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ARTICLE INFO ABSTRACT

Keywords: The dynamic behavior for five Cantor-derived alloys with four elements in equiatomic composition was inves-
Medium entropy alloys tigated. The composition was systematically modified to: CrMnFeNi, MnFeCoNi, CrMnCoNi, CrMnFeCo, and
Spalling

CrFeCoNi. Under identical homogenization, deformation, and recrystallization processing conditions, these
materials exhibited significant differences in the microstructure and the corresponding mechanical response,
which was measured through uniaxial stress compression loading at strain rates ranging from 10~* to 10% s1.
Additionally, spall recovery experiments were performed at strain rates of ~10% s™! to further understand the
effect of strain rate on damage and failure in tension. Four of the five alloys were face-centered cubic and
exhibited ductile failure by void nucleation, growth, and coalescence, primarily at the grain boundaries. Sur-
prisingly, the significant differences in compressive strength (ranging from ~200 to ~600 MPa at 10~* s™1) did
not manifest themselves in the spall strength, which varied from 2.08 to 2.61 GPa (not including the CrMnFeCo
alloy). This is attributed to similar processes of void growth, which occur at the scale of a few micrometers and
do not incorporate the mesoscopic response (such as Hall-Petch), which determines the yield strength. One of the
alloys, CrMnFeCo, exhibited especially low ductility in compression and fragmented into pieces during both
compression and spall testing. This behavior was attributed to the formation of a brittle Sigma-like phase. The
effect of both chemistry and processing was observed to affect the specific spall strength and damage evolution.
Specifically, Cr segregation at the grain boundaries had a deleterious effect. This study provides a template for
the choice of superior dynamic response among high and medium entropy alloys.

Dynamic fracture

1. Introduction

High-entropy alloys, also denoted as multicomponent alloys, ushered
anew era in alloy development. The seminal 2004 papers by Cantor [1]
and Ye et al. [2] showed that alloys with five equiatomic constituents
can have extraordinary mechanical properties, which are generally
attributed to five factors:

. A single-phase solid solution

. A sluggish diffusion coefficient

. Severe lattice distortion

. Short-range ordering around dislocations

. A low stacking-fault energy, resulting in both dislocations and twins.
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In fact, intense research activity led to numerous publications
exploring Cantor and other alloys. Prominent are the review articles by
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George et al. [3], Ye et al. [4], Murty et al. [5], Jien-Wei et al. [6], Tsai
and Yeh [7], Zhang et al. [8], and Miracle et al. [9]. Garcia et al. [10]
review Medium Entropy Alloys. The total number of publications ex-
ceeds 10,000 (web of science). The original ideas were extended to re-
fractory alloys [11-16] and ceramics [17]. The interest in the dynamic
response of Cantor alloys is primarily due to potential applications
where impact and penetration are involved. Li et al. [18] demonstrated
that shear localization is retarded in some of these alloys because of the
work hardening exhibited at high strain rates. The topic has recently
been reviewed by Huang et al. [19]. Cheng et al. [20] and Wang et al.
[21] investigated the dynamic (ballistic and spall) response of a
Fe4oMngoCraoNigo alloy. Its excellent work hardening capability was
cited as a vital factor in its application in ballistic protection.

The dynamic tensile response of a material can be quantified through
the measurement of its spall strength, which is the stress required to
nucleate voids and/or cracks. in tension. It is an important property of
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Fig. 1. Schematic of gas gun showing flyer plate, target, photon Doppler velocity measurement, and soft recovery tank.
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Fig. 2. (a) Details of the impact velocity V, generating a shock wave velocity Uy; (b) trajectories of shock wave and release waves in projectile and target and their
encounter generating tension and spalling; (c) characteristic free surface velocity captured by PDV gage; the change Au is used to determine spall strength.

metals and can aid in material selection for dynamic environment ap-
plications like armor. This dynamic tensile failure, in a uniaxial strain
state, does not correlate exactly to the quasistatic failure since other
deformation mechanisms become operative at high strain rates [22]. To
design materials for these conditions, it is important to understand the
role that microstructure plays in damage and failure. There have been
numerous studies in metals and alloys to try to understand these re-
lationships [23-26].

However, such studies have been rare in HEAs, and only recently has
some work been conducted to establish these relationships in these
unique materials. Specifically, there have been recent reports on the
spall strength of HEAs [27-29], and the results vary widely depending
on the duration of the tensile pulse. Thiirmer et al. [30] report on
experimental and computational results for the classic equiatomic

Cantor alloy. A spall strength of ~8 GPa at the strain rate of ~10” s~!
was experimentally measured using pulsed laser shock.

Gas-gun experiments provide a strain rate that is two to three orders
of magnitude lower. Five of these experimental results are presented
below. A study on the Cantor alloy by Euser et al. [25] measured a much
lower spall strength varying between 1.6-2.0 GPa as a function of build
parameters in these additively manufactured materials. This was due to
the lower strain rate and the presence of initial cracks in the material
from the manufacturing process itself. A study by Hawkins et al. [27] on
CrMnFeNi further highlighted the importance of manufacturing. This
study showed that the spall strength for this alloy was in the 1.3 to 1.9
GPa range, and the failure mechanism under spall was severely brittle
due to Cr segregation. Yang et al. [31] report spall strength values of
1.9-2.3 GPa for a FesoMngpCo10Crip alloy. They used a gas gun,
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Fig. 3. Microstructure of MnFeCoNi after homogenization, deformation, and recrystallization processes. (a) Band contrast; (b) Inverse pole figure of the grain
structure; (c) Phase color map; and (d) X-ray diffraction pattern showing a single FCC phase.

providing strain rates varying from 7.5 x 10%s ™! t0 2.3 x 10*s1. Zhang
et al. [29] report higher spall strengths of 3.2-4 GPa for an Al ;CoCr-
FeNi alloy that has a composition close to one of the alloys used in the
current investigation (our CrFeCoNi alloy). The strain rate was higher,
ranging from ~1 x 10° to ~3 x 10° s~ L. Cui et al. [32] investigated a
CrCoNi alloy with large grain size in the mm range and obtained spall
strengths that were consistent between different specimens and ranged
around 4 GPa, at a strain rate of ~ 10° s™1. This strong effect of strain
rate will be further discussed in Section 3.

In addition to experiments, molecular dynamics (MD) simulations
were used to understand deformation mechanisms in HEAs and how
they contribute to damage and failure. These simulations are charac-
terized by a short pulse duration, which results in an extremely high
strain rate. MD predicts a spall strength of ~30 GPa at ~10° s ! in the
Cantor alloy. The value of 30 GPa approaches the cohesive strength,
which is the ultimate spall strength calculated from Grady’s theory [33]:
35 GPa. The latter value corresponds to the highest strain rate achiev-
able, the Debye frequency. Du et al. [34] obtained values ranging from
11 to 20 GPa at a quoted strain rate of 108 s,

This strength variation for the same alloy can be attributed to the
effect of strain rate. Remington et al. [35] and Righi et al. [36]

demonstrated that spall strength increases with the strain rate for
tantalum and iron, respectively. In fact, the wide variability in the spall
strength for a given alloy in the literature can be attributed to the fact
that spall strength significantly depends on the specific loading condi-
tions — peak stress, pulse duration, and tensile strain rate, which alter the
deformation mechanisms and eventually the stress required to nucleate
and grow voids [37]. Due to variation in the loading conditions used to
study HEAs, it is difficult to determine the role of a specific chemical
composition on the dynamic response.

Thus, the overriding goal of this work is to assess the effect of
chemical composition and microstructure on the dynamic response of
Cantor-derived alloys using similar loading conditions.

In order to accomplish this goal, five medium entropy alloys based on
the classic Cantor (CrMnFeCoNi) composition were synthesized and
subjected to an identical thermal and mechanical treatment post-
manufacturing. This paper presents the quasistatic and dynamic me-
chanical properties and is organized as follows: Section 2 discusses the
experimental methods, Section 3 shows the results, and Section 4 pre-
sents our major conclusions.
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Fig. 4. Microstructure of CrMnCoNi after homogenization, deformation, and recrystallization processes. (a) Band contrast; (b) Inverse pole figure of the grain
structure; (c) Phase color map showing chromium segregation at grain boundaries (circled); and (d) X-ray diffraction pattern showing a single FCC phase.

2. Experimental methods

The five equiatomic four-element alloys were manufactured using
induction melting and yielded cylindrical ingots with a diameter of
approximately 60 mm. Macroscopic observation showed the presence of
dendrites in these as-cast materials. Therefore, the alloys were homog-
enized at 1150 °C for 24 h inside stainless-steel bags to minimize
oxidation and promote chemical homogenization. The cylinders were
subsequently sliced into four sections longitudinally. The smaller seg-
ments were deformed to a nominal compressive strain of —0.3 in an
Enerpac machine with a 100-ton capacity. The deformation could not be
conducted at ambient temperature because the samples cracked;
therefore, they were preheated to 400 °C. The samples were subse-
quently heat treated at 900 °C for 1 hour in order to ensure recrystalli-
zation following deformation. These temperatures were selected due to
their successful use in previous studies to ensure the homogenization of
chemical elements and recrystallization [38-41]. In the absence of this
thermomechanical treatment, the structure with profuse dendrites ex-
hibits poor mechanical properties.

The microstructure was characterized using a field-emission scan-
ning electron microscope (Scanning Electron Microscope (SEM); FEI

Apreo Model) equipped with an energy dispersive spectrometer (EDS;
Oxford instruments) and electron backscattered diffraction detector
(EBSD; Oxford instruments). X-ray diffractometry (XRD; Rigaku Model)
was also used to confirm the crystalline structure of the quaternary al-
loys. The time per step (step size is 0.02°) was 1 s, with a scanning angle
from 30° to 100° using Cu-K (A = 0.154 nm).

Mechanical testing at low strain rates was conducted on cylindrical
specimens prepared by electro-discharge machining with dimensions of
8 mm height and 4.5 mm diameter. These were tested in an Instron
uniaxial machine (Model 3367) at strain rates of 10~* to 10~! s™1. For
dynamic compression testing, a Split Hopkinson Pressure bar (SHPB)
was used with a projectile velocity of approximately 10 m/s. The
compression samples had the same diameter as the ones for quasistatic
testing (4.5 mm) but a smaller length of 4.5 mm. The strain rate on the
Hopkinson bar was approximately 10 s 1.

High strain-rate tensile loading was performed using a light gas-gun
plate impact apparatus [42-44]. An illustration of the system is shown in
Fig. 1. The gas gun is a 19.5 mm bore single-stage system equipped with
in-situ laser velocimetry and a recovery tank. The samples were
machined into shock loading targets of diameter 14 mm with a 5-degree
taper and fitted into 304 L stainless steel momentum rings. Since there
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Fig. 5. Microstructure of CrMnFeNi after homogenization, deformation, and recrystallization processes. (a) Band contrast; (b) Inverse pole figure of the grain
structure; (c) Phase color map; and (d) X-ray diffraction pattern showing a single FCC phase.

was insufficient material available, 304 L was used for momentum rings
due to its close impedance mismatch with the target. The targets were
machined flat and parallel to a thickness of 3 mm. The finished samples
were then held in a stationary target holder and aligned to the barrel
axis. The projectiles were fitted with a 304 L stainless steel flyer plate of
thickness 1.5 mm and launched down the barrel at speeds on the order of
250 m/s (precise impact velocities are reported for each test later). The
sample rear free surface velocity was measured with photon Doppler
velocimetry (PDV) [45]. After impact, the sample was ejected from the
momentum ring, and the projectile was stopped by the catch tank. The
sample was captured and recovered for post-mortem metallographic
analysis [46].

An illustration of the concept of the shock loading experiments and
an example of the in-situ velocimetry data are shown in Fig. 2. Fig. 2a
shows the tapered sample fitted with the momentum ring being
impacted by the projectile. The velocity of the projectile and shock wave
front are shown. Fig. 2b shows an x-t diagram that depicts the wave

interactions in a one-dimensional approximation. On impact a shock
wave is generated in both the target and the flyer plate. The shock wave
propagates into the flyer and, upon reaching the free surface at the rear
of the flyer, becomes a release or rarefaction wave. The release wave
then propagates back through the flyer and into the sample. A release
wave is also generated when the initial shock in the target reaches the
target rear free surface. The experiment is designed such that the release
wave from the flyer and the release wave from the target surface
intersect in the center of the target [47]. When the release waves
intersect, the result is the formation of tensile stress that occurs over a
very short period of time, i.e., high strain-rate tensile loading, which
leads to spall within the target. The shock wave behavior can be
investigated via PDV measurement of the rear free surface; an example
PDV curve is shown in Fig. 2c. The free surface velocity exhibits an
initial elastic wave signal at 0.5 ps followed by a steep rise, which in-
dicates a shock wave breakout at the rear surface. The surface velocity
remains at a maximum for a period of roughly 0.5 ps in the example in
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Fig. 6. Microstructure of CrFeCoNi after homogenization, deformation, and recrystallization processes. (a) Band contrast; (b) Inverse pole figure shows the orange
peel structure within grains and incomplete recrystallization; (c) Phase color map; and (d) X-ray diffraction pattern showing a single FCC phase.

Fig. 2¢; from this peak velocity, the peak pressure within the sample can
be calculated. The rear sample surface then undergoes a velocity pull-
back. The magnitude of this velocity pullback is correlated to the spall
strength of the material. If the velocity pullback is small, the sample
cannot withstand much tensile loading and fails quickly, leading to the
free surface maintaining a higher velocity. If the sample has a high spall
strength and can withstand high tensile forces at such strain-rates, then
the velocity pullback is deep [47], unloading the sample to initial
conditions.

3. Results and discussion
3.1. Microstructural characterization

Although the five alloys were subjected to identical homogenization,
deformation, and recrystallization processes, significant microstructural
differences were present. These microstructures are shown in Figs. 3-7.
Two of the alloys, MnFeCoNi and CrMnCoNi, exhibited fully recrystal-
lized structures with homogeneous and equiaxed grain sizes, measured
to be 70 and 6 pm by the linear intercept method (Figs. 3 and 4),
respectively. These alloys were single-phase Face Centered Cubic (FCC).
However, Cr precipitation at the grain boundaries (Fig. 4c) was observed
in CrMnCoNi, which could affect its mechanical response.

CrMnFeNi and CrFeCoNi are essentially single-phase FCC but are
only partially recrystallized, as shown by their large grain size on the
order of 1 mm and the presence of slip bands (Figs. 5 and 6, respec-
tively). This is close to the compressive specimen diameter (4 mm); the
grain size is below the requirement for true polycrystallinity [48], but
this cannot be changed. There is significant misorientation, which can be
ascertained by the IPFs, which show variations of color inside the grains.
These variations are the result of inhomogeneous deformation. Cui et al.
[32] determined the spall behavior of medium entropy alloy with
similarly large grain size, and this did not result in any inhomogeneity in
spall strength, which fluctuated around 4 GPa. The fracture was a
mixture of transgranular (when no grain boundary was available) and
intergranular (when the position and orientation of the grain boundary
coincided with the tensile stress spike). Thus, our confidence in the re-
sults is confirmed.

In contrast, the last alloy, CrMnFeCo, had a major presence of a
second phase (Fig. 7a and c). This second phase is delineated in Fig. 7a
and appears in yellow in the phase color map of Fig. 7c. This second
phase is tentatively identified as Sigma, which is known to embrittle
alloys. There are also regions (Fig. 7b) that have recrystallized grains.
This could be the result of intense localized plastic deformation occur-
ring in the alloy because of large gradients in hardness. The recrystal-
lized grain size of HEAs decreases with plastic deformation (Zheng et al.
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Fig. 7. Microstructure of CrMnFeCo after homogenization, deformation, and recrystallization processes. (a) Band contrast; (b) Inverse pole figure of the grain
structure showing regions with nanometer-sized grains (indicated in the picture); (c) Phase color map showing a second phase (yellow) with a pattern of microcracks;

and (d) X-ray diffraction pattern showing both FCC and a second phase.

[331), but in certain compositions, the material did not recrystallize and
possibly needed either a higher temperature or longer times.

3.2. Mechanical response

The hardness across the cross-sections of the five alloys (Fig. 8)
shows these differences in the microstructure. MnFeCoNi, which is fully
recrystallized with an equiaxed grain structure of random texture
(Fig. 3), has the lowest hardness. CrMnCoNi, also fully recrystallized,
has a significantly higher hardness due to Hall Petch strengthening. The
two partially recrystallized alloys have close hardness (around HVN
250), and finally, the two-phase CrMnFeCo alloy has the highest hard-
ness. There are only minor differences in hardness across the cross-
section, except for CrMnFeCo. In this two-phase material, hardness
varies from HVN 350 to HVN 375 due to the presence of two phases. The
more brittle Sigma phase is harder than the FCC matrix.

The compressive stress-strain curves show the behavior consistent
with hardness (Fig. 9a): MnFeCoNi (grain size: 70 pm) has the lowest
yield stress of 200 MPa along with the highest work hardening rate. The
other fully recrystallized composition with fine grain size, CrMnCoNi,

has a yield strength of 470 MPa, which is due to the significant decrease
in the grain size (grain size: 6 pm) upon recrystallization. The partially
recrystallized composition CrMnFeNi has a yield stress of 450 MPa, due
to significant deformation present within the grains. The partially
recrystallized CrFeCoNi has a yield stress of 600 MPa, similar to the fine-
grained structure, due to significant variation in misorientation within
the grains and a residual dislocation structure. Cr segregation in
CrMnCoNi probably leads to a decrease in its yield strength compared to
its non-segregated counterpart (CrFeCoNi). Finally, the CrMnFeCo two-
phase alloy has a yield stress of ~500 MPa and fractures under
compression at a strain of 0.3. The work hardening, as quantified by the
do/de vs. € curves, shows this behavior in Fig. 9b All conditions show
significant initial work hardening, which disappears at a strain of 0.3.
The dynamic stress-strain response, obtained by SHPB measurements
(Fig. 10), follows the same trend as the quasistatic experiments: the fully
recrystallized MnFeCoNi and CrMnCoNi alloys have yield strengths of
290 MPa and 620 MPa. The partially recrystallized alloy CrMnFeNi and
CrFeCoNi have yield stresses of 590 and 670 MPa, respectively. The two-
phase alloy CrMnFeCo shows a yield strength (645 MPa) slightly below
the CrFeCoNi alloy. The latter alloy did not fracture in the Hopkinson
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bar because the imparted strain is not sufficient ~ 0.1.

A combined plot encompassing the entire strain-rate range of the
experiments (Fig. 11) shows an expected increase in flow stress with
strain rate. These results are consistent with the strain-rate sensitivity of
the Cantor HEA obtained by Park et al. [49]: 0.028. Gangireddy et al.
[50] report values of m = 0.029 for an Aly 3CoCrFeNi alloy with a grain
size of 12 pm and m = 0.064 for a grain size of 150 pm. The strain-rate
sensitivity m is defined as:

)
@
wle)

where 67 and o5 are the flow stresses at strain rates ¢; and és,
respectively.

The definition used here for m skews the results. As the stress base-
line increases, parallel lines exhibit a lower m. Therefore, the m values in
Fig. 11 decrease with the increasing baseline. There is no atypical
response, and the strain-rate sensitivity is the one expected for FCC
metals.

These results compare favorably with the Cantor alloy, with values
from the literature reproduced in Fig. 11. This is characteristic of FCC
metals and alloys in the regime where deformation by dislocation mo-
tion is controlled by thermal activation.

The strain-rate sensitivity of the MEAs is consistent with that of
stainless steel. Indeed, Hilhorst et al. [51] compare the Cantor HEA with
stainless steels 304 L, 316 L, and Invar; they conclude that the latter are
superior to the Cantor alloy.

m=

3.3. Spall strength

The free surface velocity traces are shown in Fig. 12. The PDV results

for most of the samples show an identifiable elastic-plastic transition at
the Hugoniot elastic limit, a relatively steep shock rise, and a strong
velocity pullback, as expected [44,47]. The exception is CrMnFeCo,
which does exhibits a limited velocity pullback and hence shows little to
no ductile strength. The dynamic properties under these loading con-
ditions were computed from the free-surface velocity-time data for each
sample. The peak stress was calculated using:

Opeak = PoUslp (2)

where U; is the shock wave speed, v, is the peak particle velocity, and
po is the density at ambient conditions. The shock speed was determined
by estimating the impact time using the measured longitudinal elastic
wave speed (at ambient conditions), c;, and the time of the elastic wave
breakout at the rear free surface (from the PDV results) [27]. The peak
particle velocity was estimated as half of the maximum free surface
velocity peak value [44]. The ambient density was measured using a
precision mass balance and a gas displacement pycnometer (Micro-
metrics AccuPyc 1330), and the ambient longitudinal, C;, and shear Cs,
sound speed were measured using an ultrasonic pulse-echo system
(Olympus 5072PR). The bulk sound speed can be computed from the
longitudinal and shear sound speed as:

Co— 1]c? - (g) cs ®)

One of the early formulations for the spall strength from the pullback
signal is by Romanchenko and Stepanov [52].
Their equation is:

CLCB oT 1 1
Aug + Tx(=—= 4
G+ Gyt T X(CB CL> Q)

Osp = Po

Similarly, Eqn. 8 by Zhang et al. [29] is:
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Fig. 9. (a) True stress true strain curves for five alloys at 10~* s~*. Fully recrystallized MnFeCoNi alloy (yellow) has the lowest yield stress. CrMnFeCo alloy, which
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recrystallized single-phase alloys have intermediate strengths. (b) do/de curves as a function of strain for five alloys.

(5)

Osp ~ POCLAHSPm
Cp

where Cg and C; are the bulk and longitudinal elastic velocities,
respectively. Aug, is the pullback signal (the change in free surface ve-
locity from the flat-topped peak stress to the minimum of the pullback
region), and p,, is the initial density. Cui et al. [32] also use this equation;
they reference Antoun et al. [47] as the source. This form is used here,
with the bulk sound velocities calculated from Eqn. 3. In our case, the
top was not entirely flat, and the maximum of the curve was used.
Table 1 shows these values corresponding to the different materials
studied here.

The two-phase alloy, CrMnFeCo, completely shattered under shock
loading, a tentative spall strength was measured and the sample was not

recovered. All the other compositions had similar spall strengths with
CoCrMnNi having the lowest spall strength of 2.08 GPa. The lower spall
strength of CoCrMnNi can be attributed to the presence of observable Cr-
rich particles along the grain boundaries. These particles are initiation
sites for grain-boundary decohesion. Even though the spall strength was
similar, there were significant differences in the damage morphology
between all compositions, as shown in Fig. 13. The spall strengths are
given in Table 1.

Specifically, the fully recrystallized alloy (MnFeCoNi) exhibited
ductile void nucleation and growth similar to metals like nickel. The
spall strength of this material (2.61 GPa) is close to that of poly-
crystalline nickel (2.9-3.1 GPa [53]). The spall strength of this alloy, at a
similar peak stress of ~4 GPa, is somewhat lower than that for alloys like
4340 steel [54] (2.6 to 4.8 GPa), armor steel [55] (4.72 GPa),and HY100
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single-phase alloys have intermediate strengths.
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Fig. 12. Free surface velocity measurement results for gas gun impact experiments.

[56] (4 GPa). However, differences in the strain rate can change these
values significantly; this will be discussed later in this section. Thus,
there is no significant increase in spall strength (compared to nickel and
steels), suggesting that adding the other elements did not alter the void
nucleation and growth mechanisms in this specific alloy, although it did
complicate the processing.

However, there might be advantages in terms of the corrosion
properties of this MnFeCoNi alloy in comparison to some of the other
steels. So, while no overall gains were achieved in terms of dynamic
properties by using this specific composition, it also did not cause a
decrement in spall strength and can other benefits for the actual appli-
cations (these were not pursued as part of this manuscript).

In contrast, the fully recrystallized CrMnCoNi, despite having a finer
grain size, exhibited significant Cr segregation, which acted as a source
of void nucleation and led to the formation of large “brittle-like” cracks
that followed the Cr stringers in the material. Its spall strength was the
lowest one of the four recovered conditions: 2.08 GPa. Hence, replacing
Fe with Cr was detrimental for the overall dynamic response of this alloy
for the particular manufacturing conditions used here. Further heat
treatments that re-distribute Cr more homogeneously in the alloy should
lead to an increase in the spall strength.

Fig. 14(a) shows the crack opening in CrMnCoNi; the chromium
particles (red) are prominent in fracture (EBSD), and the larger particles
are more effective in promoting fracture. The fracture surface of (Fig. 14
(b)) follows the Cr particles, the fracture path following chromium
particles (see arrows) (SEM). This is unequivocal evidence for failure
following the interface between the particles and matrix.

Fig. 15 shows the overall configurations of the separation produced
by the tensile pulse. There is a clear tendency for it to occur along grain
boundaries, which is the result of two factors: (a) segregation of Cr at the

Table 1

grain boundaries and (b) an inherent increase in the flow stress of the
grain interiors due to the strain rate, equaling and exceeding the tensile
strength of the grain boundaries.

Of all the five alloys, CrMnFeCo had the most brittle behavior due to
the presence of the Sigma phase. Accordingly, the spall strength was
much lower than the other four alloys: 0.80 GPa. The two partially
recrystallized alloys, CrFeCoNi and CrMnFeNi, had similar spall
strengths of 2.56 and 2.57 GPa, respectively. CrFeCoNi displayed a
“jagged” brittle failure, as shown by the cracks in the recovered sample,
as shown in Fig. 15. This is because the voids nucleated and grew at the
grain boundaries between the large grains. We hypothesize that the
failure mode was ductile, but the voids grew fast due to the large region
in grain boundaries. In CrMnFeNi, the voids were present both at grain
boundaries and within the bulk material itself. The additional defects in
the grain interior acted as void nucleation sites.

To further understand the reason behind varying damage morphol-
ogies observed in these materials, the chemical distribution of elements
was evaluated using energy dispersive X-ray spectroscopy (EDS) in the
recovered spall samples. This analysis showed that all the HEAs with Cr
had a significant segregation of this element within the microstructure.
The regions with high Cr concentration also correlated with regions that
showed void nucleation and growth. The compositions CrMnCoNi and
CrFeCoNi had the most significant amount of Cr segregation, as shown
in Fig. 13. It is well investigated that Cr has a propensity to segregate to
grain boundaries, and as the volume fraction of grain boundaries in-
creases, so does this segregation of Cr leading to an embrittlement effect.
In contrast, CrMnFeNi has a much larger grain size and while Cr
segregation is present and does correspond with the void nucleation and
growth, it happens at a much smaller scale. This is further reinforced by
the fact that the only composition without Cr, MnFeCoNi, showed

Shock loading experiment results showing sample composition, projectile impact velocity (vimp), ambient density (po), longitudinal sound speed (c.), shear sound speed
(cs), estimated shock wave speed (U;), Hugoniot elastic limit (oyg;), spall strength (o5,), and peak stress (¢ peak)-

Composition Vimp (M/S) po (g/cc) ¢, (m/s) cs (m/s) cp (m/s) AUf; (m/s) Us (m/s) opgr, (GPa) Gsp (GPa) Opeak (GPa)
CrMnFeNi 261 7.71 5680 3070 4438 134 4330 0.67 2.57 4.40
MnFeCoNi 258 8.07 5330 2960 4090 140 4004 0.62 2.61 4.39
CrMnCoNi 262 7.87 5670 3100 4397 107 4355 0.87 2.08 4.63
CrMnFeCo 225 7.47 5700 2920 4596 42 4450 0.60 0.80 4.18
CrFeCoNi 261 8.14 5940 3430 4427 124 4880 1.09 2.56 4.99
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c

o Lt

" (c) crvin

Fig. 13. Inverse pole figures and chemistry for recovered MEAs after spall: (a) CrMnFeNi; (b) MnFeCoNi; (c) CrMnCoNi; (d) CrFeCoNi. Only two elements of the EDS
maps are shown for clarity, the elements not shown were evenly distributed.



S.S. Tavares et al.

(a)

(b)
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Fig. 14. (a) Crack opening in CrMnCoNi; chromium particles (red) are prominent in fracture (EBSD). Larger particles are more effective in promoting fracture. (b)

Fracture path following chromium particles (see arrows) (SEM).

classical void nucleation and growth similar to other ductile materials,
such as Cu and Ni. The effect of Cr segregation on the compressive
behavior of the materials under quasi-static and high strain rate
compressive loading is insignificant but affects the spall (tensile)
strength significantly. This is because the tensile stresses in spalling
produce the interfacial separation between chromium and the matrix.
This work establishes that while composition changes might be a
route to modify the dynamic properties of these complex materials,
elemental segregation remains an issue and can significantly alter the
mechanical and, in particular, the tensile spalling response. Fig. 16

13

summarizes the current results and compares them with other HEAs at
similar and higher strain rates. One previously established fact (Rem-
ington et al. [35]; Righi et al. [36]) is that the strain rate plays a very
important role in the spall strength. This is the direct consequence of the
time dependence of void/crack nucleation, growth, and coalescence.
The straight line in the double logarithmic plot tracks the experimental
and computational results well. It is interesting to note that the line
intersects the ordinate at 10% s~! at a stress of 1 GPa, which is the
approximate UTS of the alloys extracted from the Hopkinson bar ex-
periments. The highest value spall strength has been postulated [35,36]
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(a) CrMnFeNi

(b) MnFeCoNi

(c) CrMnCoNi

(d) CrFeCoNi

Fig. 15. Cross-sections of four alloys after being subjected to spalling experiments. Configurations of cracks in the four alloys follow primarily an intergranular path
by virtue of the favored nucleation, growth and coalescence of voids along the grain boundaries.
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Fig. 16. Spall strength as a function of strain rate for HEAs and MEAs; current results are compared with literature values for comparison. The strain rate has a
significant effect on spall strength in view of the time dependence of void nucleation, growth, and coalescence.

to be the cohesive strength of the material, and the limit of the strain rate
is dictated by the characteristic time for one atom vibration. The latter is
given by the Debye frequency. We note that, in addition to the result by
Chen et al. [20] for Fe4oMngoCryoNigg, there is a second report for
CoCrFeNi [57]. The results by Hawkins et al. [27] fall under the current
spall measurements because their MEA, as discussed earlier, was not
homogenized and did not undergo thermomechanical processing. The
as-cast microstructure is, therefore, significantly more brittle.

The mechanical response of metals is always complex, and the
behavior in spalling is no exception. However, we can delineate some
principles that are obeyed by many alloys in spalling experiments, where
the strain rate is equal to or higher than 10* s~1. Plastic deformation at
low strain rates is controlled by the thermally activated motion of dis-
locations in the alloys studied here. The grain-boundary cohesive
strength is higher than the stress required to nucleate and grow voids,
and the failure process is transgranular and ductile, yielding dimples.
The grain size plays an important effect. At high strain rates, the flow
stress is such that failure at grain boundaries is favored. Thus, voids are
initiated at these boundaries and propagate along them. This simple
schematic explanation is illustrated in Fig. 17. The grain size, which is a
dominating effect at low strain rates and is governed by the Hall-Petch
equation, is of secondary importance in spalling. Indeed, Jarmakani
et al. [58], Remington et al. [35], and Righi et al. [36] obtained higher
spall strengths for Va, Ta, and Fe, respectively. In the present experi-
ments, the smaller grain-sized specimen (CrMnCoNi) did not exhibit a
higher spall strength than the specimens with large grain sizes. This is
connected to the different damage processes occurring in quasistatic and
dynamic deformation.

4. Conclusions

The Cantor-derived MEAs show, for the same mechanical
(compression to a strain of 30 %) and thermal treatment (annealing at

15

900°C for one hour), a variety of microstructures that generate signifi-
cant differences in mechanical properties.

e Of the five alloys, only two were fully recrystallized, exhibiting
equiaxed grains with two greatly different grain sizes: 6 (for
CrMnCoNi) and 70 pm (for MnFeCoNi).

Like traditional alloys, the microstructure and grain size play a
dominant role in the mechanical response of these materials at low
strain rates. However, at the high strain rates that occur in spalling,
other factors play a role. There is a definite tendency for grain-
boundary (intergranular) nucleation and growth being favored
over grain-interior (intragranular) processes.

There is no direct correlation between the compressive strength and
the tensile spall strength. Fully recrystallized MnFeCoNi exhibited by
far the lowest yield stress, but its spall strength was the highest: 2.61
GPa.

e Chromium segregation was observed in all Cr-containing composi-
tions, which was dependent on grain size. The segregation increased
with a decreasing grain size. The CrMnCoNi alloy, which exhibited it
to the largest extent, had the lowest spall strength of the four
recovered alloys (2.08 GPa).

The void nucleation sites correlated with regions with high Cr con-
tent, principally located at grain boundaries.

The presence of extraneous phases, such as Sigma, exhibited by the
CrMnFeCo is extremely deleterious to the spall strength and should
be avoided. The specimens fragmented during compression.

The spall strengths of the other four compositions vary from 2.08 to
2.61 GPa, excluding the CrMnFeCo, which had a large fraction of the
brittle Sigma phase. Both intragranular and intergranular void for-
mation were observed in the failed specimens.
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Low strain rate
Oci < Ocp

Acta Materialia 292 (2025) 121037

High strain rate
Ogi~ OGb

Fig. 17. Schematic representation of competing mechanisms of void nucleation and growth: (a) Grain interior initiation; (b) grain-boundary initiation. When the
strain rate is low, the stress for grain-interior nucleation is smaller than the stress for grain-boundary nucleation. The reverse occurs at a high strain rate.
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