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Abstract: This study investigated the deformation behavior of the Mo-10Ta alloy with a strain rate
range of 102–105 s−1. The Split Hopkinson pressure bar (SHPB) experiments were conducted to
investigate the influence of deformation conditions on the stress-strain relationship and strain rate
sensitivity of the material within a strain rate range of 0.001–4500 s−1. The Shaped Charge Jet (SCJ)
forming experiments under detonation loading was conducted to clarify the dynamic response
and microstructure evolution of the material within an ultra-high strain rates range of 104–105 s−1.
Based on the stress-strain relationship of Mo-10Ta alloy at high temperature (286–873 K) and high
strain rate (460–4500 s−1), the influence of temperature and strain rate on the activation energy Q
was analyzed. The results indicate that the material strain rate sensitivity increased with the increase
in strain rate and strain. Meanwhile, the activation energy Q decreased as the temperature and
strain rate increased. The plasticity of the Mo-10Ta alloy under the condition of SCJ forming was
substantially enhanced compared with that under quasi-static deformation. The material grain was
also refined under ultra-high strain rate, as reflected by the reduction in grain size from 232 µm to
less than 10 µm.

Keywords: Mo-Ta alloys; dynamic mechanical properties; high strain rate; activation energy

1. Introduction

Plasticity is a critical property of metallic materials. It is defined as the ability of a metallic
material to undergo permanent and non-damaging deformation in response to an applied force.
The plastic deformation behavior of metals is influenced synthetically by deformation conditions,
deformation amount (i.e., strain), and material characteristics. The deformation conditions mainly
include deformation temperature, strain rate, and the state of stress [1,2]. Many studies have
indicated [3–11] that some metallic materials may undergo remarkable plastic deformation ability
under certain conditions, and the ductility could reach 1000% or greater. However, most of these studies
were conducted under hot deformation conditions with a low strain rate (10−3–1 s−1). As metallic
materials are applied more widely in several fields, including manufacturing and military, researchers
have started focusing on achieving superplastic deformation of metallic materials under a higher
strain rate. Mabuchi [12] discovered that the ductility of Si3N4/6061 Al alloy reached 620% under a
temperature of 833 K and strain rate of 2 s−1. Another study indicated that the ductility of IN9021
Al alloy reached an extremely high value of 1250% [12] under the conditions of 823 K and 50 s−1.
Nieh [13] pointed out that the occurrence of grain refinement within the material structure is a necessary
condition to achieve superplastic under high strain rate. Currently, researchers in this field have
conducted several studies to understand the external conditions and internal mechanisms regarding
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superplastic occurrence under high strain rate. Chokshi [14] first reported that the shaped charge
jet (SCJ) of charge warheads was a typical application of metal dynamic superplastic deformation
in the military field. Driven by the explosion energy, the charge liner made from copper underwent
superplastic deformation (with a high ductility of 1000%), and the strain rate reached 105 s−1. Chokshi
believed that the ultra-high strain rate suppressed the outward heat transfer of the copper material;
hence, the material temperature dramatically increased to above 0.4 Tm. This led to the dynamic
recrystallization and refinement of the grain size of the material structure to below 10 µm. Hence, the
copper material was equipped with superplastic deformation ability under such a high strain rate.
Chokshi’s theory regarding the superplastic deformation mechanism under ultra-high strain rates
has been validated by other studies [15–19]. In fact, many studies have demonstrated that dynamic
recrystallization is a critical factor that leads to the superplastic deformation of metallic materials under
high strain rate [20–25]. However, the grain refinement evolution mechanisms differ greatly under
different strain rates. Gang [18] and Peng [10] found that the superplastic deformation of pure-copper
materials under ultra-high strain rate (103–105 s−1) was achieved mainly through the combination of
grains and the rotation of grain boundary, i.e., the mechanics-driven sub-grain rotation mechanism [20].
This mechanism mainly includes steps such as sub-grain formation, rotation, and boundary refinement.
Meanwhile, the grain boundary sliding and diffusion creep combined mechanism proposed by Ashby
and Verrall [21] explains the recrystallization behavior of metallic materials under relatively low strain
rates (<10 s−1) [22].

Mo-Ta alloys were a refractory body-centered cubic metal [26]. Owing to its characteristics such
as high density, high strength, and favorable mechanical properties under high temperature, the Mo-Ta
alloys have great application prospects in the field of military manufacturing. Given the potential
working environment (high-velocity impact) to which the material might be exposed, it is critical to
study the plastic deformation response of the alloys under high strain rate. The split Hopkinson pressure
bar (SHPB) experiments are typically used to investigate the mechanical response characteristics of
materials under medium to high strain rate (102–104 s−1) [27]. Andrade [28] investigated the insulating
shear and dynamic recrystallization behavior of copper under a high strain rate (104 s−1) through SHPB
experiments. Akhtar [29] studied the stress-strain relationship of Ta and Ta alloys under different
temperatures and strain rates through SHPB experiments and established a constitutive model to
describe the material plastic behavior under medium-high strain rate based on experimental data.
This study employed SHPB experiments to investigate the deformation response of the Mo-10Ta alloy
under different temperatures (286–873 K) and different strain rates (102–103 s−1). The influence of
temperature and strain rate on the stress-strain relationship and the activation energy of the Mo-Ta
alloy were analyzed. In addition, an SCJ warhead was designed using Mo-10Ta as the material of
liner. Driven by the huge explosion energy, the Mo-10Ta alloy underwent plastic deformation under a
higher strain rate (>104 s−1). Therefore, the plastic deformation behavior of the Mo-10Ta alloy under
ultra-high strain rate was further revealed.

2. Materials and Methods

2.1. Material

In the current study, cylindrical billets with a mass ratio of 9:1 were prepared through the
liquid-phase sintering process. To further enhance the densification of the alloy, the billets were
forged under room temperature and high speed. The density of the obtained Mo-10Ta was 10.5 g/cm3,
and the densification was 98%. Table 1 presents the measured chemical composition of the Mo-10Ta
alloy. The Leica MC170HD inverted-phase metallographic microscope (Leica, Berlin, Germany) was
used to observe the microstructure of the alloy under magnifications of 200× and 500×. The polished
sample surface needed to be corroded with potassium ferricyanide and sodium hydroxide (Chongqing
Kunlun, Chongqing, China) until it turned gray, and then observed under a microscope. The observed
microstructures are presented in Figure 1. As shown in the Figure 1, no holes were observed within
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the microstructure of the forged Mo-10Ta alloy, but grain deformation was observed. Meanwhile,
the obtained Mo-10Ta alloy featured coarse grains, with an average grain size of 232 µm, which was
mainly due to the long time high-temperature sintering.

To further investigate the thermal–mechanical properties of the Mo-10Ta alloy, the specific heat of
the material (323–1473 K) was measured under standard atmosphere, based on the ASTM (American
Society for Testing and Materials) E973-2006 (2018) standards. As indicated in Figure 2, the temperature
range of 323 K to 873 K, the specific heat of the Mo-10Ta alloy increased as the environmental temperature
increased. When the environmental temperature was above 873 K, the specific heat of the material
decreased as the temperature increased. The relationship between the specific heat of the Mo-10Ta
alloy and temperature within the temperature range of 323 K to 1473 K is given in Equation (1).

Cp = 0.16 + T ∗ 5.47−4
− T2

∗ 3.18−7, (323 < T < 1473), (1)

Table 1. The chemical composition of Mo-10Ta.

Chemical Composition (ppm) Mass Fraction (%)

Fe Al Si Ca Cd Cr Cu Mg Mn Ni Pb Sb Sn V Ta Mo

5 5 5 5 1 5 86 5 5 24 1 5 1 5 9.96 Remainder
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2.2. Test Method

2.2.1. SHPB Test

Mechanical test samples with dimensions of Φ4 mm × 3 mm (Φ is diameter) were prepared
using the Mo-10a alloy (Figure 3a), and the SHPB equipment (Archimedes limited, Beijing, China)
was used to investigate the dynamic plastic deformation response of Mo-10Ta under medium-high
strain rates (102–103 s−1). For comparison purposes, sheet tensile test samples were also prepared
(Figure 3b). The universal test machine (Changchun Testing Machine Research Institute, Changchun,
China) was used to obtain the stress-strain relationship of Mo-10Ta under static compression and
tensile deformation conditions (286 K, 0.001 s−1). In order to ensure the accuracy of the test data,
three repeated tests were carried out under the same deformation condition, and the stress-strain
relationship of Mo-10Ta alloy under different conditions was the average value of three repeated tests.
Details regarding the SHPB equipment, the dynamic/static compression experimental process, and the
data analysis methods can be found in a previous study [30].

Metals 2020, 10, x FOR PEER REVIEW 4 of 21 

 

2.2. Test Method 

2.2.1. SHPB Test 

Mechanical test samples with dimensions of Φ4 mm × 3 mm (Φ is diameter) were prepared using 

the Mo-10a alloy (Figure 3a), and the SHPB equipment (Archimedes limited, Beijing, China) was used 

to investigate the dynamic plastic deformation response of Mo-10Ta under medium-high strain rates 

(102–103 s−1). For comparison purposes, sheet tensile test samples were also prepared (Figure 3b). The 

universal test machine (Changchun Testing Machine Research Institute, Changchun, China) was 

used to obtain the stress-strain relationship of Mo-10Ta under static compression and tensile 

deformation conditions (286 K, 0.001 s−1). In order to ensure the accuracy of the test data, three 

repeated tests were carried out under the same deformation condition, and the stress-strain 

relationship of Mo-10Ta alloy under different conditions was the average value of three repeated 

tests. Details regarding the SHPB equipment, the dynamic/static compression experimental process, 

and the data analysis methods can be found in a previous study [30]. 

 

Figure 3. The structure diagram of test samples (unit: mm): (a) dynamic/static compression sample, 

(b) static tensile sample, (c) liner. 

2.2.2. SCJ Forming Test 

The SCJ is a high-energy metal jet formed along the axis of a warhead. Its formation is based on 

the principle of concentrating energy and due to the collapse of the metal liner as a result of high-

pressure explosion (30 GPa) [31]. Figure 4 illustrates the material deformation process of a liner. 

Studies have indicated that the collapse rate of the liner material driven by high pressure can be as 

high as 103 m/s (the exact value is dependent on the material density and liner structure), and the 

strain rate could be as high as 105 s−1. To investigate the plastic deformation behavior of Mo-10Ta 

under a higher strain rate, an SCJ warhead (Figure 5) was prepared in this study using the Mo-10Ta 

as the material of liner (Figure 3c). The warhead caliber was 60 mm, the explosive material was JH-2, 

and the charge density was 1.713 g/cm3. During the experiments, a dedicated X-ray system 

(Scandiflash AB, Uppsala, Sweden) was used to capture the Mo-10Ta jet shape after the explosion, 

and the equipment setup is presented in Figure 6. After the explosion, the Mo-10Ta liner formed a 

downward-moving metal jet driven by the explosion pressure. X-ray was used to irradiate the metal 

jet, which reflected the jet shape on the film. Hence, dual-flash X-ray could be used to record the 

shape of the Mo-10Ta jet at any two moments. A target board placed along the jet direction was used 

to recover partial Mo-10Ta jet fragments, so that their microstructure evolution could be observed. 

Figure 3. The structure diagram of test samples (unit: mm): (a) dynamic/static compression sample,
(b) static tensile sample, (c) liner.

2.2.2. SCJ Forming Test

The SCJ is a high-energy metal jet formed along the axis of a warhead. Its formation is based on the
principle of concentrating energy and due to the collapse of the metal liner as a result of high-pressure
explosion (30 GPa) [31]. Figure 4 illustrates the material deformation process of a liner. Studies have
indicated that the collapse rate of the liner material driven by high pressure can be as high as 103 m/s
(the exact value is dependent on the material density and liner structure), and the strain rate could be
as high as 105 s−1. To investigate the plastic deformation behavior of Mo-10Ta under a higher strain
rate, an SCJ warhead (Figure 5) was prepared in this study using the Mo-10Ta as the material of liner
(Figure 3c). The warhead caliber was 60 mm, the explosive material was JH-2, and the charge density
was 1.713 g/cm3. During the experiments, a dedicated X-ray system (Scandiflash AB, Uppsala, Sweden)
was used to capture the Mo-10Ta jet shape after the explosion, and the equipment setup is presented in
Figure 6. After the explosion, the Mo-10Ta liner formed a downward-moving metal jet driven by the
explosion pressure. X-ray was used to irradiate the metal jet, which reflected the jet shape on the film.
Hence, dual-flash X-ray could be used to record the shape of the Mo-10Ta jet at any two moments.
A target board placed along the jet direction was used to recover partial Mo-10Ta jet fragments, so that
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their microstructure evolution could be observed. Additionally, the mechanical samples in Figure 3
and the liner were made from the same batch of Mo-10Ta materials.
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3. The Deformation Response under Medium-High Strain Rate (102–103 s−1)

3.1. The Stress-Strain Relationship

The SHPB and the universal test machines were used to obtain the dynamic/static compression
true stress–true strain relationship of the Mo-10Ta alloy within a temperature range of 286–876 K and
a strain rate of 0.001–4500 s−1 (Figure 7). Under the deformation condition of 286 K and 0.001 s−1,
the Mo-10Ta alloy showed minor work hardening characteristics. When the deformation strain rate
was increased to above 460 s−1, the alloy showed significant softening characteristics, and the stress
decreased as the strain increased. The key factor that led to such a phenomenon was the temperature
increase accompanying deformation, as a result of the insufficient outward heat transfer during the
Mo-10Ta plastic deformation [32]. As the deformation temperature increased, the driving force of
the material dynamic softening gradually increased, and the stress decreased. Meanwhile, as the
deformation strain rate increased, the material deformation dislocation and entangled dislocation
multiplied. As a result, the dislocation was hindered, and the deformation stress increased with the
strain rate.

Furthermore, Figure 7 shows that the stress of the Mo-10Ta alloy reached its peak value after
minor deformation (ε < 0.1) under the dynamic deformation conditions. Under the deformation
condition of 286 K and 4500 s−1, the stress-strain relationship of the material showed a typical dynamic
recrystallization characteristic: During the preliminary stage of deformation, the deformation stress
of the material increased dramatically to its peak value (σp) as the strain increased; then with further
increase in the strain, the stress decreased and ultimately stabilized (σs). This behavior is due to
dynamic recrystallization, which is a feature of static flow. As demonstrated by Figure 7a–c, as the
initial environmental temperature increased, the dynamic recrystallization rate also increased. As a
result, the required amount of strain to transition from σp to σs decreased, and the stress-strain curve
became flatter. Overall, the deformation temperature and strain rate have a profound influence on the
plastic deformation response of the Mo-10Ta alloy.
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3.2. Effect of Strain-Rate on Deformation

Figure 8 illustrates the influence of the deformation strain rate on the yield stress of the Mo-10Ta
alloy under different initial environmental temperatures. Under the dynamic compression deformation
condition, the yield stress (σ0.2) of the Mo-10Ta alloy increased linearly with ln

.
ε. Meanwhile, the vary

of the initial environmental temperature had a minor influence on the slope of the ln
.
ε–σ0.2 curve.

According to the theory of the superplastic deformation of metals, the material flow stress
sensitivity toward a varying strain rate (strain rate sensitivity m) is typically used to characterize the
plastic deformation capacity [10,11], as expressed in Equation (2). Many studies have indicated [33] that
the strain rate, deformation temperature, grain size, and shape of grain could all influence the m value.
In these studies, under a deformation condition of low strain rate, the ln σ– ln

.
ε function relation of the

metallic material followed an “S” shape as the strain rate increased (Figure 9). Based on the increasing
rate of the m value, the curve has been divided into three regions: region I, region II, and region III, and
the stress varies most dramatically with the strain rate within region II. It has been widely recognized
that superplastic deformation can only be achieved within region II. The corresponding strain rate is
mostly within 10−3–10−2 s−1 (quasi-static deformation), and the environmental temperature to achieve
superplastic deformation should be higher than 0.5 times the melting temperature of the material.

m =
d ln σ
d ln

.
ε

, (2)

This study investigated the vary of m value under dynamic deformation condition by leveraging
the stress-strain relationship of the Mo-10Ta alloy at 286 K and within the strain rate range of
0.001–4500 s−1. As depicted in Figure 10, the deformation strain rate and strain had a significant
influence on the m value of the Mo-10Ta alloy. Under dynamic deformation conditions, the m value
increased as the deformation strain rate increased (Figure 10a). Under static deformation (

.
ε = 0.00 s−1),

the influence of the strain on the m value was minor. As the strain increased from 0.1 to 0.4, the m
value remained relatively low (m = 0.00967). As the strain rate increased, the influence of the strain on
m gradually became more significant. When the strain rate was above 1500 s−1, the m value increased
linearly with the strain. This was mainly because under the high strain rate condition, the material
temperature gradually increased with deformation, which increased the free energy of the metal atoms
and promoted grain boundary sliding. This indicates that even under room temperature, as the strain
rate further increased, the Mo-10Ta alloy could still reach high strain rate sensitivity.
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3.3. Effect of Temperature on Deformation

Figure 11 demonstrates the influence of different initial environmental temperatures on the yield
strength of Mo-10Ta. As the initial environmental temperature of the material increased, the material
yield strength declined. Moreover, such softening trends were not dramatically influenced by the
varying strain rate. Compared with static deformation (low strain rate), dynamic deformation has a
distinct feature: the material temperature increases with deformation. The temperature increase, as a
result of plasticity, could be calculated using Equation (3) [32].

∆T(ε) =
β

ρCp

∫ ε

0
σdε , (3)
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where ρ is the material density, Cp is the material specific heat, and β is the thermal conversion factor,
i.e., the proportion of plastic work converted to heat. The β value is determined by many factors,
including the material characteristics, strain rate, strain history, and deformation temperature, and is
taken as 0.9 in this work [32]. Equation (3) was used to calculate the temperature increase in the material
under the deformation condition of 286 K and 4500 s−1. As reflected in Figure 12, under the dynamic
deformation condition, as the deformation amount increased, the material temperature increased
dramatically. When the stress-strain curve developed to a steady-flow stage (σ = σs), the instantaneous
deformation temperature of Mo-10Ta was 680 K, which was about 394 K higher than the temperature
during the preliminary deformation stage. An observation of the microstructure of the deformed
samples indicated that irregular grains (Figure 1) transitioned to regular equiaxial grains (Figure 13),
and the grain size was refined from 232 µm to 35 µm. Meanwhile, finer equiaxial grains existed around
the boundary of coarse grains. The microstructure vary of the material indicates that under the impact
of dynamic deformation, the Mo-10Ta alloy underwent dynamic recrystallization and dramatic grain
size refinement, which also led to an increase in the material m value.
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3.4. Constitutive Model

Johnson and Cook [34] proposed the Johnson–Cook constitutive model (J–C constitutive model)
to describe the stress-strain relationship of metallic materials under high temperature, high strain rate,
and dramatic deformation conditions. This model considers the synthetical influence of strain rate and
temperature on flow stress:

σ =
(
A + Bεn

p

)(
1 + C ln

.
ε
∗
)
(1− T∗m) , (4)

where A, B, n, C and m are the constitutive factors to be decided;
.
ε
∗
=

.
ε.
ε0
(

.
ε0 is the reference strain rate);

T∗ = (T−Tr)
(T−Tm)

(Tr is the reference temperature, and Tm is the material melting temperature). In this study,
the J–C constitutive factors of the Mo-10Ta alloy (Figure 14a–c) were calibrated and optimized using
the stress-strain data under the deformation conditions of 286–873 K and 460–4500 s−1. The method for
calibrating the J–C constitutive model has been illustrated in detail in several other papers [30,35,36].
The obtained J–C constitutive factors for the Mo-10Ta alloy are presented in Table 2.
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Table 2. The J-C constitutive parameters of Mo-10Ta.

Description Notations Values

Elastic modulus E (Gpa) 249
Density ρ (g/cm3) 10.5

Yield stress constant A (Mpa) 1550.2
Strain hardening constant B (Mpa) 249.6

- n1 0.15
Strain rate hardening constant C 0.12

Thermal softening constant m1 0.387
Reference strain rate

.
ε0 (s−1) 1400

Melting temperature Tm (K) 2921
Room temperature Tr (K) 286

Specific heat (Mean) Cp (J/(g · K)) 0.361

4. The Deformation Response under Ultra-High Strain Rate (104–105 s−1)

4.1. SCJ Forming Characteristics of Mo-10Ta Alloy

To investigate the plastic deformation behavior of Mo-10Ta under higher strain rates, an SCJ
warhead was designed using the Mo-10Ta as the liner material (Figure 5), and dual-flash X-rays imaging
experiments (Figure 6) were conducted to record the plastic deformation process of the Mo-10Ta liner.
Figure 15 presents the Mo-10Ta jet shape at 22 µs and 75 µs after the explosion. Driven by the explosion
pressure, the liner collapsed inward and merged along the axis position. During this process, a part of
the material moved forward to form the jet, and the other part of the material moved backward to form
the slug. Owing to the high velocity gradient during the material tensile forming process, the jet and
slug could be separated. As the deformation continued, the internal cavity of the material propagated;
hence, the jet body could break after a certain period. As reflected in Figure 14, at 75 µs, the jet body of
the Mo-10Ta completely broke. Assuming different parts of the jet broke simultaneously, by summing
up the length of every jet fragment, it was calculated that the Mo-10Ta jet had a length of 247.8 mm
before breakage. Taking the length of the liner generating line (47.92 mm) as the initial length of the jet
before tension, the ductility of the Mo-10Ta alloy jet was calculated to be 417.1%. However, in the static
tensile experiments of Mo-10Ta, the material broke only after reaching a tensile length of 0.2928 mm
(Figure 16), and the ductility was 1.2%. Compared with the static tensile condition (286 K, 0.001 s−1),
the Mo-10Ta ductility was enhanced by about 346.6 times under the high strain rate deformation
environment created by the SCJ.
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To obtain detailed plastic deformation response data of the Mo-10Ta jet, the plastic deformation
process of the Mo-10Ta liner driven by explosive materials was simulated using the Autodyn-2D
dynamic explicit finite element software. The experimentally obtained J–C constitutive factors and the
shock state equation were used to describe the material deformation process under high temperature
and pressure. The superposition principle of mixtures [37] was used to calculate the parameters of the
shock state equation, which were obtained as follows: C0 = 4780 m/s, S0 = 1.28, γ0 = 1.53. The simulation
results are presented in Figure 17a,b. As reflected by the figure, the velocities of the Mo-10Ta jet head
and slug were around 6281 and 1431 m/s, respectively. The velocities of elements decreased from the
jet head to the slug. A hierarchical flow was observed, and the plasticity of the internal material was
dramatically higher than that of the external material (Figure 17b). Meanwhile, the plastic strain of the
slug material exhibited a decreasing trend along the jet tensile direction. Since the plastic work was the
key factor leading to the jet temperature increase, the temperature distribution trend should be similar
to the plastic strain trend. At 22 µs, the internal temperature of the jet reached 1832 K, and the slug
internal temperature was as high as 1683 K, larger than 0.5 times the material melting temperature. In
addition, in order to verify the accuracy of the J–C constitutive model obtained in this paper, the shape
parameters and velocity parameters of Mo-10Ta jet at 20 µs obtained by numerical simulation and
experiment were compared (Table 3). The results show that the jet parameters obtained by numerical
simulation were in good agreement with the experimental data, which proves that the J–C constitutive
parameters obtained in this paper could describe the plastic deformation of Mo-10Ta alloy at ultra-high
strain rate
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Table 3. Verification of Mo-10Ta J–C constitutive model.

Data The Length of Jet
(mm)

Maximum Diameter of
Slug (mm)

Jet Head Velocity
(m/s)

Slug Velocity
(m/s)

Simulation data 36.9 18.24 6281 1431
Experimental data 38.2 18.9 6441 1356

Error 3.4% 3.5% 2.5% 5.2%

4.2. Microstructure Evolution of Slug

Section 4.1 presents the experiment- and simulation-based analyses of the deformation condition
and plastic deformation behavior of the Mo-10Ta material during the SCJ forming process. The results
indicate that the plastic flow of Mo-10Ta was hierarchical. In the slug, the deformation of the material
closer to the jet was dramatically larger than that of the tail material. Meanwhile, the temperature of
the internal slug material was higher than 0.5 times the material melting point, which indicates that
the Mo-10Ta material underwent dynamic recrystallization during deformation. Figure 18 presents
the Mo-10Ta slug recovered using the target, and an optical microscope was used to observe the
microstructure of the slug at three different positions (1#, 2#, and 3#). Figure 19a–i show metallographic
pictures of the Mo-10Ta alloy slug at different positions under 100×, 500×, and 1000×magnifications.
As reflected in Figure 19a,d,g, a substantial dense layered deformation band existed at position 1# of
the Mo-10Ta metallographic picture. As the deformation continued, the material grain was elongated
and refined. Observation under 1000× magnification indicated that a large amount of 2–5 µm fine
grains existed at position 1# (Figure 19g). The material deformation at position 2# was similar to that at
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position 1#. The grains were severely elongated and refined. However, since position 2# was closer to
the slug tail, the material deformation amount was smaller than that of position 1#. Therefore, more
thin and long grains with a width of 5 µm existed beside the existence of some 5 µm equiaxial grains.
Different from positions 1# and 2#, position 3# was at the slug tail and hence had an even smaller
amount of deformation and a larger amount of fine grains with a width of 6 µm.

Based on the above results, it could be concluded that a larger amount of fine equiaxial grains
existed in the metallographic structure of the jet material. The grain refinement as a result of dramatic
deformation during the liner collapse process was a critical factor leading to the dramatic enhancement
of the Mo-10Ta jet ductility.
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5. Discussion

This study experimentally investigated the Mo-10Ta alloy plastic deformation response under
extreme deformation conditions (high temperature, high strain rate). The results indicate that Mo-10Ta
obtained better plastic performance under high strain rate compared with that under low strain
rate deformation. The better performance was mainly reflected by the improvement in the strain
rate sensitivity under a high strain rate condition as compared with that under low strain rate.
Meanwhile, the grain structure refinement of the Mo-10Ta material under high strain rate continued as
the deformation continued. Under detonation loading, the grain size of the Mo-10Ta liner material
could be refined to 5 µm or even smaller. Such a vary greatly promoted the Mo-10Ta plasticity (i.e., the
ductility was 346.6 times that under the static state).

In fact, the plastic deformation of Mo-10Ta under high strain rate was a special thermal deformation
process (the heat to drive material deformation originated from the plastic deformation of the material),
and thermal activation is a critical parameter to describe the thermal deformation process. Some
recent studies indicated [38–40] that the thermal activation energy was not a complete material-specific
parameter. The deformation conditions (strain, strain rate, and deformation temperature) all influenced
the deformation activation energy. Zhang et al. [38] discovered that the thermal activation energy
of Ti-15-3 titanium alloy increased as the temperature increased or strain rate decreased. Sang [39]
and Shi [40], respectively, discovered that the thermal activation energy of 7075 aluminum alloy and
AA7150 aluminum alloy decreased as the temperature or strain rate increased. Hence, Shi et al. [40]
optimized the classic hyperbolic sine relationship of activation energy, which considered the influence
of temperature and strain rate. In the next research, the peak stresses σp of Mo-10Ta under different
temperatures and strain rates (Figure 7) were used as fundamental parameters to calculate the thermal
activation energy of the Mo-10Ta alloy under high strain rate. An in-depth description of the method
can be found in the literature [40]. Figure 19a presents the influence of the material deformation strain
rate on ln

(
sin h ασp

)
under different deformation temperatures. Figure 19b presents the influence

of deformation temperature on ln
(
sin h ασp

)
under different strain rates. According to the classic

hyperbolic sine theory, the material activation energy can be calculated as follows:

Q = R

 ∂ ln
.
ε

∂ ln
[
sin h

(
ασp

)] 
T

∂ ln
[
sin h

(
ασp

)]
∂(1/T)

 .
ε

= RnS (5)

where n is the slope of the ln
.
ε– ln

(
sin h ασp

)
relationship, and S is the slope of the ln

(
sin h ασp

)
–1/T

relationship. However, the n and S values of the Mo-10Ta material at different temperatures and strain
rates were not fixed (Figure 19); that is, the n value of Mo-10Ta is a function of temperature T, and the S
value is a function of the strain rate

.
ε. Hence, based on the optimized hyperbolic sine theory, Equation

(5) could be modified as follows:
Q = Rn(T)S

( .
ε
)

, (6)

n(T) = a1 + b1
1
T

, (7)( .
ε
)
= (a2)

b2 ln (
.
ε)−c , (8)

As reflected in Figure 20a, the n value of the Mo-10Ta alloy decreased as the deformation
temperature increased. Similarly, as the deformation strain rate increased, the S value of the material
decreased (Figure 20b). Hence, Equations (7) and (8) were used to describe the n(T) and S

( .
ε
)

function
relationships. As reflected in Figure 21, the n value increased linearly with 1/T. The S value decreased
as ln

( .
ε
)

increased, and the rate of decrease gradually became slower.
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Based on the above methods, the Mo-10Ta alloy activation energy Q as a function of temperature
T and strain rate

.
ε was obtained as follows:

Q
(
T,

.
ε
)
=

(
19.829 +

8945.856
T

)(1
3

)0.849 ln (
.
ε)−10.272

(9)

Figure 22 presents the dynamic response nephogram of deformation activation energy Q of
Mo-10Ta material in the range of temperature 286~873 K and strain rate 1000~10000 s−1 according to
Equation (9) varying with deformation conditions (temperature, strain rate). As reflected by the figure,
under a high strain rate deformation condition, the Q value of Mo-10Ta decreased as strain rate and
temperature increased. If calculated according to Equation (5), the Q value of Mo-10Ta in this paper
was about 2229.72 J/mol, which is far less than the creep activation energy (493 kJ/mol) calculated in
reference [41]. The value seems to be closer to the diffusion activation energy of liquid metal [42].
Meanwhile, the increasing strain rate accelerated dislocation propagation and promoted the dynamic
recovery rate. The increase in the environmental temperature, dislocation, and collapse all promoted
dynamic recovery, which reduced the dislocation density and the dislocation resistance [39,40,43,44].
Therefore, the Q value of Mo-10Ta will decrease at a high strain rate.

Figure 23 displays the deformation strain rate image of the Mo-10Ta jet during the forming
process. As reflected by the figure, the liner material was subjected to the maximum strain rate
(

.
εmax = 9.7× 105s−1) at the junction point of the compression movement. As the jet further underwent

tensile forming, the strain rate exhibited a decreasing trend. At 30 µs, the strain rate of the jet body
material decreased to 8.0 × 104s−1. Applying Equation (9) and using the jet temperature and the
strain rate distribution image, the Mo-10Ta thermal activation energy at different positions could be
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calculated. As reflected in Figure 24, at 22 µs, along the jet tensile direction, the Q value exhibited an
“increasing-decreasing-increasing” trend, and the lowest value (21.35 J/mol) was at the boundary of jet
and slug.

Using Equation (9), which was obtained from the data of low strain rate, to calculate the activation
energy of materials in higher strain rate and more complex deformation state may have a large error.
However, according to the trend of data, the deformation activation energy of Mo-10Ta is very low
under the condition of SCJ deformation. The activation energy of the main part of the jet is lower than
30 J/mol, which was the same order of magnitude as the diffusion activation energy of the liquid metal.
Meanwhile, Figure 16 shows that the temperature of the center part of Mo-10Ta shaped charge jet is
close to the melting temperature of the material, indicating that Mo-10Ta was indeed a liquid and solid
coexistence of metal fluid. This phenomenon indicates that dislocation movement was no longer the
main mechanism of plastic deformation of Mo-10Ta.

Peng [19] studied the superplastic deformation behavior of nano polycrystalline copper under
SCJ forming by molecular dynamics simulation. The author pointed out that the superplastic
deformation mechanism of polycrystalline copper under ultra-high strain rate was grain boundary
sliding and grain rotation, and explained the essential reason that grain boundary movement dominated.
The deformation mechanism proposed by Peng could also explain the deformation behavior of Mo-10Ta.

Under the condition of Mo-10Ta SCJ forming, in the initial stage of deformation, the deformation
is mainly due to dislocation movement. With the further increase in the deformation amount, a large
number of dislocations accumulates, and the material temperature keeps increasing, which promotes
the occurrence of dynamic recovery (DRX) of material structure, resulting in the refinement of material
grain. With the decrease in grain size, the proportion of grain boundary atoms increases and the ratio
of grain boundary thickness to grain size increases, which makes it difficult for dislocations to nucleate
at the grain boundary. At the same time, the critical strain of grain boundary rotation and slip will
decrease under the condition of small grain size, which promotes the occurrence and intensification of
grain boundary movement. Therefore, the grain boundary movement in the form of grain boundary
rotation and slip was the main reason for the improvement of plasticity of Mo-10Ta under ultra-high
strain rate.
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6. Conclusions

This study investigated the plastic deformation behavior of the Mo-10Ta alloy within the strain rate
of 102–105 s−1 through SHPB experiments and SCJ forming experiments. The influence of deformation
conditions on the material stress-strain relationship, strain rate sensitivity, and thermal activation
energy was analyzed. Below is a summary of the results:

(1) The SHPB experiments were conducted to understand the influence of deformation conditions
(strain, strain rate) on the Mo-10Ta strain rate sensitivity factor m. The material m value increased
exponentially as the strain rate increased. Under low strain rates (0.001–1500 s−1), the influence
of deformation amount on m was negligible. When the strain rate was greater than 1500 s−1,
m increased linearly with strain.

(2) The material stress-strain relationship within the temperature range of 286–873 K and the strain
rate range of 0.001–4500 s−1 was leveraged to investigate the influence of temperature and strain
rate on the material activation energy Q. The Q value of material decreases rapidly with the
increase in strain rate and temperature, and the Q value is the most sensitive to the vary of
strain rate.

(3) Under high strain rate deformation conditions, the Mo-10Ta alloy plasticity was greatly improved.
With the shaped charge jet conditions, the ductility of the Mo-10Ta material was improved;
it was 346.6 times that under static deformation. This was mainly because the increase in
material temperature and grain refinement under a dynamic condition makes the grain boundary
movement more intense, and the dislocation movement no longer plays an important role in
deformation coordination.
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