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Abstract The effect of tungsten addition to tantalum on spall strength is studied
using the molecular dynamics technique. The single crystal configurations with
piston plane lying on

(
101

)
, and

(
111

)
are modeled. The atoms within the piston

region are frozen and do not move. The configurations with two tungsten contents of
0 and 10 weight percent tungsten are added as a solvent and equilibrated. The piston
velocity is fixed as 1000m/s and the initial temperature is 0 K. The piston is displaced
till 4 nm and stopped which produces a square shock wave moving along

[
101

]
and[

111
]
. The configurations are allowed to evolve dynamically using a microcanonical

ensemble. The velocity of free surface and spall strength are analyzed for various
crystallographic orientations of the single crystal with various tungsten contents. The
addition of tungsten to tantalum increased the spall strength due to increased lattice
friction provided by the tungsten atoms. Alpha (BCC) to Omega (HCP) phase trans-
formation was observed in

[
101

]
oriented single crystal. The addition of tungsten to

tantalum resisted this phase transformation.

Keywords Molecular dynamics · Tantalum · Shock loading · Spall strength ·
Ta–W

1 Introduction

Tantalum and its alloys have profound corrosion resistance properties at high
temperatures [1–3]. Tungsten addition to tantalum increases the value of the elastic
constants, flow stress, and rate of work hardening [4–7]. Ta–W alloys are proposed
alloys for high-temperature reactors and are already been used in containing molten
plutonium. Ta–W alloys are used in ballistics and defense materials for their excel-
lent spall strength during shock and high strain rate loading conditions [2, 3, 8].
They also have potential space applications as a coating on base materials and intri-
cate parts to withstand micrometeoroids and debris. Spallation is a ductile fracture
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due to the formation and growth of voids which are formed due to the shock wave
moving through the metals [9]. Spall strength depends on shock velocity (strain
rate), temperature, alloying content, dislocation density, grain boundary types, and
grain size [10–12]. Hsiung and Lassila [13] were the first to report phase transforma-
tion in BCC tantalum during shock loading deformation. Burakovsky et al. [14] and
Haskins et al. [15] used ab initio simulations to explore phases at high pressure and
temperature in tantalum. Molecular dynamics (MD) simulations of shock loading on
differently oriented tantalum single crystals at various strain rates have been carried
out in the last decades [9, 16–19]. Remington et al. [9] performed shock loading
simulations on tantalum nanocrystalline configurations and showed that the failure
occurred at the interface. The effect of tungsten addition to tantalum on the shock
loading behavior of the alloy at various loading orientations is still an active area of
research. In this work, the spall strength of pure tantalum and Ta-10 wt.%Woriented
along

[
101

]
and

[
111

]
directions were studied. The effect of tungsten addition to

tantalum was analyzed.

2 Methodology

MD technique is a versatile tool for studying the dynamic evolution of many-body
systems and their behavior at the nanoscale level [20, 31]. MD technique can be used
for studyingmechanical behaviorwith atomistic defect features such as Frenkel pairs,
dislocations, grain boundaries, clusters, segregations, and precipitates [21–24]. MD
technique involves solving Newton’s equations and updating the atomic positions
and velocities (v) based on the interatomic potential (Ei ) (Eqs. 1–3) [20, 31]. For
metallic systems, embedded atom model (EAM) is used for calculating the pairwise
part (φ(r)) and electronic part (U ∧ ρ(r)).

F = ma = m
dv

dt
= m

d2r
dt2

(1)

F = −∇Ei (2)
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F is the force between the atoms of mass m separated by a distance r i j . U is the
embedding energy for an atom in the electron cloud with the electron transfer func-
tion ρ(r). Classical MD code implemented through Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [25]was used andOpenVisualization Tool
(OVITO) [26] was used for visualization.
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Fig. 1 Schematic of the simulation cell. Piston and its displacement direction are shown in blue
color and the sample and the shock wave direction through the sample are shown in red color

Single crystals of tantalum with orientations
[
101

]
and

[
111

]
along Z direction

were modeled using Atomsk [27] and the schematic of the configuration is shown
in Fig. 1. The third direction in both the single crystal configurations was 〈112〉.
The box dimension of 25 × 25 × 100 nm3 with 3.5 million atoms was chosen. One
set of simulations were done on tantalum and the others were done on Ta-10 wt.%
W. Ta atoms were randomly replaced/substituted by 10 wt.% (9.858 at.%) tungsten
atoms and equilibrated to minimum energy configuration. The configurations were
named as per the tungsten content and their orientation, for example, Ta_

[
101

]

refer to pure tantalum with
[
101

]
along the Z direction and Ta-10W_

[
111

]
refer

to Ta-10 wt.% tungsten with
[
111

]
along the Z direction. The piston method of

shock loading was used with a constant piston velocity of 1000 m/s. In the piston
method, a group of rigid atoms (blue-colored in Fig. 1) is moved at constant velocity
to create a perfect square shock wave that travels through the sample (red-colored
in Fig. 1). The piston was displaced for 4 picoseconds (ps) moving 4 nm along the
Z direction and then stopped. The microcanonical ensemble was used throughout
the simulation. The initial temperature of the simulations was maintained near 0 K.
The timestep of 0.002 femtoseconds (fs) was used. Periodic boundary conditions
were used in X and Y directions and shrink-wrapped in the Z direction. The stress
distribution along the Z direction and velocity of the atoms near the free surface was
calculated to visualize the attenuation of the wave. The configurations were analyzed
using common neighbor analysis (CNA), dislocation extraction algorithm (DXA),
and velocity profile. The atoms were colored green for atoms that do not have any
structure (other atoms) and brown for HCP atoms; the BCC atoms were removed
after CNA. Using DXA, the atoms were removed to visualize dislocations and defect
mesh surface generated using voids and defect atoms.
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3 Results and Discussion

The stress (σzz) distribution along Z direction at various timesteps for Ta_
[
101

]

configuration is shown in Fig. 2a. The velocity of the free surface of various config-
urations is shown in Fig. 2b. The maximum velocity achieved by the free surface is
highest in pure tantalum. Tungsten addition increases the lattice friction force which
is the reason for the decrease in the peak velocity achieved by the free surface during
the shock loading simulation.

Figure 3 gives the spall strength of various configurations. The spall strength is the
difference between the minimum and maximum stress experienced by the sample
during shock loading simulation. The addition of 10 wt.% tungsten to tantalum

Fig. 2 a Stress (σzz) at various timesteps for Ta_
[
101

]
configuration. b The velocity of the free

surface of various configurations

Fig. 3 Spall strength for
pure tantalum and Ta-10 W
for

[
101

]
and

[
111

]

orientations. The colors are
used to differentiate the data
points
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increases the spall strength from 29 to 31 GPa in
[
101

]
orientation and from 34 to

42 GPa in
[
111

]
orientation.

The spallation events of various configurations are visualized in Fig. 4. The
primary spallationwas observed near the piston region due to void growth and coales-
cence caused by the overlap of tensile (returning wave) and compressive waves. The
velocity profile showed the velocity of the compression and tensile waves. CNA
results showed a phase transformation from BCC (α phase) to HCP (ω phase).
DXA results showed the increased dislocation drag in Ta-10 W configurations due
to increased lattice Peierls stress by the tungsten atoms. At 104 ps, the dislocations
reached the free surface in pure Ta configurations while in Ta-10 W configurations
they couldn’t and this can be attributed to the dislocations dragging by the tungsten
atoms.

Figure 5 shows the phase transformation from BCC → HCP in
[
101

]
oriented

single crystals. The phase transformation from BCC (α phase) to HCP (ω phase)
takes place due to dynamic shear deformation along 〈111〉 direction causing changes
in stacking sequence in {112} planes [28]. The stacking sequence in {112} BCC
planes are ABCDEF which transform to form omega sequence ABED [29]. The
dissociation of two 1

2 〈111〉 dislocations into two 1
12 〈111〉 and one 1

3 〈111〉 in {112}
planes to form the omega phase is energetically favorable as seen in Eq. (4) [30].

b2 > b21 + b22 + b23 (4)

The orientation relation between BCC and HCP phases is given by two possible
models [13, 30]:

Collapse model: {111}‖{0001} 〈110〉‖〈1120〉
New model: {112}‖{1100} 〈111〉‖〈0001〉 and 〈110〉‖〈1120〉
According to the collapse model, one pair of {111} planes in the BCC phase

collapse to form {0001} in HCP phase [13, 29, 30]. In the current
[
101

]
oriented

single crystal simulation, the {110}bcc planes are parallel to {0001}hcp and the 〈111〉
directions are parallel to 〈1120〉 direction. The newmodel [13, 30] takes into consid-
eration the stacking sequence in {112} planes and shear in 〈111〉 directions. Hsiung
et al. [13] showed that Ta-10 W alloy had a higher fraction of HCP phase (trans-
formed from bcc) as compared to pure Ta, but did not explain this. However, the
current MD results showed that Ta-10 W had a lower number of atoms in the HCP
phase as compared to that of pure Ta. This result could be explained by the increase
in the lattice friction with the addition of W to Ta, as the shear modulus of Ta is 69
GPa and that of tungsten is 130 GPa. An increase in lattice friction results in a higher
resistance to shear deformation. The fraction of the HCP phase (obtained as fraction
of hcp atoms to total number of atoms) are 3.9% for pure Ta and 3.2% for Ta-10 W
at 14 ps (snapshot in Fig. 5). At 14 ps, the atomic fractions within the FCC phase are
2.2% for pure Ta and 1.6% for Ta-10 W.
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Fig. 4 Analysis and visualization of various configurations a Ta_
[
101

]
, b Ta_

[
111

]
, c Ta-10W_[

101
]
, and d Ta-10W_

[
111

]
. The material, shock direction, and timestep are shown at the top, the

coordinate axis and velocity scale are shown at the bottomof the figure. In each figure, configurations
after piston modeling, CNA, DXA, and velocity profiling along the Z direction are visualized. In
the piston model, the blue-colored atoms are modeled as the piston, the brown-colored atoms are
tantalum and the yellow-colored atoms are tungsten. After CNA, the BCC atoms are removed, HCP
atoms are brown colored and other atoms are green colored. After DXA, the atoms are removed to
visualize dislocations and surface mesh. The green-colored dislocations are perfect dislocation and
the red-colored dislocations are partial dislocations. After removing the BCC atoms after CNA, the
atoms are colored according to the velocity scale
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Fig. 4 (continued)
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Fig. 5 Phase transformation observed in
[
101

]
orientations of Ta and Ta-10W configurations after

CNA. The green-colored atoms are FCC atoms, the brown-colored atoms are HCP atoms and BCC
atoms are removed

4 Conclusion

The currentMDresults and observations on the effect of tungsten addition to tantalum
are listed below:

• The spallation event occurred due to the overlap of tensile and compressive waves
leading to void formation, growth, and coalescence, and finally ductile fracture.

• Dislocation activity due to the compressive wave got hindered in Ta-10 W due to
the increased drag force on the dislocations provided by tungsten atoms.

• Ta-10W alloy showed a significant increase in spall strength as compared to pure
Ta.

• BCC (α phase)→HCP (ω phase) transformationwas observed for
[
101

]
oriented

single crystal, but not for the
[
111

]
oriented single crystal. The addition of tungsten

reduced the ω phase formation, which was attributed to an increase in lattice
friction.
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