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ABSTRACT

Through atomistic simulations, we uncover the dynamic properties of the Cantor alloy under shock-
loading conditions and characterize its equation-of-state over a wide range of densities and pres-
sures along with spall strength at ultra-high strain rates. Simulation results reveal the role of local
phase transformations during the development of the shock wave on the alloy’s high spall strength.
The simulated shock Hugoniot results are in remarkable agreement with experimental data, vali-
dating the predictability of the model. These mechanistic insights along with the quantification of
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dynamical properties can drive further advancements in various applications of this class of alloys

under extreme environments.
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The spall behavior of Cantor alloys is mediated by a strain-rate dependent, reversible FCC-to-
HCP phase transition mechanism during shock loading endowing them with high spall strength

compared to conventional alloys.

1. Introduction

High-performance materials that tolerate high temper-
atures, pressures, and deformation rates beyond con-
temporary engineering design conditions are attracting
an ever-increasing demand in the search for ensuring
safety, enhancing performance, improving energy effi-
ciency, and reducing costs in various industries [1-7].
Of particular interest is the equiatomic CoCrFeMnNi
high-entropy alloy (HEA), also known as the Can-
tor alloy, as a structural material in barrier coating
applications where thermo-mechanical shocks or cor-
rosive substances are present [8]. Understanding the
high strain-rate and spallation behavior of this HEA
in these environments necessitates the characteriza-
tion and quantification of multiple fundamental prop-
erties, including equation-of-state (EOS), constitutive

relationships, microstructure evolution, and dynamic
deformation mechanisms. These properties describe the
material’s behavior under changes in pressure, volume,
entropy, and temperature, making them fundamental to
the design of novel materials that share similar structural
and chemical features capable of withstanding extreme
mechanical environments.

Experimental investigations into a material’s EOS and
spall strength typically involve the use of a gas gun, high-
power laser, or explosive drivers capable of accessing
strain rates up to 10% s™! to shock compress a speci-
men to some increased pressure state [9-11]. These tech-
niques are routinely utilized with in-situ gauges for shock
velocity and stress state measurements or interferome-
try methods such as Photon Doppler Velocimetry (PDV)
[12], Velocity Interferometer System for Any Reflector

CONTACT Remi Dingreville @ rdingre@sandia.gov e Center for Integrated Nanotechnologies, Sandia National Laboratories, Albuquerque, NM 87185, USA
@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/21663831.2023.2280635.

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow
the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2023.2280635&domain=pdf&date_stamp=2023-11-10
http://orcid.org/0000-0002-7334-5427
http://orcid.org/0000-0003-1613-695X
mailto:rdingre@sandia.gov
https://doi.org/10.1080/21663831.2023.2280635
http://creativecommons.org/licenses/by-nc/4.0/

1056 (&) J.A.STEWARTETAL.

(VISAR) [13], or Optically Recording Velocity Interfer-
ometer System (ORVIS) [14] to measure the velocity
profile of the shocked free surface. Data from these exper-
iments allows for the determination of parameters defin-
ing the material’s dynamic response via known thermo-
dynamic relationships. For example, Jiang et al. [15] used
a gas gun and PDV to investigate the shock Hugoniot
in the shock velocity (Us) versus particle velocity (Up)
space, the Hugoniot elastic limit (HEL), and the phase
transition threshold stress of equiatomic CoCrFeMnNi at
strain rates in the 10° s~! range. They attributed the rel-
atively high HEL and phase transition threshold stress in
this HEA to its intrinsic chemically disordered structure.
Likewise, Thiirmer et al. [16] employed a pulsed-laser
setup to shock polycrystalline CoCrFeMnNi samples in
the 107 s~! range combined with VISAR measurements
of the free surface velocity to extract spall strengths
from characteristic pull-back signals. They showed that
the high spall strength of this HEA may originate from
a homogeneous composition, an absence of second-
phase particles and/or segregation at grain boundaries,
and a high density of nanotwins near the spall plane.
Most recently, Ehler et al. [17] utilized laser-launched
Al flyers and PDV to explore both the EOS and spall
strength of additively manufactured CoCrFeMnNi sam-
ples at strain rates in the 10° s~! range, and concluded
that the failure mechanisms behind spallation occurred
via ductile fracture at voids presumably created during
manufacturing.

Modeling and simulation methods are also being
leveraged, primarily at the atomistic length scales with
density functional theory (DFT) [18,19] and molecu-
lar dynamics (MD) [20-22]. These efforts generally aim
to address fundamental properties at the microscale
(e.g., crystal structure, magnetic states, defects, phase
transitions) that influence macroscopically observable
quantities of interest (e.g., plastic deformation, fracture
strength, spallation). For example, Ma et al. [23] carried
out finite-temperature DFT calculations to investigate the
equilibrium structures, stability, and magnetic moments
of the FCC, BCC, and HCP CoCrFeMnNi phases up to
1200 K and highlighted the role of configurational, vibra-
tional, electronic, and magnetic entropy contributions.
Choi et al. [24] performed MD simulations of single-
crystal CoCrFeMnNi to investigate its slow vacancy dif-
fusion, twin formation under uniaxial tension, and criti-
cal resolved shear stress. Thiirmer et al. [16] utilized MD
to simulate shock loading of equiatomic CoCrFeMnNi by
a piston impactor to study damage production and struc-
tural morphology behind traveling shock waves in addi-
tion to the spall strength at strain rates up to 10° s 1. Sim-
ilarly, Liu et al. [25] used MD simulations to examine the
effect of crystallographic orientation on both the shock

Hugoniot in Us — U, space and dislocation formation
in equiatomic CoCrFeMnNi under shock loading condi-
tions.

In this work, we are interested in expanding upon
these previous studies to develop a comprehensive under-
standing of the dynamic behavior for equiatomic, single-
crystal CoCrFeMnNi by investigating (i) the EOS for a
wide range of densities and pressures and (ii) the spalla-
tion behavior at high strain-rates. MD simulations were
performed to map out the principle shock Hugoniot,
which is shown to agree remarkably well with available
experimental data. We have also calculated the Griineisen
parameter and constant-volume specific heat to gener-
ate a Mie-Griineisen type EOS that captures low-pressure
non-linearities predicted by our MD simulations. Non-
equilibrium MD (NEMD) simulations of shock compres-
sion were performed for a range of impactor velocities
with strain rates around 10° s~!. We calculated the spall
strength from these simulations as a function of the
strain rate via pull-back signals obtained by measuring
the free surface velocity during shock compression and
release. Additionally, local lattice structures were calcu-
lated to elucidate phase transformation details during the
shock-loading and spallation processes. These mecha-
nistic understandings provide valuable insights into the
factors that affect spall behavior in a wide range of alloys
that share similar crystallographic structure and chemi-
cal features. This knowledge can be used to design new
alloys with improved spall resistance for a variety of
applications.

2. Methods

We used the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) code to perform MD
simulations of CoCrFeMnNi [26,27]. The second
nearest-neighbor modified embedded atom method
(2NN-MEAM) interatomic potential developed by Choi
et al. [24] was used to model CoCrFeMnNi. We chose
this potential based on previous successes to study var-
ious mechanical properties of CoCrFeMnNj, including
micro-twinning during tensile deformation of crystalline
samples [24], strain-induced phase transformations in
nanocrystalline samples [28], elastic responses and dis-
location formation during nanoindentation [29], and
high strain-rate compression and spallation [16]. The
equiatomic single-crystal structures were created by
randomly distributing the CoCrFeMnNi atoms on a
FCC lattice in equal ratios of 20% with a lattice con-
stant of 3.592 A, which corresponds to the theoretical
maximum density determined experimentally by Melia
etal. [30] of py = 8.036 g/cm3. Note that there is a range
of experimentally determined lattice constants between



3.59 A (8.051 g/cm?) and 3.604 A (7.957 g/cm?) [30-35].
As the shock Hugoniot strongly depends on the refer-
ence state’s density, the above lattice constant was found
to be a reasonable median value, within experimental
accuracies, to characterize the EOS for the CoCrFeMnNi
alloy considered here. Since CoCrFeMnNi has a random
atomic configuration, we created 10 structures, each with
different configurations, for every MD simulation to elu-
cidate any dependencies on such atomic disorder and
report the averaged results.

To calculate the Hugoniot, we used a cubic simu-
lation domain with edge lengths of 17.985 nm, con-
taining 500,000 atoms, as the reference specific volume,
Vo(= 1/pp). Points on the Hugoniot were determined
via a method similar to that of Chantawansri et al. [36],
which requires a series of canonical-ensemble (NVT)
simulations be performed with specific volumes, V, that
are less than the reference specific volume, i.e., V < V.
A series of structures were isotropically strained in incre-
ments of 1% and equilibrated to 300 K for 100 ps using
periodic boundary conditions and a 1 fs time step. The
temperature of these structures was then ramped from
300 K to some higher temperature that depended on
the level of strain to ensure the Hugoniot temperature
was bracketed by the initial and final temperatures (e.g.,
400 K for V/Vy = 0.99 and 50,000 K for V/Vy = 0.85).
Simultaneously, time-averaged thermodynamic quanti-
ties were recorded every 1 ps for 100 ps. The Rankine-
Hugoniot relationship for energy conservation [9] was
evaluated for these data points to produce residual values,
8y, as a function of the temperature, T, via

1
5H(T)=E(T)—Eo+E[P(T)+Po][V—Vo]> (1)

where E, P, and V are the internal energy, pressure, and
specific volume, respectively, of the compressed state. The
subscript ‘0" denotes the same quantities for the initial,
uncompressed reference state. The temperature at which
Equation (1) is zero determines the Hugoniot temper-
ature and thereby the Hugoniot pressure. Experimental
Hugoniot data is often reported in terms of the shock
velocity, Us, and the particle velocity, U,. We obtained
these values from the following relationships [9]

Us=+/Vo(P—Po) /(1= V/Vp), )

and

Up =+/Vo (P —Py) (1 — V/Vy), 3)

where V is a given specific volume and P is the corre-
sponding Hugoniot pressure as determined above.

We performed NEMD simulations of shock compres-
sion in CoCrFeMnNi using a domain with dimensions
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29.8551 nm x29.8551 nm x299.9898 nm containing
22,995,482 atoms. Shock loading by a (momentum mir-
ror) piston with velocity ug occurred along the [001]
crystallographic direction (i.e., the +Z-axis). We consid-
ered piston velocities between 0.25 km/s and 2.00 km/s in
0.25 km/s increments. Prior to these simulations, struc-
tures were equilibrated to 300 K and 0 bar using the
isothermal-isobaric (NPT) ensemble for 100 ps with a 1
fs timestep. During the shock simulations, we used the
microcanonical (NVE) ensemble with a 1 fs timestep.
Dimensions perpendicular to the shock-loading direc-
tion were periodic and held fixed, while the shocked sur-
face and free surface were both non-periodic and shrink-
wrapped to encompass any shock-induced movement.
To facilitate analysis of these NEMD simulations, several
thermodynamic quantities were tracked in the direction
of the shock (i.e., Z-axis), below the impacted surface.
A series of slabs were created along the Z-axis by spa-
tially dividing the domain into 10 nm bins. For each bin,
the average density, Z-component of the material veloc-
ity, per-atom stress tensor, and per-atom Voronoi volume
were computed. Analogous to interferometry methods,
the average velocity of a 1 nm thick slab at the free sur-
face was tracked to elucidate spall strengths via pull-back
signals [16,37,38]. The local lattice structure was calcu-
lated for the entire domain via the method of Ackland
and Jones [39] in order to track phase transformations
during shock wave compression, rarefaction wave relief,
and spallation.

3. Results and discussion

Since a single shock wave defines only one (P, p) point on
the Hugoniot [11], the Hugoniot is represented via a set of
(P, p) points as illustrated by our principle shock Hugo-
niot results in Figure 1(a) for CoCrFeMnNi. Although the
Hugoniot is defined in P — p space, expressing the Hugo-
niot in Us — U, space, as shown in Figure 1(b), is practi-
cal as the results are directly comparable to experimental
measurements and non-linear material behavior can be
elucidated in low-pressure regimes. From Figure 1(b), itis
obvious that CoCrFeMnNi exhibits non-linear dynamic
behavior at shock pressures below ~ 22.5 GPa or, equiv-
alently, particle velocities below ~ 0.5 km/s, which is
generally indicative of elastic yielding, strain-rate depen-
dence, and/or other time-dependent phenomena [11].
Above this shock pressure, the Hugoniot exhibits a clas-
sical linear relationship. Our Hugoniot predictions agree
very well with experimental data from Jiang et al. [15]
and Ehler et al. [17], whose particle velocities range
from ~ 0.1 km/s to &~ 0.3 km/s (shock pressures between
~ 6 GPa and ~ 14 GPa), which is within the non-linear
regime.
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Figure 1. (a) Points on the principle shock Hugoniot in P — p space. The dashed red line only serves to indicate the trend of the data. (b)
Points on the principle shock Hugoniot in Us; — U, space along with available experimental data. The solid red line represents the fitted

analytic reference curve, Equation (6).

Jiang et al. [15] and Ehler et al. [17] fitted linear U —
Uy relationships to their data. Since the range of both fit-
ted data sets are narrow and located within the non-linear
regime, substantial errors may be incurred describing
the shock response of CoCrFeMnNi if these relation-
ships are used in EOS models outside of the fitted range.
We fitted an improved Us — U, relationship that captures
both the predicted low-pressure non-linearity of CoCr-
FeMnNi and the extent of shock and particle velocities
considered to ensure realistic shock descriptions across a
wide range of densities and pressures. We have also calcu-
lated the Griineisen parameter, yy, and constant-volume
specific heat, Cy, to provide a calibrated Mie-Griineisen
EOS model. These parameters were taken to be constants
and were calculated using the reference state at 300 K with
the following definitions [9]

o () .
VO == 0 g )
E /)y
and
Vo (0P
Cv = — (—) : (5)
Y0 oT v

To relate the T, P, E, and p of a shocked material, the Mie-
Griineisen EOS [9] makes use of Cy, )9, and a reference
curve, which we have taken to be the Us — U, Hugoniot,
and is expressed as [40]

-1
Us = 2C, [1 —Sipn+ \/(1 —Sipn)?— 4sm2]

N
_Bexp [_ (i) } ©)
m

Table 1. Calibrated Mie-Griineisen EOS model parameters. The
fitting parameter N was chosen to be fixed at 1.0.

Quantity Value
Reference density, pg (g/cm3) 8.03640
Griineisen parameter, yo 1.75210
Specific heat, C, (J/g - K) 0.43167
Bulk sound speed, C; (km/s) 4.78463
Linear coefficient, $; 1.66206
Quadratic coefficient, S, —0.08539
Low-pressure parameter, B (km/s) 241519
Low-pressure parameter, ;. * 0.03635
Low-pressure parameter, N 1.0

where C; is the sound speed in the material at zero pres-
sure, u = Up/Us is the strain, and the remaining vari-
ables are fitting constants. Note that other analytical EOS
forms can be used with comparable overall predictions
[41].

Non-linear least squares was used to fit Equation (6)
to our predicted Hugoniot. Model parameters are sum-
marized in Table 1. As expected, the fitted reference
curve captures the simulated Hugoniot and experimen-
tal data very well, as shown in Figure 1(b). The bulk
sound speed was determined to be ~ 4.78 km/s. Jiang
et al. [15] and Ehler et al. [17] calculated ~ 4.50 km/s
and ~ 3.97 km/s, respectively; differences of &~ 6.1% and
~ 18.6%. The Griineisen parameter and specific heat
were calculated via the temperature ramp MD simula-
tions described above and are given in Table 1. We report
avalue of yp = 1.75210, which is in good agreement with
Jiang et al. [15] who calculated yp = 1.78 using the Dug-
dale and Macdonald approximation [42]; a difference of
~ 1.6%.

During the NEMD simulations, a shock wave reflects
off of the free surface. This rarefaction wave places
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Figure 2. Free surface velocity, ug, traces for the NEMD
simulations.

the shock compressed material into a state of tension.
Spallation occurs at some depth below the impacted sur-
face, i.e., the spall plane, when this tensile stress exceeds
the material strength [22]. Analysis of this shock-induced
spallation was performed by examining the free surface
velocity, ug, as a function of time. Figure 2 shows free sur-
face velocity traces from our NEMD simulations. These
traces include the shock arrival time, t;, where the free
surface acquires a velocity ug = 2up, and the pull-back
signal between #, and t3, which is directly correlated to
the spallation process. The free surface velocity differ-
ence, Aug, between t; and t3 was used to calculate the
spall strength, oy, via [16,17,37,38]

1
Osp = 5 PoCs Aug (7)

where py is the initial density and C; is the bulk sound
speed.

Table 2 summarizes our calculated spall strengths with
the corresponding strain rates for simulations where spall
was observed. Predictably, there is a strain-rate depen-
dence in the spall strength where spall strength decreases
with increasing strain rate. The spall strengths for piston
velocities of 1.50 km/s and 1.75 km/s are quite sim-
ilar, while an increase or decrease from these piston
velocities results in substantial spall strength changes.

Table 2. Strain-rate dependent spall strengths for CoCrFeMnNi
calculated using Equation (7).

ug (km/s) Strain rate (s~) Spall strength (GPa)
0.25 8.466 x 108 -

0.50 1.673 x 10° -

0.75 2.505 x 10° -

1.00 3.330 x 10° -

1.25 4158 x 10° 15.664

1.50 4991 x 10° 13.894

1.75 5.816 x 10° 13.807

2.00 6.639 x 10° 11.134
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Interestingly, the pull-back signal minima for the 4 pis-
ton velocities where spall was not observed all occur at
t3 & 172 ps, while the minima increasingly occur earlier
with increasing piston velocity when spall manifested; a
feature directly related to material strength. In previous
studies, Ehler et al. [17] experimentally determined spall
strengths of &~ 1.64 GPa and ~ 3.0 GPa with strain rates
above 10° s~1. Thiirmer et al. [16] experimentally deter-
mined a spall strength of & 8 GPa at a strain rate of & 10’
s~!, and calculated a spall strength upper limit of &~ 30
GPa at a strain rate of &~ 10° s~! using MD simulations
and Grady’s [43] spall strength model. These values are
substantially lower than those reported here since they
correspond to polycrystalline specimens, where some of
the spall deformation mechanisms active in single-crystal
specimens may be suppressed due to grain boundaries
and impurities effects in polycrystals [44,45].

Spallation was observed via inspection of space-time-
density plots for each NEMD simulation as illustrated in
Figure 3. Density variations in these plots indicated shock
wave propagation processes related to compression, rar-
efaction, tension, and spallation in CoCrFeMnNi. There-
fore, quantities such as the shock wave velocity and the
spall zone were easily identified. Not observed in Figure
3(a) is the sudden drop in density observed in Figure 3(b)
at & 106 ps, which signifies spall initiation. Also shown
in Figure 3 are plots of the CoCrFeMnNi phase frac-
tion. During shock compression, the initial FCC struc-
ture transitions primarily to the HCP structure, which, in
turn, is mostly restored to the FCC phase during release.
The fraction of FCC converted to HCP during shock
compression, and that remained after release, was inher-
ently dependent on the piston velocity. Furthermore, in
the case of spallation, significantly more unknown phases
were identified which are mainly attributed to the for-
mation of amorphous regions and new interfaces near
the spall zone. Similar phase transformation mechanisms
affecting the dynamic response have also been observed
in other metallic systems [46,47].

4. Summary and conclusions

Through atomistic simulations, we have calculated the
principle shock Hugoniot for equiatomic, single-crystal
CoCrFeMnNi, which predicts non-linear behavior below,
and linear behavior above, shock pressures of & 22.5
GPa. This theoretical Hugoniot was shown to agree
remarkably well with available experimental data. The
Griineisen parameter and constant-volume specific heat
were also calculated, and determined to be 3y = 1.75210
and C, = 0.43167 J/g-K, respectively. These parameters,
in addition to the Hugoniot, were utilized to generate a
Mie-Griineisen type EOS for a wide range of densities
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Figure 3. Space-time-density diagrams showing the initial shock wave propagation and subsequent rarefaction waves along with the
corresponding phase fraction evolution for (a) no spallation with uy = 1.00 km/s and (b) spallation with ug = 1.50 km/s.

and pressures (see Table 1). Additionally, we performed
NEMD simulations of shock compression and release for
a range of impactor velocities along the [001] crystal-
lographic direction in equiatomic, single-crystal CoCr-
FeMnNi. To elucidate the strain rate dependent spall
strength, free surface velocity analysis was performed. We
calculated spall strengths between = 11 GPa and ~ 16
GPa at strain rates of ~ 10° s~!. Moreover, we have high-
lighted strain rate dependent FCC — HCP phase transi-
tions during shock compression, and HCP — FCC relax-
ation during release. While the specific spall strength
values and coefficients for the EOS are unique to the
equiatomic composition of the Cantor alloy studied here,
it is reasonable to posit that both the high spall-strength
and the phase transformation mechanisms reported here
extend to near equiatomic compositions and to other
HEAs that share similar structural and chemical features
as this HEA [48,49].

The EOS and spall strengths reported here are
an advancement on the current understanding of the
dynamic behavior for CoCrFeMnNi in extreme environ-
ments. However, there are limitations and open questions
to be addressed:

e Although successful, the interatomic potential utilized
here was not directly developed for investigating the
dynamic behavior of CoCrFeMnNi. Thus, probing

this potential’s properties in these shock compres-
sion regimes is crucial for predictive accuracy and
reliability.

e The Hugoniot we calculated was for isotropic com-
pression of single-crystal CoCrFeMnNi. Characteriz-
ing the Hugoniot response uniaxially, or with poly-
crystalline specimens, would be advantageous. Simi-
larly, characterizing the spall behavior along different
crystal orientations or in polycrystalline specimens
would complement the current knowledge base.

e Our Hugoniot and EOS do not consider shock-
induced polymorphic phase transitions, which are
known to introduce discontinuities in the Hugoniot
curve. Thus, the usage of a lookup table, as opposed
to an analytic expression, to include such transforma-
tions and temperature dependent specific heats would
improve the EOS model.
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Statement novelty

We characterize and quantify multiple fundamental
properties of Cantor alloys, including equations-of-state
(EOS), constitutive relationships, and dynamic defor-
mation mechanisms using atomistic simulations. These
properties describe the materials behavior under changes
in pressure, volume, entropy and temperature, mak-
ing them fundamental to the design of novel materi-
als that share similar structural and chemical features
capable of withstanding extreme mechanical environ-
ments. The spall behavior of Cantor alloys is mediated
by a strain-rate dependent, reversible FCC-to-HCP phase
transition mechanism during shock loading endowing
them with high spall strength compared to conventional
alloys. These mechanistic understandings provide valu-
able insights into the factors that affect spall behavior in
a wide range of alloys that share similar crystallographic
structure and chemical features. This knowledge can be
used to design new alloys with improved spall resistance
for a variety of applications.
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