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Spallation, rupture under impulsive tensile loading, is a dynamic failure process involving the collective evolution and accu-
mulation of enormous microdamage in solids. In contrast to traditional alloys, the spallation mechanism in medium entropy
alloys, the recently emerged multiprinciple and chemically disordered alloys, is poorly understood. Here we conduct molecular
dynamics simulations and first principle calculations to investigate the effects of impact velocities and the local chemical order
on spallation microvoid nucleation in a CrCoNi medium entropy alloy under shock wave loading. As the impact velocity
increases, the microvoid nucleation site exhibits a transition from the grain boundaries to the grains to release redundant imposed
energy. During the intragranular nucleation process, microvoids nucleate in the poor-Cr region with a large local nonaffine
deformation, which is attributed to the weak metallic bonds in this position with sparse free electrons. For intergranular
nucleation, a Franke-like dislocation source forms through the dislocation reaction, leading to enormous dislocations piling up in
a narrow twin stripe, which markedly increases the local stored energy and promotes microvoid nucleation. These results shed

light on the mechanism of spallation in chemically complexed medium entropy alloys.
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1 Introduction

Spallation, a typical instantaneous dynamic fracture mode, is
triggered by tensile stress due to the interaction between
rarefaction waves [1-3] and usually occurs in many en-
gineering fields, such as explosions [4] and penetrations [5—
7]. It is a trans-scale dynamic process that includes the col-
lective evolution of numerous microscopic voids or cracks
[8,9]. Based on extensive measurements of the microdamage
population in spallation, Curran et al. [2] proposed a nu-
cleation and growth model with mesoscopic kinetics of mi-
crovoids. Microvoid nucleation is mainly attributed to three
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parts: thermally-activated diffusional process [10,11], de-
bonding at the second-phase interface as the stress progres-
sively increases [12], and cavitation due to plastic strain
accumulation [13,14]. The growth of microvoids is mainly
attributed to plastic deformation of the matrix [15-18].
Furthermore, Bai et al. [3,8] established the statistical evo-
lution of microvoids based on the number density con-
servation law in a phase space. Thus, the spallation of
traditional single principal alloys can be described quanti-
tatively in combination with the framework of continuum
mechanics. However, the performance and underlying me-
chanisms of dynamic fractures are still unclear in novel and
promising medium-entropy alloys.

Recently, high/medium-entropy alloys (H/MEAs), in
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which multiple principal elements in equal or near equal
molar ratios are occupied randomly on topologically ordered
crystallographic lattices, have emerged as an exciting new
class of metallic structural materials [19-23]. This unique
atom-packing structure with a high chemical disorder im-
parts HEAs’ many extraordinary mechanical properties, such
as an excellent combination of strength and ductility [21,24—
28], superior performance at an extremely low temperature
[29], high hydrogen and corrosion resistance [30,31], an
exceptional “self-sharpening” capability [7] and shock re-
sistance [32,33]. For example, conspicuous element ag-
gregation provides considerable resistance to dislocation
glide, which overcomes the strength and ductility trade-off
[34,35]. However, the atomic-level influence of the local
chemical order on microvoid nucleation in the dynamic
spallation process is elusive.

In this paper, a series of molecular dynamics (MD) si-
mulations were performed to investigate the spallation pro-
cess of CrCoNi MEA at different shock velocities. The
evolution of microstructures, such as dislocations, hexagonal
closest packed (HCP), face-centered cubic (FCC) phases and
microvoids, was surveyed. The effect of the local chemical
order on the nucleation process was discussed with first
principle calculation in intergranular nucleation, and elabo-
rate descriptions from dislocation interaction to intragranular
nucleation were presented.

2 Computational method

MD simulations were conducted using Large-scale Atomic/
Molecular Massively Parallel Simulator code [36]. First, a
polycrystal Ni sample with dimensions of 40 nmx 40 nmx
100 nm and ~ 1.5 x 10 atoms was generated by the Voronoi
construction method using the Atomsk package [37], with
an average grain size of 16 nm. The Ni atoms were replaced
with Cr and Co to ensure atomic number Ng.:Ngo:Ny =
1:1:1 and the number of nearest neighbor element pairs
Ocr-r:00r-Co:0CrNi:0Co-Co-OcoNi-Onini =1:1:1:1:1:1 (Figure 1(a))
using Fortran code. During the MD simulation, the em-
bedded-atom method potential of CrCoNi developed by Li
was applied [38], which precisely describes element ag-
gregation and the evolution features of dislocations and
twins.

Before shock loading, the as-created sample was relaxed at
0 K by applying energy minimization using the conjugate
gradient method under zero macroscopic stress, allowing the
box size and shape to vary during the iterations. Then it
gradually heated to the desired temperature (300 K) and fi-
nally relaxed in the Nose-Hoover isobaric-isothermal en-
semble for 100 ps. To achieve shock-induced deformation, a
sample with a thickness of 1 nm (the red block in Figure 1(a))
was chosen as the rigid piston, and the atoms in the piston
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100 nm

Figure 1 (Color online) The element (a) and grain distributions (b) of the
CrCoNi medium entropy alloy, respectively.

were given an initial shock velocity U in the longitudinal
direction with a duration of 12 ps. After recovering the de-
formation of the piston, the shock wave continued to pro-
pagate with a duration of 30 ps. Shock simulations were
performed in the microcanonical NVE ensemble, and periodic
boundary conditions were used in the other directions. The
time step for integrating the equations of motion was 1 fs.

To investigate the dynamic fracture of the MEA, different
shock velocities of 400, 600, 800, and 1000 m/s were chosen.
We divided the simulation cell into fine bins along the shock
direction, and the average physical properties were obtained
within each bin, such as the density, stress tensor and particle
velocity profiles. The atomic Mises strain, volumetric strain,
local nonaffine deformation (D7) [39] and rotation angle
were calculated and visualized using OVITO software [40].
The characterizations of defects (stacking faults, twins, and
voids) were performed using common neighbor analysis
[41], construct surface mesh [42] and dislocation extraction
algorithm [43].

3 Results and discussion

3.1 Spall strength

As shown in Figure 2(a), the first shock wave reaches the
rear free surface at the time of point A. The plastic wave
(AB) develops into a stable shock (BC), and the arrival of a
release wave leads to a velocity drop (CD). Finally, the in-
crease in the ensuing velocity (DE) is induced by a com-
pression wave, which is reflected from the spalled plane in
the sample. There are obvious spallation signs in all of the
shock simulations, except for 400 m/s. The spall strength of
the MEA can be deduced from the free surface velocity Uy, as

(9]
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Figure 2 The velocity profiles of the rear free surface (a) and the spall strength (b) for different impact velocities, respectively.

1
Osp = zpocb(UC_UD)s (1)
where p  is the density of the material, C, is the bulk sound
speed, and U, and U}, are the maximum and minimum ve-
locities defined at points C and D, respectively. As shown in
Figure 2(b), the spall strength increases with an increasing

impact velocity, exhibiting a significant strain rate
strengthening effect.

3.2 Microstructural evolution

Here we chose the case of U; = 600 m/s as an example to
investigate the microstructural evolution. As shown in Fig-
ure 3(e), the peak stress behind the shock wave front reaches
48.9 GPa at + = 10 ps and greatly exceeds the Hugoniot
elastic limit of the MEA. Thus, the sample exhibits visible
plasticity by emitting dislocations and stacking faults at the
grain boundaries (see Figure 3(b)), which releases excess
stress and provides a large atomic displacement. Atz=12 ps,
a rarefaction wave is released on the front free surface due to
the recovering deformability of the piston. In addition, the
shock wave reaches the rear free surface at 15 ps and is
transformed into another rarefaction wave. Figure 3(c) shows
that a large number of stacking faults exist in the middle zone
of the sample, and its content near the free surface is rela-
tively low. This is because both the HCP structures in the
upper and lower regions are transformed back to the original
FCC phase due to the propagation of rarefaction waves. Fi-
nally, a tensile zone in the sample is created by the interac-
tion of two rarefaction waves. When the tensile stress
exceeds the dynamic strength of the material, microvoids
nucleate, grow and coalesce in the sample, which eventually
leads to spall failure (Figure 3(d)).

Furthermore, the evolution of dislocations, HCPs, FCCs
and microvoids was analyzed. As shown in Figure 4, during
0-15 ps the intense compression wave propagates from the
piston into the target and activates the nucleation of dis-

locations at the grain boundaries. Therefore, the dislocation
density and volume fraction of the HCP increase while the
FCC decreases over this duration. Their contents increase
significantly with the impact velocity due to the high stress
state, and the denser dislocations and HCP phase enhance the
spall strength of CrCoNi MEA. During 15-22.5 ps, two
rarefaction waves are generated on the free surface and their

(C) I

t=20 ps t=230ps

(@)

t=0ps t=10 ps

(b)

(e) 40+

0 20 40 60

Z (nm)

80

100

120

Figure 3 Snapshots showing the microstructures of the sample at the
following times. (a) 0 ps, (b) 10 ps, (c) 20 ps, and (d) 30 ps, where green
and red atoms represent the FCC and HCP structures, respectively;
(e) evolution of o, along the shock direction in the case of U; = 600 m/s.
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Figure 4 The evolutions of the dislocation density (a), HCP (b), FCC (c)

and microvoid volume fraction (d) in the entire system at different shock
velocities, respectively.

interaction causes a tensile region in the sample. That is, the
sample undergoes loading, unloading, and reverse loading,
which results in a decrease in the dislocation density and the
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HCP and an increase in the FCC. After 22.5 ps, the dis-
location density and both the HCP and FCC volume fractions
decrease. This is because the system is farther away from the
equilibrium state, producing severe lattice distortion and
enormous disordered atoms. Some disordered atoms will
become subcritical nuclei of microvoids under tensile stress,
resulting in a significant increase of microvoids.

3.3 Intergranular nucleation

We counted the distance between the microvoids and the
boundary. The detailed computational steps are as follows:
first, at ¢ = 32 ps, atoms with a central symmetry parameter
greater than 20 are selected as the surface atoms of micro-
voids in the spallation zone; then, atoms that belong to the
initial grain boundary at ¢ = 32 ps are selected. Finally, the
distance between atoms in these two sets is calculated.
Figure 5(a) shows that microvoids prefer to nucleate at the
grain boundaries, while more microvoids nucleate in grains
with an increasing impact velocity. Previous work also
showed that the strain rate can alter the void nucleation site
from inter- [44] to intra-granular [45]. At high shock velo-
cities, it is not quick enough to dissipate the superfluous
imposed energy only forming new interface at the boundary.
In addition, denser dislocations and twins provide greater
opportunity to break the lattice structure and promote mi-
crovoid nucleation in the grain. Next, Region 1 (2 nm
x3 nmx15 nm) of Uy = 600 m/s in Figure 5(b) and Region 2
(10 nmx10 nmx2 nm) of U; = 800 m/s in Figure 5(c) are
selected as the objects to examine the microvoid nucleation
in grain boundaries and grains, respectively.

As shown in Figure 6, at ¢ = 16 ps Region 1 is under
compression, and the deformation and displacement of atoms
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Figure 5 (a) Distribution of the distance between the microvoid and boundary; (b), (c) representative regions in the grain boundaries and grains,

respectively.



1364 Xie Z C, et al.

in both grains are almost consistent. Large non-affine de-
formation occurs in the grain boundaries due to the irregular
arrangement of disordered atoms. It is under tension when ¢ =
26 ps, atoms in the upper grain undergo unloading and its
displacement is small, while atoms below the grain present
reverse loading. Therefore, this mismatch of atomic dis-
placement requires coordination provided by the rotation and
deformation of atoms at the grain boundary, which results in
gliding of the grain boundary and exacerbates the disordered
degree of the atoms at the grain boundary. At the same time,
to coordinate the severe deformation in grains, new dis-
locations are emitted at the grain boundaries. The dislocation
nucleus forms a disordered atomic layer with a thickness of
the Burger’s vector at the grain boundary, which leads to
grain boundary broadening and structural disorder. When ¢ =
28 ps the element is in a state of high tensile stress, and some
microvoids nucleate sequentially at the grain boundaries.
According to classical nucleation theory, the microvoid nu-
cleation process can be regarded as a thermodynamic process
driven by stress and temperature [2,46,47]. The nucleation
rate is 7 o< exp(—(E— W)/ kT), where E is the nucleation
barrier and W is the work done by loading. On one hand, the
disordered atoms have relatively loose packing and a weak
bond strength, so there is a lower barrier of microvoid nu-
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cleation. On the other hand, the stress concertation of the
grain boundaries provides enormous energy to overcome the
nucleation barrier. Therefore, high W and low E jointly cause
microvoid nucleation.

Atoms in the grain boundary of Region 1 were divided into
50 bins along the lengthwise direction, and then the stress,
deformation and element contents were calculated. As shown
in Figure 7, the mean stress is approximately 11 GPa, and the
Mises stress exhibits a strong fluctuation with an average
stress of 16 GPa. From the viewpoint of deformation, at ¢ =
26.2 ps, strain and non-affine deformation exhibit peaks at
positions L = 9.2 and 12.9 nm, while the rotation angle dis-
plays a valley. That is, on the eve of microvoid nucleation,
large rotation is always accompanied by low strain, and vice
versa. This result is consistent with the formation process of
shear band in metallic glass [48].

The region with a large strain and a relatively low rotation
angle is separated by a region with a large rotation angle and
a relatively low strain. The former and latter are considered
soft and hard regions, respectively. This atomic motion
generates an alternating sequence of soft and hard regions
along the grain boundary. Analogous to the deformation of
metallic glass, the volumetric strain in the grain boundaries is
produced by the large tensile stress and the dilatation re-
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Figure 6 Mises stress, mean stress, nonaffine deformation, Mises strain, volumetric strain, rotation angle and the displacement in Region 1 for time frames ¢

=16, 26, and 28 ps.
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Figure 7 Distribution of the mean stress, Mises stress, rotation angle,
volumetric strain, Mises strain, nonaffine deformation and the relative
Cr content along the lengthwise direction in the grain boundary of
Region 1.
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quired for shear transformation [49]. It is considered as mi-
crovoid nucleation when the volumetric strain in soft region
is greater than the critical value. The adjacent hard region is
difficult to deform and only coordinates deformation by ro-
tation, which in turn triggers the deformation of adjacent soft
region. It causes the propagation of microvoid nucleation in
the grain boundary. What is more, the effect of relative
content of various elements on the deformation is analyzed,
where the relative content is expressed as the number of
elements divided by the total atom number. The Cr-rich re-
gion corresponds to the region with a high rotation angle and
low strain. Therefore, the rich-Cr region is regarded as the
hard region.

To explore the effect of elements on the deformation, the
average volumetric strain, shear strain, mean stress and shear
stress were calculated according to the element type. As
shown in Figure 8, the deformation of different elements is
essentially the same during shock, while the atomic stress of
Cr is greater than that of Co and Ni. That is, Cr requires a
higher stress to maintain the same deformation, indicating
that the bond strength between the Cr atoms and surrounding
atoms is intense.

To further reveal the electronic origin of this phenomenon,
we established a sample with 108 atoms using a special
quasi-random structure method and alloy theoretic auto-
mated toolkit (ATAT) codes [50] and calculated the electron
localization function [51]. As shown in Figure 9, the electron
localization function is higher in the rich-Cr region, in-
dicating that the electrons are concentrated. The interaction

o, (GPa)

20

owis (GPa)

16 F

/()

T (ps)

The evolution of the average volumetric strain (a), mean stress (b), Mises strain (c) and Mises stress (d) for Ni, Co, and Cr, respectively.
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Figure 9 Distribution of the electron localization function through the
(001) plane.

between metal atoms is mainly derived from the Coulomb
force between the atomic nucleus and surrounding electrons.
Therefore, the agglomeration of free electrons in the rich-Cr
region forms stronger metal bonds.

A detailed crystal-orbital Hamilton population (COHP)
calculation was conducted to describe the bonding and an-
tibonding contributions in the bond structure [52]. If -COHP
is greater than 0, then the electron is in the bonding state; if
—COHP is less than 0, then the electron is in the antibonding
state. Figure 10(a) shows that the electronic energy level in
the bonding state shows a wide distribution from —8 to
0.5 eV in the Cr-Cr pair; that is, all free electrons below the
Fermi level are in the bonding state, and there is a strong
bond. However, that of the Ni-Ni pair is far below the Fermi
level (—8 ——2.3 eV), indicating that part of the free electrons
remains in the antibonding state and the bond strength
weakens. The bond strengths of other atomic pairs are in the
range of those of Cr-Cr and Ni-Ni. These phenomena ori-
ginate from the intrinsic electronic structure of the element,
and the electronic structures of Cr, Co, and Ni are 3d54s1,
3d’4s%, and 3d%4s’, respectively. It can be seen that Cr has
free electrons in both the s and d orbitals, while the s and d
orbitals of the Ni atoms fill up paired electrons. Furthermore,
the interactions between electrons in different orbitals were
calculated. The electronic energy level at the bonding state
between the s-s orbitals ranges from —8 to —4 eV in all si-
tuations. The electronic attribution between the d-d orbitals
of Cr-Cr at the Femi energy level is bonding, while that of
Ni-Ni is antibonding; that is, the high bonding strength of Cr-
Cr originates from d-d electronic interactions.

The integration of the COHP (ICOHP) curve up to the
Fermi level gives the total overlap population of the bond
and is a measure of the bond strength. The bond strengths of
different atomic pairs were obtained by calculating the
ICOHP between the nearest neighbors. As shown in Figure 11,
the bond strength of Cr-Cr is the highest, which indicates that
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Figure 10 (Color online) COHP for six kinds of nearest neighbor atomic
pairs, where the red, green and blue lines represent the electronic interac-
tions of the total, s and d orbitals, respectively, and 0 eV represents the
Femi energy level.

the Cr-Cr bond bears a large loading in the deformation
process. Compared with the rich-Cr region, the poor-Cr re-
gion is more flexible and exhibits large non-affine de-
formation, so microvoids prefer to nucleate in this region.
There are similar results where nonaffine deformation
is accompanied by substantial charge transfer in the CuZr
alloy. The Cu atom is severely rearranged under shear strain
due to the full d-electron states, while Zr deforms in a nearly
affine manner due to the partially filled d-electron [53].
The spatial fluctuation of composition is strongly correlated
with deformation and triggers the formation of a shear band
[54].

This local chemical order in high/medium entropy alloys is
fundamentally different from traditional solvent-solute al-
loys. Recent studies [38,34] have shown that the local che-
mical order influences the plastic deformation mechanism by
varying the spatial distribution of activation barriers gov-
erning the dislocation and twin activities. This influences the
selection of dislocation pathways in slip, faulting, and
twinning, and increases the lattice friction to dislocation
motion via a nanoscale segment detrapping mechanism.
Thus, excellent mechanical property combinations can be
obtained via processing to tune the local chemical order.
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3.5 Intragranular nucleation

As shown in Figure 12, at ¢t = 16 ps, atoms in Region 2
exhibit upward displacement due to the compressive stress.
The propagation of dislocations causes an obvious de-
formation stripe along the [111] crystallographic plane. It is
under tension when ¢ = 28 ps, atoms undergo unloading and
reverse loading with the transition of the stress state. And a
microvoid nucleates at the dislocation interaction region.
Finally, the microvoids grow rapidly due to the intense ten-
sile stress.

Now let us take a further step to examine the process from
dislocation pile-up to microvoid nucleation. As shown in
Figure 13(a), two partial mobile dislocations in the parallel
slip planes move relatively close together at £ = 23.2 ps. In

T=230ps

Figure 12 Mises stress, mean stress, nonaffine deformation, Mises strain, volumetric strain, rotation angle and displacement in Region 2 for time frames ¢ =

16, 28, and 30 ps.
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MEA alloys, the dislocation line is wavy and does not move
smoothly due to nanoscale local chemical order hetero-
geneities. Therefore, the Shockley dislocation segment can
encounter the same slip planes through the cross-slip, and the
other segment still stays on the origin slip plane (Figure 13(i)).
Then, a sessile stair-rod dislocation is produced by the fol-

lowing dislocation reaction: %[211] +%[IZI] — %[110]

(Figure 13(j)), and the mobile dislocation is encircled by two
sessile dislocations (Figure 13(k)). This configuration forms
a Franke-like dislocation source, so many dislocations are
emitted at a high stress state in a short time (Figure 13(1)).

These new dislocations only move in a narrow space since
the dislocation source is surrounded by dense twins that
block the dislocation motion (Figure 13(c)). The piled-up
dislocations cause a highly distorted lattice and markedly
increase the local stored energy (Figure 13(e), (f)). These
disordered structures then promote microvoid nucleation to
relax the excessive stored energy by forming a new surface
(Figure 13(g), (h)). These observations provide elaborate
descriptions from dislocation interaction to microvoid nu-
cleation, and clarify the roles of dislocations and twins in this
process.

=== ghockley dislocation

—— Stair-rod dislocation

—— Other dislocation

Figure 13 (a)—(e), (g) Snapshots without the FCC phase and the disordered atoms at different times; (f), (h) snapshots without the FCC phase, where red
and white atoms represent HCP and disordered atoms, respectively, and (i)—(1) elaborate layouts of the dislocation reactions.
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4 Conclusions

The spallation processes of the CrCoNi MEA under different
shock velocities were simulated, and the spall strength ex-
hibited significant strain rate strengthening. Before micro-
void nucleation, the dislocation and HCP phases first
increase and then decrease during the shock compression
process due to the propagation of compressive and rarefac-
tion waves, respectively. There is a transition of microvoid
nucleation sites from the boundaries to the grains with an
increasing shock velocity. In the intragranular nucleation
process, grain glide and dislocation nucleation make the
atomic structure disordered, decreasing the nucleation en-
ergy barrier and resulting in microvoid nucleation under a
high tensile stress. Moreover, the Cr-rich region exhibits an
excellent resistance to microvoid nucleation, which is at-
tributed to the agglomeration of free electrons and d-d
electronic interactions, based on first principle calculations.
In intergranular nucleation, the formation of a Franke-like
dislocation source via the dislocation reaction leads to the
pile-up of enormous dislocations in a narrow twin stripe,
which markedly increases the local stored energy and pro-
motes microvoid nucleation. These findings inaugurate a
direction for searching for excellent dynamical mechanical
properties by adjusting the local chemical order in the MEA.
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