections of the X and Z cylindrical compression specimens were observed by OM. The 
microstructure morphology of the corresponding specimens was obtained as shown in 
Figure 7. From Figure 7, the original β grain is broken to varying degrees and the lamellar 
α phase is staggered inside the β phase grains and woven into a net basket, which is a 
typical basket-weave microstructure in both scanning direction and deposition direction. 
However, as you can see in Figure 7a, there are several α phases that are more than 100 
µm long, while in Figure 7b such α phases are not visible. These differences may result in 
inconsistent mechanical properties of materials in both directions. 

(a) (b) 

Figure 7. Microstructure of the longitudinal sections of the two groups of samples. (a) Group Z 
specimens (deposition direction). (b) Group X specimens (scanning direction). 

The engineering stress-strain curves of WAAM TC11 titanium alloy under different 
loading directions were obtained by quasi-static and dynamic compression experiments. 
The real stress-strain curve of the material was obtained by using Equation (3). The true 
stress-true strain curves for the same strain rate of two sets of specimens under quasi-
static loading conditions are given separately in Figure 8. W-Z and W-X in the legend 
denote WAAM-TC11 specimens subjected to compression in the direction parallel to the 
deposition direction and the scanning direction, respectively, with the numbers represent-
ing different specimens. It can be seen from Figure 8 that within the strain rate range of 
0.001 s−1–0.1 s−1, both groups of WAAM TC11 titanium alloy samples underwent elastic 
stage, yield stage, strengthening stage, and failure stage. The elastic stage, yield stage, and 
strengthening stage of the two groups of samples coincided well, but there was no obvious 
yield platform in the yield stage. Therefore, the yield strength of materials under quasi-
static condition is defined as the stress value corresponding to 0.2% plastic strain. Under 
the same strain rate, the compressive strength of the scanning direction was slightly larger 
than that of the deposition direction, but the difference was less than 4%. The failure strain 
in the scanning direction was greater than that in the deposition direction. 
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The engineering stress-strain curves of WAAM TC11 titanium alloy under different
loading directions were obtained by quasi-static and dynamic compression experiments.
The real stress-strain curve of the material was obtained by using Equation (3). The true
stress-true strain curves for the same strain rate of two sets of specimens under quasi-static
loading conditions are given separately in Figure 8. W-Z and W-X in the legend denote
WAAM-TC11 specimens subjected to compression in the direction parallel to the deposition
direction and the scanning direction, respectively, with the numbers representing different
specimens. It can be seen from Figure 8 that within the strain rate range of 0.001 s−1–0.1 s−1,
both groups of WAAM TC11 titanium alloy samples underwent elastic stage, yield stage,
strengthening stage, and failure stage. The elastic stage, yield stage, and strengthening
stage of the two groups of samples coincided well, but there was no obvious yield platform
in the yield stage. Therefore, the yield strength of materials under quasi-static condition
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is defined as the stress value corresponding to 0.2% plastic strain. Under the same strain
rate, the compressive strength of the scanning direction was slightly larger than that of the
deposition direction, but the difference was less than 4%. The failure strain in the scanning
direction was greater than that in the deposition direction.
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Figure 9 shows the real stress-strain curves of the two groups of samples at the same
strain rate under dynamic loading conditions. It can be seen from the Figure 9 that the
yield strength and flow stress of the two groups of samples at the same strain rate have
no obvious difference and the mechanical properties do not show anisotropy. With the
increase in strain rate, the yield strength and flow stress of the two groups of samples show
a positive correlation of strain rate. A comparison of the stress-strain curves of LAMed
TC11 titanium alloy at 2900 s−1 strain rate with WAAM TC11 titanium alloy at 3000 s−1

strain rate is given in Figure 9e. From the figure, it can be concluded that although the
yield strengths of TC11 titanium alloys prepared by different processes are close at similar
strain rates, the strain hardening trends are different, further illustrating the need to study
the mechanical properties of WAAM TC11 titanium alloy. It can be observed in Figure 9e,f
that the specimen in the deposition direction has fractured at strain rates of 3000 s−1

and 3500 s−1, while the specimen in the scanning direction only has plastic deformation
without fracture, which proves that the plasticity of the specimen in the scanning direction
is superior to that in the deposition direction from the side.

The study of the deformation and damage of the specimens after the test and the
obtained stress–strain curves showed that there was no significant directional difference
in the mechanical properties of the elastic and plastic segments of the material in the
deposition and scanning directions. However, the plasticity in the scanning direction was
better than that in the deposition direction.
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3.3. Effect of Strain Rate

The true stress-strain curves for the two sets of specimens at different strain rates
under quasi-static and dynamic conditions are given in Figures 10 and 11, respectively.
The yield strength of the material under quasi-static conditions increases slightly with
increasing strain rate and the flow stress changes less as shown in Figure 10. Combining the
stress-strain curves under quasi-static conditions in Figure 10, the yield and flow stresses
of the material are significantly elevated under dynamic loading conditions as shown in
Figure 11.

To study the strain rate effect of the material quantitatively, the yield strength and flow
stress at the given plastic strain 0.05 of WAAM TC11 titanium alloy under different strain
rates (0.001 s−1–3500 s−1) were given in Table 2. The results show that the yield strength
and the flow stresses increase with the strain rates. Under dynamic conditions, the yield
strength and the flow stress rise more quickly. The yield strength and the flow stress do not
increase linearly over the range of strain rates studied, showing an inflection point in the
tendencies of the flow stress with strain rates. To study the strain rate sensitivity, the strain
rate sensitivity coefficient is defined by parameter β [32,33].

β =
∂σ

∂
.

lnε
=

σ2 − σ1

ln(
.
ε2/

.
ε1)

β =
∂σ

∂
.

lnε
=

σ2 − σ1

ln(
.
ε2/

.
ε1)

(4)

Here, σ1 and σ2 are equivalent stresses at strain rates
.
ε1 and

.
ε2, respectively.
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Figure 11. Dynamic stress–strain curve for WAAM TC11 titanium alloy. (a) Group Z specimens
(deposition direction). (b) Group X specimens (scanning direction).

Table 2. Yield strength and flow stress of materials at different strain rates.

Group Strain Rate/s−1 0.001 0.01 0.1 700 1500 2000 2500 3000 3500

Z
σs/MPa 1046.76 1065.15 1112.13 1229.61 1303.74 1346.22 1384.05 1427.05 1450.76

σ0.05/MPa 1171.78 1184.38 1210.84 1294.83 1353.12 1378.41 1409.66 1480.81 1503.72

X
σs/MPa 1048.48 1071.12 1110.64 1229.83 1310.56 1348.96 1398.30 1420.38 1454.56

σ0.05/MPa 1169.79 1193.14 1219.42 1282.55 1354.04 1392.66 1418.45 1474.01 1505.57

The effect of strain rate on the mechanical properties of the material is expressed using
the yield strength and flow stress at the given plastic strain of 0.05 versus the strain rate
in logarithmic form and the strain rate sensitivities parameters under quasi-static and
dynamic loading conditions of the two sets of specimens are labeled in the figure, as shown
in Figure 12. The results show that the strain rate sensitivities to yield and flow stresses
in the deposited and scanned directions of WAAM TC11 titanium are consistent with the
equivalent strain rate. However, the relationship between the yield and flow stresses and
the logarithm of the strain rate is not simply linear. With the strain rate sensitivity coefficient
at a high strain rate being approximately ten times higher than the strain rate sensitivity
coefficient at quasi-static, there is a clear transition from low to high strain rate. This is
mainly due to the difference in the thermal activation mechanism under dynamic and static
loading, which refers to the energy fluctuation across the energy barrier generated by the
thermal movement of atoms under external stress [34]. The relationship between activation
energy (∆G) and strain rate is expressed by [35,36]:

.
ε0 = bρmdγ, ∆G = kTln

.
ε0
.
ε

(5)

Here,
.
ε0 is the reference strain rate, b is the Burgers vector, ρm is the mobile dislocation

density, d is the moving distance of dislocation to overcome obstacles, γ is the vibrational
frequency of dislocation lines, k is the Boltzmann constant, and T is temperature. Accord-
ingly, a higher

.
ε often induces a lower ∆G as there is less time available to overcome the

barriers to dislocation movement. Therefore, at lower strain rates, the activation energy
is relatively larger, which effectively helps dislocation to overcome obstacles and thus the
thermal activation effect is fully utilized, leading to smaller external stress and lower strain
rate sensitivity. On the contrary, at a higher strain rate, the activation energy is insufficient
to overcome the barrier. The thermal activation effect gradually weakens, leading to the
larger external stress and higher strain rate sensitivity. For comparison, the strain rate
sensitivity tendency for WAAM TC11 is very similar to the reported TC4 titanium alloy [37].
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strength. (b) Flow stress at an equivalent plastic strain of 0.05.

The difference between the yield strength and the flow stress at an equivalent plastic
strain of 0.05 for the same strain rate is given in Table 3 for both groups of specimens.
The results show that the absolute error between the yield strength of the two groups
of specimens is a minimum of −14.25 MPa and a maximum of 6.67 MPa. The absolute
error of the flow stress at an equivalent plastic strain of 0.05 is a minimum of −14.25 MPa
and a maximum of 12.28 MPa. These results further prove that there is no significant
difference between the mechanical properties of the material in the scanning direction and
the deposition direction.

Table 3. Absolute errors of yield strength and flow stress in both loading directions for the same
strain rate.

Strain Rate/s−1 0.001 0.01 0.1 700 1500 2000 2500 3000 3500

Absolute
Error

σs −1.72 −5.97 1.49 −0.22 −6.82 −2.74 −14.25 6.67 −3.80
σ0.05 1.99 −8.76 −8.58 12.28 −0.92 −14.25 −8.97 6.80 −1.85

3.4. Failure and Microstructural Evolution Analysis
3.4.1. Macro-Failure Analysis

Based on the analysis of the deformation of the specimens after loading in Section 3.1, it
can be seen that in the uniaxial compression process, the damage of both sets of specimens
of WAAM TC11 titanium alloy occurs in the direction of the maximum shear stress in
the plane (the angle with the compression axis is 45◦). When plastic deformation of the
specimens occurs during loading, circumferential stresses appear on the specimen surface,
which induces the specimens to be loaded in tension. Therefore, the compression-shear
region and the tension-compression-shear region coexist in the shear damage plane during
the whole loading process of the specimen, as shown in Figure 13. Figure 14 gives the
damage shape of the cylindrical specimen after uniaxial compression, which is in good
agreement with Figure 13.
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3.4.2. Micro-Failure Analysis

The specimens were cut along the longitudinal section after static and dynamic loading
conditions and the microstructure of the section was observed by OM. The microstructures
of typical specimens in the longitudinal sections under quasi-static and dynamic loading
conditions are shown in Figures 15 and 16, respectively. In Figure 15, area A shows the
specimen section after deformation, and areas B and C show the local magnification at
different magnifications, respectively. It can be observed that both α and β phases of the
material show different degrees of compression deformation along the loading direction
under quasi-static loading conditions. The specimens in the deposition direction did not
stop loading in time after the damage of the specimens, resulting in excessive compression
of the specimens. The deformation of the α-phase and β-phase was more intense, which
led to a more difficult observation of the shear deformation zone. In contrast, cracks,
microcracks, and shear deformation bands between two cracks can be observed in the
specimen in the scanning direction and the shear deformation bands are parallel to the crack
direction and at an angle of approximately 45◦ to the loading direction. The microstructure
under dynamic loading conditions is shown in Figure 16, where it can be observed that
the α-phase and β-phase deformation areas are small and concentrated. Although no
complete adiabatic shear band is observed due to the complete fracture of the specimens,
the crack extension along the adiabatic shear band can be observed in Figure 16a,b, proving
that the fracture failure mechanism of WAAM TC11 titanium alloy is an adiabatic shear
deformation fracture.
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A, and region C is the local magnified microstructure within the blue-framed area in region B.
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Figure 16. Microstructure of the specimen in longitudinal section under dynamic. (a) W-Z-3500 s−1.
(b) W-X-4000 s−1.

The fractures of the fractured specimens were observed using SEM, and the typical
fracture morphologies of the specimens in the deposition and scanning directions were
obtained, as shown in Figures 17 and 18, respectively. The loading strain rates were 3500 s−1

and 4000 s−1 for the two specimens, and the overall fracture morphology and the local
fracture morphology at different magnifications are presented in the two sets of figures,
respectively. It can be seen from (a) of the two groups of figures that the microscopic
fracture morphology of WAAM TC11 is mainly composed of dimple zone and smooth zone.
Among these, the dimples are mainly distributed on the left and right sides and the lower
part of the fracture, and the smooth area is mainly distributed on the middle and upper part
of the fracture, and the dimples are relatively large in the scanning direction samples. In
the two figures, (b) and (c) present the microscopic morphologies of dimples with different
magnification ratios. Under high strain rate loading, the samples in both groups form
typical parabolic dimples, which belong to shear fracture mechanism. By comparing the
samples in two groups, it can be determined that the dimples formed by the samples in
the scanning direction after fracture have larger overall deformation and more obvious
elongation. Combined with the ratio of dimple area and dimple morphology, the plasticity
of scanning direction is better than that of deposition direction, which is consistent with
the results of sample deformation in Section 3.1 and stress-strain curve in Section 3.2.
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4. The Constitutive Analysis
4.1. Parameter Fitting and Applicability Analysis

The Johnson–Cook (J–C) model is an empirical viscoplastic constitutive model that
can better describe the strain rate effect, work-hardening effect, and temperature softening
effect of metal materials. Based on the previous analysis, there is no significant difference
in the mechanical properties of the material in the plastic section. Without considering the
influence of the material processing direction, the J–C model can be used to describe the
dynamic plastic mechanics constitutive relationship of WAAM TC11 titanium alloy. In the
J–C model, the flow stress σ can be expressed as:

σ =
(

A + Bεn
)(

1 + Cln
.
ε
∗)(1 − T∗m

)
(6)

where A, B, n, C, and m are coefficients to be determined based on experimental data. A is the
yield strength at reference temperature and reference strain rate; B is the strain hardening
coefficient; n is the strain hardening index; C is the strain rate hardening coefficient; m is
the thermal softening index; ε is the equivalent plastic strain

.
ε
∗ is the strain rate. T∗ is the

relative temperature. The experiments at room temperature do not consider the effect of
the temperature term and take 0.001 s−1 at room temperature as the reference strain rate.
Combining the experimental data at different strain rates, the final values of A, B, n, and
C are 1046.62 MPa, 979.41 MPa, 0.7070, and 0.0146, respectively. Following that, the J–C
model takes the following form:

σ =
(
1046.62 + 979.41ε0.707)(1 + 0.0146

.
lnε

∗)
(7)

The comparison between flow stress in the direction of material deposition and J-C
constitutive fitting results in the experiment is shown in Figure 19. It can be seen from
the figure that the fitting results are in good agreement with the experimental results
under quasi-static conditions, but at high strain rates, the yield strength of the material
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changes little with the increase in strain rate and the error with experimental results is large.
Moreover, with the increase in strain, the flow stress obtained by J-C fitting is higher than
the experimental value. The study of the characteristics of the J-C model by LIANG [38]
and XU [39] shows that the conventional J-C model cannot characterize the mechanical
behavior of the materials with large deviations in strain rate sensitivity coefficients under
static and dynamic loading conditions. The materials either decrease strain hardening rate
with increasing loading strain rate or remains constant. Therefore, the conventional J-C
model cannot accurately characterize the plastic flow behavior of WAAM TC11 titanium
alloy and a modification of the constitutive model is required.
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4.2. Model Modification and Parameter Fitting

As mentioned above, the compressive mechanical behavior of WAAM TC11 shows an
obvious strain rate correlation. However, the sensitivity of yield strength and strain hard-
ening behavior to strain rate is different. With an increase in strain rate, the yield strength
of materials changes from insensitive to sensitive and the strain hardening effect decreases.
In view of the above analysis, the J–C constitutive model is modified. Two parameters,
C1 and C2, were used to characterize the influence of strain rate on yield behavior and
strain hardening behavior, respectively. C1 is a function related to strain rate, which can
be characterized as a

.
ε + b. The transition strain rate

.
εT was introduced to characterize the

transition phenomenon of strain rate sensitivity of flow stress from low strain rate region
to high strain rate region. The modified J–C constitutive model (MJ–C constitutive model)
is shown in Equation (8):

σ = A(1 + C1
.

lnε
∗
) + Bεn(1 + C2

.
lnε

∗
),

.
ε
∗
=

.
ε +

.
εT

.
ε0

(8)

Genetic algorithms can be used to calibrate the parameters of the complex forms of
material constitutive and equation of state. At present, this method has been applied to
calibrate the parameters of the explosive state equation [40,41] and the material constitutive
model [42–44]. The Multiple Population Genetic Algorithm (MPGA) used in this work not
only inherits many of the advantages from the standard genetic algorithm (SGA), such
as no need for gradient information, strong robustness, good ability to capture global
optima, etc. [45]. Furthermore, the strategy of multi-population co-evolution can obtain
higher accuracy, faster convergence rate, and effectively overcome the problem of premature
convergence [46]. In this work, the MPGA is briefly described as follows: a number of
initial subpopulations are randomly generated within the solution range. The reciprocal
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of the absolute value of the error in the flow stress obtained by Equation (8) and the
experiment is used as the fitness function. Selection, crossover, mutation migration etc. are
performed within each generation. The calculation is cyclic until the maximum number of
generations of population evolution is reached or the optimal individuals remain constant
for 50 consecutive generations. The optimal individuals are output at the end of the
calculation, which is the value of the parameter obtained. The specific calculation process
is shown in Figure 20, where j is the number of generations; J is the maximum number
of generations, 300; N is the number of subpopulations, ten (10). M is the number of
individuals in the subpopulation, 100; P(j,n) is the nth subpopulation in the jth generation.
F is the fitness of the current optimal individual. i is the number of generations for which
the current optimal individual is maintained. Emax is the maximum number of generations
for which the optimal individual is maintained, 50. The range of values of the parameters
is given in Table 4. The calculated final parameters are shown in Table 5.
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Table 4. Range of parameter values.

Parameters A/MPa a b B/MPA n C2
.
εT

Range of values [400,1000] [0,1] [0,1] [500,200] [0,1] [−1,1] [0,1000]

Table 5. MJ–C fitting parameters.

A/MPa a b B/MPA n C2
.
εT

441.63 1.14 × 10−5 0.2512 1605.9 0.4083 −0.01225 130

The comparison between flow stress in the direction of material deposition and MJ–C
constitutive fitting results is shown in Figure 21. The modified constitutive model is in good
agreement with the experimental stress-strain curves at different strain rates. Figure 22
compares the flow stress in the scanning direction of the material in the experiment with the
fitting results of MJ–C constitutive model, which also shows good fitting results. Therefore,
considering the strain rate sensitivity and the effect of strain rate on strain hardening effect,
MJ–C constitutive model can well describe the static and dynamic mechanical properties of
WAAM TC11 titanium alloy.
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There are several focuses of attention to be conveyed regarding the limitations in
our study. First, due to the limitation of the experimental equipment, experimental data
in the range of medium strain rate (1 s−1–102 s−1) are missing. Second, the experiments
were carried out at room temperature and not at different temperatures, making MJ–C
constitutive mode only applicable to room temperature conditions. Finally, the obtained
MJ–C constitutive model needs to be redeveloped before it can be used in numerical
simulation.

5. Conclusions

To investigate the mechanical properties and failure modes in the deposition and scan-
ning directions, quasi-static and dynamic compression experiments were carried out on
heat-treated WAAM TC11 titanium alloy. The material and evolution of the microstructure
and the failure mode of the specimens after fracture were investigated through metal-
lographic observations and fracture morphology analysis. A modified MJ–C intrinsic
structure model for WAAM TC11 was developed by collating and analyzing the experi-
mental data. The main conclusions obtained are as follows.

In the strain rate range of 0.001 s−1–4000 s−1, the yield strength and flow stress of
the material in the scanning and deposition directions do not differ significantly and
exhibit strain rate strengthening effects, but the strain rate sensitivity of the material under
quasi-static loading conditions is much less than under dynamic loading conditions. The
specimens which were fractured all broke along the maximum shear plane, with the plane
of fracture at approximately 45◦ to the loading direction, and the crack extension along
the adiabatic shear band could be observed only under dynamic loading. In addition,
the fracture of both deposited and scanned specimens under dynamic loading consisted
of a dimpled area and a smooth area, and the dimpled areas exhibited parabolic shear
dimples. However, in the scanning direction sample, the dimples proportion was larger at
the fracture and the dimples were more obviously elongated and deformed, proving that
the scanning direction has better plasticity. Based on the experimental results, the MJ–C
constitutive model was obtained by considering the strain rate sensitivity and the effect of
strain rate on strain hardening. The accuracy and reasonableness of the MJ–C constitutive
model was proven by comparison with the experimental results. Based on the research
results of this paper, further research will be carried out on the mechanical properties of
WAAM TC11 titanium alloy considering the effect of temperature and stress state.

Author Contributions: Conceptualization, Z.T. and H.W.; Data curation, Z.T.; Formal analysis, Z.T.;
Funding acquisition, H.W. and F.H.; Investigation, Z.T.; Methodology, Z.T.; Resources, H.W., C.T.
and F.H.; Software, Z.T. and M.L.; Supervision, H.W., C.T. and F.H.; Validation, Z.T. and H.D.;
Visualization, M.L.; Writing—original draft, Z.T.; Writing—review & editing, Z.T., H.W. and H.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No. 12072039
and 11572048).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We gratefully thank Chengwen Tan’s group in the School of Materials of Beijing
Institute of Technology for providing the materials and experimental equipment.

Conflicts of Interest: There are no conflict of interest to declare.

References
1. Williams, D.F. Titanium and titanium alloys. Biocompat. Clin. Implant. Mater. 1981. [CrossRef]
2. Rafi, H.K.; Karthik, N.V.; Gong, H.; Starr, T.L.; Stucker, B.E. Microstructures and Mechanical Properties of Ti6Al4V Parts Fabricated

by Selective Laser Melting and Electron Beam Melting. J. Mater. Eng. Perform. 2013, 22, 3872–3883. [CrossRef]

http://doi.org/10.1007/978-1-4757-1758-7
http://doi.org/10.1007/s11665-013-0658-0


Materials 2022, 15, 3917 19 of 20

3. Zhang, C.Q.; Xie, L.S.; Chen, M.H.; Shang, G.Q. Dynamic Mechanical Property and Plastic Constitutive Relation of TC4 DT
Titanium Alloy under High Strain Rate. Chin. J. Nonferrous Met. 2015, 25, 323–329.

4. Chen, R.; Tan, C.; You, Z.; Li, Z.; Zhang, S.; Nie, Z.; Yu, X.; Zhao, X. Effect of α phase on high-strain rate deformation behavior of
laser melting deposited Ti-6.5Al-1Mo-1V-2Zr titanium alloy. Mater. Sci. Eng. A 2019, 750, 81–90. [CrossRef]

5. Liu, S.; Shin, Y.C. Additive manufacturing of Ti6Al4V alloy: A review. Mater. Des. 2019, 164, 107552. [CrossRef]
6. Jeffs, S.; Lancaster, R.; Davies, G.; Hole, W.; Roberts, B.; Stapleton, D.; Thomas, M.; Todd, I.; Baxter, G. Effect of Process Parameters

and Build Orientation on Microstructure and Impact Energy of Electron Beam Powder Bed Fused Ti-6AL-4V. Materials 2021,
14, 5376. [CrossRef]

7. Jamari, J.; Ammarullah, M.I.; Saad, A.P.M.; Syahrom, A.; Uddin, M.; van der Heide, E.; Basri, H. The Effect of Bottom Profile
Dimples on the Femoral Head on Wear in Metal-on-Metal Total Hip Arthroplasty. J. Funct. Biomater. 2021, 12, 38. [CrossRef]

8. Ammarullah, M.I.; Afif, I.Y.; Maula, M.I.; Winarni, T.I.; Tauviqirrahman, M.; Akbar, I.; Basri, H.; van der Heide, E.; Jamari, J. Tresca
Stress Simulation of Metal-on-Metal Total Hip Arthroplasty during Normal Walking Activity. Materials 2021, 14, 7554. [CrossRef]

9. Zhu, Y.; Tian, X.; Li, J.; Wang, H. The anisotropy of laser melting deposition additive manufacturing Ti–6.5Al–3.5Mo–1.5Zr–0.3Si
titanium alloy. Mater. Des. 2015, 67, 538–542. [CrossRef]

10. Zhu, Y.; Tian, X.; Li, J.; Wang, H. Microstructure evolution and layer bands of laser melting deposition Ti–6.5Al–3.5Mo–1.5Zr–0.3Si
titanium alloy. J. Alloy. Compd. 2014, 616, 468–474. [CrossRef]

11. Xie, L.; Liu, C.; Song, Y.; Guo, H.; Wang, Z.; Hua, L.; Wang, L.; Zhang, L.-C. Evaluation of microstructure variation of TC11 alloy
after electroshocking treatment. J. Mater. Res. Technol. 2020, 9, 2455–2466. [CrossRef]

12. Frazier, W.E. Metal Additive Manufacturing: A Review. J. Mater. Eng. Perform. 2014, 23, 1917–1928. [CrossRef]
13. Xia, C.; Pan, Z.; Polden, J.; Li, H.; Xu, Y.; Chen, S.; Zhang, Y. A review on wire arc additive manufacturing: Monitoring, control

and a framework of automated system. J. Manuf. Syst. 2020, 57, 31–45. [CrossRef]
14. Köhler, M.; Fiebig, S.; Hensel, J.; Dilger, K. Wire and Arc Additive Manufacturing of Aluminum Components. Metals 2019, 9, 608.

[CrossRef]
15. Ding, D.; Pan, Z.; Cuiuri, D.; Li, H. Wire-feed additive manufacturing of metal components: Technologies, developments and

future interests. Int. J. Adv. Manuf. Technol. 2015, 81, 465–481. [CrossRef]
16. Chen, Y.; Yang, C.; Fan, C.; Zhuo, Y.; Lin, S.; Chen, C. Grain refinement of additive manufactured Ti-6.5Al-3.5Mo-1.5Zr-0.3Si

titanium alloy by the addition of La2O3. Mater. Lett. 2020, 275, 128170. [CrossRef]
17. Zong, Y.Y.; Shan, D.B.; Xu, M.; Lv, Y. Flow softening and microstructural evolution of TC11 titanium alloy during hot deformation.

J. Mater. Processing Technol. 2009, 209, 1988–1994. [CrossRef]
18. Wang, F.; Williams, S.; Colegrove, P. Microstructure and Mechanical Properties of Wire and Arc Additive Manufactured Ti-6Al-4V.

Metall. Mater. Trans. Part A 2013, 44, 968–977. [CrossRef]
19. Yan, X.; Shu, X.; Zhu, F.; Sun, K. A Comparative Study on Quasistatic Mechanical Properties of Four Kinds of Typical Microstruc-

ture of TC11 Titanium Alloy at Room Temperature. J. Yunnan Univ. China 2016, 38, 99–104.
20. Huang, L.J.; Geng, L.; Li, A.B.; Cui, X.P.; Li, H.Z.; Wang, G.S. Characteristics of hot compression behavior of Ti–6.5Al–3.5Mo–

1.5Zr–0.3Si alloy with an equiaxed microstructure. Mater. Sci. Eng. A 2009, 505, 136–143. [CrossRef]
21. Chen, M.; Niu, Q.L.; An, Q.L.; Tang, S.W.; Li, P.N. Johnson-Cook Constitutive Equation for Titanium Alloy TC11. Key Eng. Mater.

2013, 589–590, 140–146. [CrossRef]
22. Zhang, J.; Wang, Y.; Wang, Y. Experiment and Constitutive Model of Rate-dependent Behavior of Titanium Alloy TC11. Chin.

J. Nonferrous Met. 2017, 27, 1369–1375.
23. Zhou, Q.; Yan, Z.; Han, X.; Song, Q.; Liu, J.; Wang, F. Microstructure and Mechanical Properties of Laser Melting Deposited TC11

Titanium Alloys. Chin. J. Lasers 2018, 45, 67–74.
24. Zhu, Y.; Li, J.; Tian, X.; Wang, H.; Liu, D. Microstructure and mechanical properties of hybrid fabricated Ti–6.5Al–3.5Mo–1.5Zr–

0.3Si titanium alloy by laser additive manufacturing. Mater. Sci. Eng. A 2014, 607, 427–434. [CrossRef]
25. Zong, X.; Li, Z.; Li, J.; Cheng, X.; Chen, R.; Tan, C.-W.; Wang, H.-M. High strain rate response of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si

titanium alloy fabricated by laser additive manufacturing. J. Alloy. Compd. 2019, 781, 47–55. [CrossRef]
26. Wu, Q.; Lu, J.; Liu, C.; Shi, X.; Ma, Q.; Tang, S.; Fan, H.; Ma, S. Obtaining uniform deposition with variable wire feeding direction

during wire-feed additive manufacturing. Mater. Manuf. Processes 2017, 32, 1881–1886. [CrossRef]
27. Han, Y.; Xu, Z.; Dou, W.; Fan, C.; Hou, B.; He, X.; Liu, Y.; Huang, F. Pure mode II dynamic fracture characteristics and failure

mechanism of Zr41. 2Ti13. 8Cu12. 5Ni10Be22. 5 bulk metallic glass. Mater. Sci. Eng. A 2022, 833, 142573. [CrossRef]
28. Xu, Z.; Ding, X.; Zhang, W.; Huang, F. A novel method in dynamic shear testing of bulk materials using the traditional SHPB

technique. Int. J. Impact Eng. 2017, 101, 90–104. [CrossRef]
29. Xu, Z.; He, X.; Hu, H.; Tan, P.J.; Liu, Y.; Huang, F. Plastic behavior and failure mechanism of Ti-6Al-4V under quasi-static and

dynamic shear loading. Int. J. Impact Eng. 2019, 130, 281–291. [CrossRef]
30. Nemat-Nasser, S.; Isaacs, J.B.; Starrett, J.E. Hopkinson Techniques for Dynamic Recovery Experiments. Proc. R. Soc. A Math. Phys.

Eng. Sci. 1991, 434, 371–391.
31. Hu, S. Hopkinson Bar Pressing Technique. Ordnance Mater. Sci. Eng. China 1991, 11, 40–47.
32. Lee, W.-S.; Lin, C.-F.; Liu, T.-J. Impact and fracture response of sintered 316 L stainless steel subjected to high strain rate loading.

Mater. Charact. 2007, 58, 363–370. [CrossRef]

http://doi.org/10.1016/j.msea.2019.01.060
http://doi.org/10.1016/j.matdes.2018.107552
http://doi.org/10.3390/ma14185376
http://doi.org/10.3390/jfb12020038
http://doi.org/10.3390/ma14247554
http://doi.org/10.1016/j.matdes.2014.11.001
http://doi.org/10.1016/j.jallcom.2014.07.161
http://doi.org/10.1016/j.jmrt.2019.12.076
http://doi.org/10.1007/s11665-014-0958-z
http://doi.org/10.1016/j.jmsy.2020.08.008
http://doi.org/10.3390/met9050608
http://doi.org/10.1007/s00170-015-7077-3
http://doi.org/10.1016/j.matlet.2020.128170
http://doi.org/10.1016/j.jmatprotec.2008.04.063
http://doi.org/10.1007/s11661-012-1444-6
http://doi.org/10.1016/j.msea.2008.12.041
http://doi.org/10.4028/www.scientific.net/KEM.589-590.140
http://doi.org/10.1016/j.msea.2014.04.019
http://doi.org/10.1016/j.jallcom.2018.11.312
http://doi.org/10.1080/10426914.2017.1364860
http://doi.org/10.1016/j.msea.2021.142573
http://doi.org/10.1016/j.ijimpeng.2016.11.012
http://doi.org/10.1016/j.ijimpeng.2019.04.008
http://doi.org/10.1016/j.matchar.2006.06.004


Materials 2022, 15, 3917 20 of 20

33. Lee, W.S.; Chiou, S.T. The influence of loading rate on shear deformation behaviour of tungsten composite. Compos. Part B Eng.
1996, 27, 193–200. [CrossRef]

34. Tang, C.; Zhu, J.; Zhou, H. Strain Rate Effect and Thermal Activation Theory on Yield Strength of Metallic Materials. J. Met. China
1995, 31, 248–253.

35. Dannemann, K.A.; Chalivendra, V.B.; Song, B. Dynamic Behavior of Materials. Exp. Mech. 2012, 52, 117–118. [CrossRef]
36. Wang, L.; Qiao, J.W.; Ma, S.G.; Jiao, Z.M.; Zhang, T.W.; Chen, G.; Zhao, D.; Zhang, Y.; Wang, Z.H. Mechanical response and

deformation behavior of Al0.6CoCrFeNi high-entropy alloys upon dynamic loading. Mater. Sci. Eng. A 2018, 727, 208–213.
[CrossRef]

37. Hu, H.; Xu, Z.; Dou, W.; Huang, F. Effects of strain rate and stress state on mechanical properties of Ti-6Al-4V alloy. Int. J. Impact
Eng. 2020, 145, 103689. [CrossRef]

38. Liang, R.; Khan, A.S. A critical review of experimental results and constitutive models for BCC and FCC metals over a wide
range of strain rates and temperatures. Int. J. Plast. 1999, 15, 963–980. [CrossRef]

39. Xu, Z.; Huang, F. Comparison of constitutive models for FCC metals over wide temperature and strain rate ranges with application
to pure copper. Int. J. Impact Eng. 2015, 79, 65–74. [CrossRef]

40. Cui, H.; Song, P.; Gu, X.H.; Zhou, H.; Xing, B.Y.; Jiang, L.; Guo, R. Determination of the JWL Parameters of Detonation Products
Using Adaptive Genetic Algorithm. Propellants Explos. Pyrotech. 2020, 45, 1920–1930. [CrossRef]

41. Wang, C.; Xu, W.; Guo, Y. Calculation of JWL Equation of State Parameters Based on Genetic Algorithm and γ Equation of State.
Acta Armamentarii China 2017, 38 (Suppl. S1), 167–173.

42. Wen, J.; Liu, C.; Yao, H.; Wu, B. A nonlinear dynamic model and parameters identification method for predicting the shock pulse
of rubber waveform generator. Int. J. Impact Eng. 2018, 120, 1–15. [CrossRef]

43. Dastgiri, M.S.; Thakkar, R.; Shi, J.; Sarraf, I.S.; Green, D.E. Constitutive modelling of Usibor® 1500 sheets after intercritical
quenching. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1157, 12071. [CrossRef]

44. Wang, Y.; Zeng, X.; Chen, H.; Yang, X.; Wang, F.; Zeng, L. Modified Johnson-Cook constitutive model of metallic materials under
a wide range of temperatures and strain rates. Results Phys. 2021, 27, 104498. [CrossRef]

45. Alshraideh, M.; Tahat, L. Multiple-Population Genetic Algorithm for Solving Min-Max Optimization Problems. Int. Rev. Comput.
Softw. 2015, 10, 9–19. [CrossRef]

46. Lin, Y. Solution of Inverse Kinematics for General Robot Manipulators Based on Multiple Population Genetic Algorithm. J. Mech.
Eng. 2017, 53, 1–8. [CrossRef]

http://doi.org/10.1016/1359-8368(95)00051-8
http://doi.org/10.1007/s11340-012-9598-0
http://doi.org/10.1016/j.msea.2018.05.001
http://doi.org/10.1016/j.ijimpeng.2020.103689
http://doi.org/10.1016/S0749-6419(99)00021-2
http://doi.org/10.1016/j.ijimpeng.2014.10.003
http://doi.org/10.1002/prep.202000148
http://doi.org/10.1016/j.ijimpeng.2018.05.009
http://doi.org/10.1088/1757-899X/1157/1/012071
http://doi.org/10.1016/j.rinp.2021.104498
http://doi.org/10.15866/irecos.v10i1.4612
http://doi.org/10.3901/JME.2017.03.001

	Introduction 
	Materials and Methods 
	Materials 
	Methods 

	Results and Discussion 
	Deformation of Specimens 
	Analysis of Mechanical Properties in the Deposition and Scanning Directions 
	Effect of Strain Rate 
	Failure and Microstructural Evolution Analysis 
	Macro-Failure Analysis 
	Micro-Failure Analysis 


	The Constitutive Analysis 
	Parameter Fitting and Applicability Analysis 
	Model Modification and Parameter Fitting 

	Conclusions 
	References

