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Abstract

This study investigates the mechanical response characteristics and damage evolution behavior
of TC4 alloy through quasi-static/dynamic coupled experimental methods. Quasi-static tensile
tests at varying temperatures (293 K, 423 K, and 623 K) were conducted using a universal
testing machine, while room-temperature dynamic tensile tests (strain rate 1000–3000 s−1) were
performed with a Split Hopkinson Tensile Bar (SHTB). Key findings include the following:
(1) Significant temperature-softening effect was observed, with flow stress decreasing
markedly as temperature increased; (2) Notch size effect influenced mechanical properties,
showing 50% enhancement in post-fracture elongation when notch radius increased from
3 mm to 6 mm; and (3) Strain-hardening effect exhibited rate dependence under dynamic
loading, with reduced hardening index within the tested strain rate range. The Johnson–
Cook constitutive model and failure criterion were modified and parameterized based on
experimental data. A 3D tensile simulation model developed in ABAQUS demonstrated
strong agreement with experimental results, achieving a 0.97 correlation coefficient for
load–displacement curves, thereby validating the modified models. Scanning electron
microscopy (SEM) analysis of fracture surfaces revealed temperature- and strain rate-
dependent microstructural characteristics, dominated by ductile fracture mechanisms
involving microvoid nucleation, growth, and coalescence. This research provides theoretical
foundations for analyzing Ti alloy structures under impact loading through established
temperature–rate-coupled constitutive models.

Keywords: TC4 alloy; Johnson–Cook constitutive mode; failure criterion; fracture behavior

1. Introduction
Ti-6Al-4V alloy has become a key material for achieving lightweight equipment and

performance enhancement in aviation, aerospace, ordnance, and other fields [1–5] due to
its excellent properties such as low density, high strength, high melting point, corrosion
resistance, and fatigue resistance. However, components made of Ti-6Al-4V material carry
a risk of fracture under extreme loads such as high temperatures and high-speed impact.
Therefore, it is crucial to conduct in-depth research on the stress flow and fracture failure
behavior of titanium (Ti) alloys.

Establishing constitutive models and failure models applicable to high temperatures,
high velocities, and large deformations can effectively predict the deformation and fracture
states of materials under load. This is of great significance for advancing the development
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of Ti-6Al-4V alloy in lightweight armor protection and engineering applications. Among
these, the Johnson–Cook (J–C) constitutive model and failure model are commonly used
models for describing high-velocity impact, high-temperature, and large deformation
behavior. The constitutive model characterizes the relationship between stress, strain,
strain rate, and temperature, while the failure model describes the relationship between
fracture strain and stress triaxiality. Both models have been widely applied in engineering
fields [6,7].

However, extensive research has revealed limitations in the predictive capability of
the original J–C model, necessitating modifications for specific materials and applications.
When Wu et al. [6] studied the dynamic deformation behavior of 7A75 alloy, they found
that the traditional J–C model exhibited significant prediction errors. To address this,
they introduced an improved J–C model incorporating strain rate compensation, which
significantly enhanced the accuracy in predicting dynamic/static deformation responses
across a wide range of strain rates. Luo et al. [8] proposed a modified J–C constitutive
model that improved the prediction accuracy for the uniaxial tensile behavior of Q345-
BW at different temperatures; the applicability of this model was validated using the
true stress–strain curves of Q345-BW. Tao et al. [9] proposed an improved J–C model that
simultaneously considers nonlinear strain rate hardening and the interaction between
strain hardening and thermal softening. The improved model significantly increased the
prediction accuracy of the flow stress during the deformation of Ti-6Al-4V tubes. They also
applied the proposed model to numerically controlled warm bending, achieving better
precision in predicting forming defects such as fracture, wrinkling, and over-thinning. Wu
et al. [10] employed a modified Johnson–Cook plasticity model and the Xue–Wierzbicki
fracture criterion to describe the flow stress and fracture behavior of Ti-6Al-4V alloy,
exploring the influence of strain rate on the material’s yield strength and fracture strain.
The model’s validity was further verified through ballistic impact tests.

In order to better describe the stress flow behavior and fracture failure behavior of
Ti-6Al-4V alloy material during tensile processes, this study investigates the quasi-static
mechanical behavior of TC4 alloy at temperatures ranging from 293 K to 623 K using a
universal testing machine. The dynamic mechanical properties of TC4 alloy are examined
using a split Hopkinson pressure bar (SHPB). Additionally, the relationship between
fracture strain and stress triaxiality for TC4 alloy is established through notched tensile
experiments. Based on the experimental results, the J–C constitutive model and failure
model are modified, and the material parameters are calibrated. The reliability of these
parameters is verified by comparing numerical simulation results with experimental data.
Finally, scanning electron microscopy (SEM) is employed to observe the micromorphology
of the Ti alloy fracture surfaces, aiming to investigate the microscopic mechanisms by
which temperature and strain rate influence the fracture strain of the Ti alloy.

2. Materials and Methods
The tested material was TC4 (Ti-6Al-4V) alloy, classified as a dual-phase (α + β) Ti alloy.

The chemical composition of the alloy is shown in Table 1, and the physical properties are
shown in Table 2. The quasi-static tensile testing is conducted with strain rate of 10−3 s−1.

Table 1. Chemical component of TC4 alloy (at %).

Al V Fe O C N H Ti

6.38 4.17 0.28 0.18 0.09 0.04 0.013 Bal.
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Table 2. Physical properties of TC4 alloy at room temperature.

Density/
(g × cm−3)

Elastic
Modulus/GPa

Poisson’s
Ratio

Melting Point
range/◦C

Tensile Yield
Strength/MPa

Ultimate
Tensile

Strength/MPa

4.51 130 0.34 1600–1650 848 1042

Figure 1a illustrates the geometry of the smooth tensile specimen, designed to investi-
gate the influence of temperature on fracture strain. To explore the effect of stress triaxiality
on fracture strain, notched tensile specimens with varying notch radii were fabricated, as
shown in Figure 1b, where R denotes the notch radius. For smooth specimens, the notch
radius is theoretically approximated as infinite (R → ∞). The notch radii employed in this
study were R = 3 mm, 6 mm, 9 mm, and ∞ (smooth specimen). Figure 1c displays the
dynamic tensile specimen geometry, specifically configured for Split Hopkinson Tensile
Bar (SHTB) testing, to examine strain rate dependence of fracture strain.

Figure 1. Configurations and sizes of the samples (a) smooth sample, (b) notch sample, and (c) dy-
namic sample. (unit: mm).

Material Tensile Test

The quasi-static tensile tests were conducted on an electronic universal testing machine
at a strain rate of 0.001 s−1. To minimize experimental errors, each test group was repeated
twice. The engineering stress and engineering strain data acquired from the electronic
universal testing machine were subsequently converted into the true stress and true strain
of the specimens using Equations (1) and (2).

σt = σe(1 + εt) (1)

εt = ln(1 + εe) (2)

In the equations, σe and εe represent the engineering stress and engineering strain,
respectively, while σt and εt denote the true stress and true strain, respectively. Finally,
the true stress and true strain data were obtained under a strain rate of 0.001 s−1, with
varying temperatures, and different notch radii were fitted into true stress–strain curves
using Origin 2024 software. The mechanical properties of TC4 alloy during quasi-static
tensile deformation, such as yield strength, ultimate tensile strength, and fracture strain,
were systematically analyzed based on these curves.

Figure 2 presents the engineering and true stress–strain curves of smooth tensile
specimens for TC4 alloy under a strain rate of 0.001 s−1 at varying temperatures, obtained
after experimental data processing. As shown in the figure, no distinct yield plateau is
observed for TC4 alloy at room temperature (293 K). Consequently, the engineering stress
corresponding to 0.2% plastic strain was defined as the yield strength. The yield strengths
derived from two repeated tests were averaged, yielding a final yield strength of 848 MPa.
In the initial tensile stage, the stress increases linearly with strain. Upon entering the
plastic deformation stage, the stress growth rate significantly decreases, indicating weak
strain-hardening behavior. Under the same strain rate, the yield strength of the alloy
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markedly declines with increasing temperature, demonstrating a pronounced thermal-
softening effect.
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Figure 2. Engineering and true stress–strain curves of TC4 alloy under quasi-static tensile loading at
different temperatures.

Figure 3 presents the engineering and true stress–strain curves of notched specimens
under quasi-static tensile loading at room temperature. The notch radius significantly influ-
ences the load-bearing capacity and post-fracture elongation of the specimens. Specifically,
the fracture elongation increases with larger notch radii, while the flow stress decreases
correspondingly. This inverse relationship indicates that specimens with larger notch
radii exhibit enhanced ductility due to reduced stress concentration and improved plastic
deformation capability. Based on Figure 3, as the notch size increases from 3 mm to 9 mm,
the variation between the stress and strain curves becomes progressively smaller. This
indicates that with increasing notch radius, the decreasing trend of the strain concentration
effect at the notch gradually diminishes. Furthermore, the stress–strain curves for the 6 mm
notch and the 9 mm notch show little difference. This is because the TC4 alloy exhibits
good ductility, resulting in a relatively large critical size beyond which the notch effect
becomes insignificant.
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Figure 3. Engineering and true stress–strain curves of TC4 alloy notched specimens under quasi-static
tensile loading: Effect of notch radius.

Dynamic tensile tests at room temperature were conducted using a split Hopkinson
pressure bar (SHPB) system (ZONE-DE, Jinan, China) under strain rates of 1000 s−1,
2000 s−1, and 3000 s−1, with two repetitions per strain rate group. Figure 4 displays the
engineering and true stress–strain curves derived from these dynamic tensile tests. The
results reveal that the yield strength of TC4 alloy under high strain rates is significantly
higher than its quasi-static yield strength (848 MPa). However, within the tested strain
rate range (1000 s−1 to 3000 s−1), the alloy exhibits only moderate strain rate sensitivity,
accompanied by a comparatively weak strain-hardening effect.
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Figure 4. Engineering and true stress–strain curves of TC4 alloy under dynamic tensile loading at
different strain rates.

3. Constitutive Model and Failure Criteria
3.1. Modification and Development of the J–C Constitutive Model

The J–C constitutive model is an empirical formulation proposed to characterize the
flow stress behavior of metallic materials under high strain rates and elevated tempera-
tures [11,12]. Widely adopted in engineering applications, its mathematical expression is
given as follows:

σeq =
(

A + Bεeq
n)(1 + Clnε∗eq

)
(1 − T∗m) (3)

where A represents the yield strength at reference temperature and strain rate; B is the strain-
hardening modulus; n is the strain-hardening exponent; C is the strain rate strengthening
coefficient; m is the thermal-softening exponent; σeq is the equivalent stress; εeq is the
equivalent plastic strain; ε∗eq =

.
εeq/

.
ε0, where

.
εeq is the equivalent plastic strain rate and

.
ε0 is the strain rate; T∗ = (T − T0)/(Tm − T0), where T is the test temperature, Tm is the
melting point, and the T0 is the reference temperature.

The J–C constitutive model consists of three primary components that describe the
strain hardening

(
A + Bεeq

n), strain rate strengthening
(

1 + Clnε∗eq

)
, and thermal soft-

ening of materials (1 − T∗m). This formulation holistically integrates the relationships
among equivalent stress, equivalent plastic strain, equivalent strain rate, and temperature,
providing a comprehensive framework for characterizing material behavior under complex
thermomechanical conditions.

3.1.1. Parameters A, B, and n

The constitutive model parameters A, B, and n were calibrated using quasi-static
tensile test data from smooth specimens under reference strain rate and temperature
conditions. Under these reference conditions, Equation (1) reduces to the following:

σeq =
(

A + Bεeq
n) (4)

Based on the aforementioned quasi-static tensile tests, the material’s yield stress under
reference temperature and strain rate conditions was determined to be 848 MPa, which
corresponds to parameter A = 848 MPa. The plastic deformation region of the true stress–
strain curve was subsequently fitted using Equation (2), as illustrated in Figure 5, yielding
calibrated parameters B = 566 MPa, and n = 0.505.
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Figure 5. Schematic illustration of the calibration procedures for parameters A, B, and n.

3.1.2. Parameters C

The experimental data obtained from dynamic tensile tests can be utilized to calibrate
the strain rate strengthening coefficient C, as shown in Figure 6. When the temperature is
maintained at the reference temperature and the plastic strain is zero, Equation (3) simplifies
to a linear function of parameter C:

σeq/A − 1 = Clnε∗eq (5)
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0.00
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(σ
eq

/A
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1

lnε*
eq

 Experimental data
  fitting curve
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Adj. R-Square: 0.96373

Figure 6. Schematic illustration of the calibration procedure for parameter C.

The parameter C was calibrated as 0.033 through regression analysis of yield stresses
corresponding to different strain rates.

Table 3 presents published research on the J–C model parameters for TC4 alloy in the
literature, with all test data obtained using SHPB apparatus. The value of parameter C
fitted in Reference [10] is essentially consistent with that obtained in this study. However,
the result from Reference [13] is comparatively lower, which is attributed to the inclusion of
multiple sets of tensile data at low and medium strain rates during their fitting process. The
significant deviation observed in Reference [14] arises because they incorporated multiple
low-strain-rate data sets. This suggests that the strain rate strengthening effect of TC4 alloy
within the low and medium strain rate ranges is less pronounced than that observed at
high strain rates.
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Table 3. Comparison between the present results and that in the literature for parameter C.

A/MPa B/MPa n C Maximum
Strain Rate/s−1

Ref. [10] 895.2 910.1 0.749 0.033 4219
Ref. [13] 1040 1030 0.757 0.030 1137
Ref. [14] 797.5 305.7 0.285 0.020 6500

This study 848 566 0.505 0.034 3000

3.1.3. Parameters m

The thermal-softening exponent m was determined using tensile test data obtained at
varying temperatures under the reference strain rate. Under the reference strain rate and
with zero plastic strain (εp = 0), Equation (3) can be simplified as follows:

σeq = A(1 − T∗m) (6)

The thermal-softening exponent m = 0.571 was determined through regression analysis
of the temperature-dependent yield stress data under the reference strain rate. However,
the original thermal-softening term fails to accurately describe the relationship between
flow stress and temperature. Thus, parameter m1 is introduced to modify the variation
pattern of material yield strength with temperature. Additionally, it has been observed that
the strain-hardening effect of the material changes as temperature increases. Therefore,
parameters O and O1 are introduced, coupling with parameter T* to correct this effect.
Consequently, Equation (6) was revised as follows:

σeq =
(

A + Bεeq
n
(

1 + O1T∗O
))

(1 − m1T∗m) (7)

where parameters O1, O, m1, and m are the thermal-softening parameters.
The experimental data fitting yielded the following parameters: O1 = 3.604, O = 0.754,

m1 = 1.330, and m = 0.720. The calibration procedures for parameters m1 and m are il-
lustrated in Figure 7. A comparison between the constitutive model predictions and
experimental results at varying temperatures is presented in Figure 8. Based on Figure 8,
it can be seen that the modified thermal-softening term can accurately describe the rela-
tionship between flow stress and temperature for the TC4 alloy at the reference strain rate.
Specifically, the fitting function for 423 K achieves an adjusted R-squared coefficient of
0.997, while that for 623 K reaches an adjusted R-squared coefficient of 0.996.
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Figure 7. Schematic illustration of the calibration procedure for parameter m.
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In summary, the modified J–C constitutive model is expressed as follows:

σeq =
(

848 + 566 × εeq
0.505

(
1 + (3.604)× T∗0.754

))(
1 + 0.033 × lnε∗eq

)(
1 − 1.330T∗0.720

)
(8)

3.2. Calibration of J–C Failure Criterion Parameters

Ductile fracture failure in materials involves complex mechanical mechanisms. Accu-
rately predicting material failure modes is of critical importance for engineering applica-
tions. The J–C failure model accounts for the relationships among fracture strain, stress
triaxiality, strain rate, and temperature. It employs an accumulated damage criterion to
predict failure initiation, with the damage accumulation formulated as follows:

D = ∑
(

εp/ε f

)
(9)

where D is the damage variable, and ∆ε represents the strain increment per time step. The
initial value of D is 0, and when D reaches 1 the material fractures.

The J–C failure criterion can be expressed as follows:

ε f =
(

D1 + D2eD3δ
)(

1 + D4lnε∗eq

)
(1 + D5T∗) (10)

where ε f is the fracture strain; D1, D2, D3, D4, and D5 are the equation parameters; δ is the
stress triaxiality defined as the ratio of the hydrostatic stress to the equivalent stress.

3.2.1. Parameters D1, D2, D3

Under the reference strain rate and reference temperature, the relationship between
fracture strain and stress triaxiality is shown below:

ε f =
(

D1 + D2eD3δ
)

(11)

Based on Equation (11), the parameters were calibrated using the fracture strain
and stress triaxiality at fracture obtained from tensile tests on specimens with different
notch radii.

Based on the principle of plastic incompressibility, the average fracture strain at the
fractured cross-section can be calculated by measuring the specimen’s diameter before and
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after the tensile test [15]. In this study, the true failure strain of the material was calculated
using Equation (12), formulated as follows:

ε f = ln
(

A0/A f

)
= 2ln

(
d0/d f

)
(12)

where A0 is the original cross-sectional area of the specimen; A f is the cross-sectional area
after fracture; d0 is the original diameter of the specimen; and d f is the diameter of the
fractured surface.

The stress triaxiality of a material characterizes its stress state. Research by Bridgman
et al. [16] derived formulas for the stress triaxiality in cylindrical specimens with different
notch geometries:

δ = 1/3 + ln
(

1 + (a 2 − r2
)

/2aR) (13)

where a is the minimum cross-sectional radius; R is the notch radius; and r is the distance
from the selected point to the center of the cross-section. Based on this formula, it can
be observed that the stress triaxiality (η) is highest at the center of the cross-section and
gradually decreases outward. The average stress triaxiality for notched tensile specimens,
calculated using the Bridgman formula, is summarized in Table 4.

Table 4. Failure strain of notched specimen.

R δ εf

0 (smooth) 0.333 0.6022
3 0.939 0.2785
6 0.682 0.4663
9 0.578 0.5227

Based on the data in Table 2 and Equation (10), the failure parameters were fitted
as D1 = 0.762, D2 = −0.077, and D3 = 1.963. Figure 9 shows the fitting curves of the
failure parameters D1, D2, D3. As illustrated in the figure, the fracture strain decreases with
increasing stress triaxiality, and this decreasing trend aligns with the predictions of the J–C
failure model.
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Figure 9. Schematic illustration of the calibration procedure for parameter D1, D2, D3.

3.2.2. Parameters D4, D5, and D6

With a, b, and c known, Equation (7) can be simplified under the reference temperature
as follows:

ε f /(D1 + D2eD3δ) = 1 + D4lnε∗eq (14)

By defining D1 + D2eD3δ as ε0, a linear relationship exists between ε f /ε0 and ln ε∗eq,
with D4 as the slope. Using fracture strain data from dynamic tensile tests at different strain
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rates and Equation (14), the relationship is shown in Figure 10. The fitted parameter is
0.013. Under the reference strain rate, Equation (7) reduces to the following:

ε f /
(

D1 + D2eD3δ
)

= 1 + D5T∗ (15)

0 5 10 15

1.0

1.1

1.2
ε f/
ε 0

lnε*
eq

Experimental data
 fitting curve

Equation: y=1+a×x
Adj. R-Square: 1

Figure 10. Schematic illustration of the calibration procedure for parameter D4.

Here, a linear relationship is established between ε f /ε0 and T∗, with D5 as the slope.
Using the fracture strain data from tensile tests at different temperatures and Equation (11),
the correlation between ε f /ε0 and lnε∗eq is illustrated in Figure 11. The parameter D5 = 1
is derived from the fitted curve. Figure 11 demonstrates that the relationship between
temperature and failure strain is nonlinear. Consequently, Equation (15) is revised to
Equation (16) and arrives at the fitting yields D5 = 1.375 and D6 = 1.185.

ε f /
(

D1 + D2eD3δ
)

= 1 + D5(T∗)D6 (16)
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Modified model fitting curve
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Adj. R-Square: 1

Figure 11. Schematic illustration of the calibration procedure for parameter D5, D6.

In summary, the calibrated J–C failure model is expressed as follows:

σeq =
(

0.762 + 0.077 × e1.963∗δ
)(

1 − 0.013 × lnε∗eq

)(
1 + 1.375 × T∗1.185

)
(17)

4. Model Reliability Validation and Microscopic Fractography Analysis
To verify the reliability of the model parameters, experimental simulations were

conducted using the finite element analysis software Abaqus 2022. A 1:1 scale finite
element model based on an eight-node linear hexahedral element was established. To
balance simulation efficiency and accuracy, the gauge section of the tensile specimen
employed smaller mesh elements measuring 0.5 mm × 0.5 mm. The fitted constitutive
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model parameters and failure model parameters were imported into Abaqus for calculation
using the explicit solver. By comparing the stress–strain curves and failure deformation
results from both simulations and experiments, the reliability of the model was analyzed.

The comparison between quasi-static tensile test results and simulation results is
shown in Figure 12. Figure 12 shows the comparison between the experimental stress–
strain curve from a room temperature quasi-static tensile test (strain rate of 0.001 s−1)
and the simulation stress–strain curve. Figure 13 shows the comparison between the
experimental stress–strain curve from a high-temperature tensile test (temperature of
623 K) and the simulation stress–strain curve. As shown in Figures 12 and 13, as the
deformation temperature increases, the necking phenomenon of the alloy becomes more
pronounced, and its plasticity significantly improves. At room temperature, the TC4 alloy
undergoes uniform plastic deformation during tensile loading, typically necking near
the geometric center, with final fracture occurring at the center of the necked region. At
elevated temperatures, the strength of the TC4 alloy decreases while its plasticity increases.
The necking location may shift closer to the gripping end, but the final fracture still occurs at
the center of the necked region. Figure 14 shows the comparison between the experimental
stress–strain curve from a dynamic tensile test (strain rate of 2000 s−1) and the simulation
stress–strain curve. The results indicate that the simulated stress–strain curve exhibits a
high degree of overlap with the experimental data, and the failure modes observed in the
simulation and experiment are similar. This demonstrates that the constitutive equation
parameters and failure model parameters fitted in this study can accurately reflect the
mechanical properties and fracture failure behavior of the TC4 alloy under different strain
rates and temperatures.
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Figure 12. Comparison of quasi-static tensile simulation and test results.
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Figure 13. Comparison of high-temperature tensile simulation and test results.
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Figure 14. Comparison of dynamic tensile simulation and test results.

Figure 15 shows the fracture surface morphology of TC4 alloy with different temper-
ature and strain rates. Fractographic analysis revealed that the material exhibits typical
ductile fracture characteristics. The fracture surface is uniformly covered with equiaxed
dimples measuring 5–8 µm in diameter (Figure 15a). Microvoids formed by debonding
of secondary-phase particles are visible at the dimple bases, which is consistent with the
plastic deformation mechanism of α + β dual-phase Ti alloys. At a strain rate of 3000 s−1,
it can be seen that tear ridges with heights of 1–2 µm are distributed among the dimple
clusters, as shown in Figure 15b. These ridges exhibit a radial extension direction oriented
at a 45◦ angle relative to the crack propagation path, reflecting localized shear deformation
characteristics accompanying the microvoid coalescence process. Furthermore, significant
variations in void density are observed, which may correlate with local stress triaxiality
fluctuations or strain localization induced by inhomogeneous β-phase distribution. As
illustrated in Figure 15c, the fracture process in the alloy is predominantly governed by
microvoid nucleation-growth-coalescence, aligning with the strain accumulation-driven
damage evolution law described in the J–C failure model [17].

  
(a) (b) 

 

(c)  

Figure 15. Comparison of quasi-static tensile finite element simulation and experimental results:
(a) Quasi-static tensile at room temperature with strain rate of 0.001 s−1; (b) Dynamic tensile test at
room temperature with strain rate of 3000 s−1; and (c) High-temperature tensile at 623 K with strain
rate of 0.001 s−1.
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5. Conclusions
The stress flow behavior and fracture failure behavior of TC4 alloy were investigated

through quasi-static tensile tests at room and elevated temperatures, as well as dynamic
tensile tests. Based on the experimental results, the J–C constitutive model and failure
model were modified. Combined with numerical simulations, the validity of the obtained
model parameters was validated. The main conclusions are as follows.

In this paper, a universal material testing machine and Hopkinson bar were employed
to conduct material tests under varying temperatures and strain rates, investigating the
constitutive relationship and damage-failure behavior of TC4 alloy. The main results are
as follows:

(1) The flow stress of TC4 alloy decreases with increasing temperature, while its fracture
strain increases with temperature elevation, exhibiting a significant temperature-
softening effect. The notch radius notably influences the alloy’s load-bearing capacity
and post-fracture elongation, with larger notch radii resulting in better plasticity.
Furthermore, within the strain rate range of 1000 s−1 to 3000 s−1, the strain-hardening
effect of TC4 alloy appears relatively weak.

(2) The J–C constitutive parameters and failure parameters were calibrated based on experi-
mental data and validated through numerical simulations. The results demonstrate that
the fitted J–C constitutive parameters and failure parameters can accurately describe the
material’s mechanical properties as well as its deformation and failure behavior.

(3) The fractographic analysis of TC4 alloy under varying temperatures and strain rates
reveals a ductile fracture mechanism dominated by microvoid nucleation, growth,
and coalescence. At low strain rate (0.001 s−1), the fracture surfaces exhibit uniformly
distributed equiaxed dimples (5–8 µm) with secondary-phase particle debonding-
induced microvoids, consistent with the plastic deformation behavior of α + β dual-
phase Ti alloys. At high strain rate (3000 s−1), localized shear deformation is evidenced
by tear ridges (1–2 µm height) aligned at 45◦ to the crack propagation path.
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