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Incipient Plasticity of a Non-equiatomic
Co21.5Cr21.5Fe21.5Mn21.5Ni14 Multi-principal Element
Alloy

CHETHAN KONKATI and ANKUR CHAUHAN

To fully understand how multi-principal element alloys (MPEAs) behave when deformed, it is
necessary to investigate their dislocation nucleation mechanisms or incipient plasticity and
determine if they differ from pure metals and alloys. In this study, nanoindentation experiments
have been performed on a non-equiatomic variant of Cantor alloy (Co21.5Cr21.5-
Fe21.5Mn21.5Ni14) with low stacking fault energy. The first pop-in loads and displacements
were found to be dependent on loading rates and grain orientation. The range of maximum
shear stress required to cause incipient plasticity was approximately 1/13 to 1/10 of the shear
modulus, indicating that the nucleation of dislocations triggered pop-in events. This was further
supported by transmission electron microscopy results, which revealed a high density of
dislocations under planar slip and stacking faults beneath the indent impression. The activation
volume exhibits minor variation with orientation and loading rate; however, it consistently falls
within the same order of magnitude, approximately equal to one atomic volume. Both
homogeneous and heterogeneous dislocation nucleation mechanisms facilitated incipient
plasticity. The obtained activation volume of the non-equimolar variant of Cantor alloy was
higher than that of pure metals but lower than that of equiatomic CoCrFeMnNi MPEA.

Graphical Abstract

https://doi.org/10.1007/s11661-023-07146-1
� The Minerals, Metals & Materials Society and ASM International 2023

I. INTRODUCTION

MULTI-PRINCIPAL element alloys (MPEAs) have
gained significant attention recently due to their unique
atomic structures and promising mechanical proper-
ties.[1–3] For example, a single-phase equiatomic
face-centered-cubic (FCC) CoCrFeMnNi alloy exhibits
a high work-hardening rate,[4–6] good ductility, and
ultimate tensile strength exceeding 600 MPa at both
cryogenic and room temperatures.[6–8] The alloy’s high
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ductility is attributed to its relatively low stacking fault
energy (SFE: 30 to 35 mJ/m2[9,10]), which facilitates
deformation twinning, while its high strength is due to
the presence of different-sized atomic species and diverse
local bonding environments that provide high solid
solution and grain boundary strengthening.[11] Defor-
mation mechanisms underlying the unique mechanical
properties of MPEAs have been extensively explored in
literature and are generally similar to those observed in
conventional alloys.[2,6,12–14] However, to gain a com-
prehensive understanding of plasticity in MPEAs, it is
crucial to investigate less explored dislocation nucle-
ation mechanisms (incipient plasticity) in these alloys
and their potential differences from that observed in
pure metals and conventional alloys. This is crucial to
validate the modeling work and reveal the physical
origin of the high strength in MPEAs, where nucleation
is the limiting process.

Nanoindentation is a widely used technique to inves-
tigate incipient plasticity, which involves bringing a
sharp indenter tip into contact with the material to
induce deformation at the sub-micron level.[15–19] Since
the deformed volume is small, the probability of the tip
encountering pre-existing defects is low.[20] Therefore,
the incipient plasticity, characterized by first displace-
ment bursts or pop-in events, is usually attributed to
dislocation nucleation in the crystal. However, incipient
plasticity in some cases has also been ascribed to phase
transformation,[21] matrix cracking,[22] or oxide film
cracking.[23–25] Additionally, Schuh et al.[26,27] used a
combination of transition state theory and Weibull
statistics in their numerical modeling to propose that
pop-in behavior is a thermally activated process biased
by stress. They derived relevant activation energy and
volume through first-order approximation. Therefore, in
general, dislocation nucleation is characterized by both
athermal (e.g., athermal stress) and thermal activation
parameters (e.g., activation energy and volume).[28,29]

Recently, efforts have been carried out both experi-
mentally and theoretically to elucidate the dislocation
nucleation mechanism in an equiatomic CoCr-
FeMnNi[30–32] and other MPEA systems having
FCC[17,33–35] and BCC[36–38] crystal structures. Particu-
larly for equiatomic CoCrFeMnNi, the nature of
incipient plasticity is identified to proceed by heteroge-
neous dislocation nucleation process with vacancy-like
defects (~3 atoms) as the rate-limiting nuclei. Further-
more, it has been demonstrated that the activation
volume required for dislocation nucleation in equia-
tomic CoCrFeMnNi is much larger than that in pure
FCC metals. This phenomenon has also been observed
in single-phase BCC MPEAs.[36–38] The results indicate
that dislocation nucleation in MPEAs involves a hetero-
geneous process where multiple atoms cooperatively
migrate, as opposed to the conventional mechanism of
direct atom-vacancy exchange, resulting in increased
activation volumes.

Although previous studies have provided valuable
insights, the understanding of dislocation nucleation
mechanisms in MPEAs is still limited. Therefore, further
investigations are required to comprehend these mech-
anisms further and understand composition-based

differences in the MPEAs mechanical behaviors. More-
over, given that the mechanical properties of MPEAs
are significantly affected by their SFE,[13,39–41] it is
crucial to examine its influence on the early stages of
plastic deformation (incipient plasticity). This aspect has
rarely been explored, even for conventional alloys.[42]

Therefore, the motivation of the present work is to
determine the incipient plasticity in a non-equiatomic
variant of Cantor alloy having low SFE by nanoinden-
tation. Notably, the SFE of the CoCrFeMnNi system
can be reduced by decreasing the Ni content.[39] To
achieve this, the Ni content of an equiatomic CoCr-
FeMnNi was reduced, as it has the highest SFE
(125 mJ/m2) among the five constituent elements. This
resulted in a non-equiatomic Co21.5Cr21.5-
Fe21.5Mn21.5Ni14 alloy, with a low SFE of around 7.7
to 8.8 mJ/m2, as estimated by a first-principles calcula-
tion.[39] The study also investigates the effect of loading
rate and grain orientation on pop-in behavior and
compares the findings with pure metals and equiatomic
CoCrFeMnNi MPEA.

II. MATERIAL AND METHODS

The Co21.5Cr21.5Fe21.5Mn21.5Ni14 MPEA was pre-
pared by vacuum arc melting using constituent elements
of ~ 99 wt pct purity in a Ti-guttered Ar gas atmo-
sphere. The obtained ingot was remelted four times,
sliced into sections of 10 9 10 9 0.8 mm3 dimension,
and thereafter homogenized for 72 hour at 1150 �C in a
vacuum tubular furnace. Before microstructure charac-
terization and indentation experiments, the sample
surface was prepared carefully. The samples were firstly
ground till 4000-grit silicon carbide paper. Thereafter,
the sample was polished using 1 and 0.25-lm diamond
suspensions and vibratory polished on Buehler’s setup
with a colloidal silica suspension (particle size: 0.05 lm)
for 8 to 10 hours to achieve a mirror-finished surface.
To remove any work-hardened surface layer prior to
nanoindentation experiments, all mechanically polished
samples were electropolished on Struers Lectropol
equipment with A2 solution at 35 V for 13 seconds at
a flow rate of 17.
A Rigaku Smartlab X-ray diffractometer with copper

source (Cu–Ka radiation, k = 0.154 nm) was employed
for the phase and texture analysis. X-ray diffraction
(XRD) pattern was acquired using the following param-
eters: 2h-range from 20 deg to 110 deg, the scan rate of
2.2 deg/min, step size D2h = 0.006 deg and an integra-
tion time of 280 seconds. Electron backscattered diffrac-
tion (EBSD) analysis was performed on Carl Zeiss
Gemini 450 field emission-based scanning electron
microscope equipped with an EDAX detector to identify
grains orientation. The EBSD data were acquired at an
accelerating voltage of 25 kV, 13 nA probe current, and
a step size of 3 lm. The acquired EBSD data were
processed and analyzed using EDAX’s OIM software
(version 8.0).
Transmission electron microscopy (TEM) was

employed to verify that the as-homogenized material is
single-phase FCC and to check for any defects and
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segregation beneath the sample surface. Additionally,
investigations were also carried out beneath the indent
impression to characterize deformed microstructure.
These investigations were conducted using a high-reso-
lution FEI Tecnai T20 microscope operating at 200 kV,
which was equipped with a Gatan double-tilt holder.
The TEM lamellae were prepared using an FEI Scios
focused-ion beam (FIB) scanning electron microscope
(SEM). TEM lamellae were extracted out beneath the
electropolished sample surface and nanoindent impres-
sion. Upon lift-out, the lamellae were attached to the
molybdenum TEM half-grid by Pt deposition. Finally,
the lamellae were thinned down to electron transparency
(to a thickness of ~ 80 nm) with the multiple passes of a
low-energy ion beam. The FIB-induced damage was
minimized by cleaning at 2 kV and 48 pA.

Atom probe tomography (APT) measurements were
performed using a CAMECA LEAP 5000XR instru-
ment in laser pulsing mode at 60 K tip temperature,
employing 30 pJ laser pulse energy at a repetition rate of
250 kHz. Post measurement, the data were analyzed
using IVAS 3.6.10a software provided by Cameca
Instruments. Samples for APT were prepared using an
FEI Scios focused-ion beam (FIB) SEM.

Nanoindentation experiments were conducted using
Hysitron Triboindenter (Hysitron, Inc., Minneapolis,
MN) with a Berkovich diamond tip at room tempera-
ture. To compensate for potential tip blunting from
prior use, the tip radius was calibrated by fitting the
elastic loading section of the indentation data (over a
4 9 4 indentation grid) to the Hertzian contact the-
ory[43] using a standard fused quartz sample. The
effective radius was determined to be
260.82 ± 9.41 nm. To study the first pop-in behavior
of the present MPEA, indentation tests were carried out
at three different loading rates (25, 250, and 2500 lN/s).
To assess the impact of crystal orientation, grains close
to (001), (110), and (111) were identified using EBSD
and subsequently indented. To eliminate the influence of
the grain boundary, all tests were conducted in the grain
far away from the grain boundary. A loading function
was utilized under an open-loop condition, with a
constant loading rate segment up to a peak load of
10000 lN, followed by a peak load holding segment for
10 seconds and a constant unloading rate segment.
Around 40 to 50 indents were performed in each grain
with 10 lm intervals to avoid any overlap of plastic
zones created by neighboring indentations.

III. RESULTS AND DISCUSSION

A. Undeformed Microstructure Characterization

Figure 1(a) displays the XRD pattern acquired using
a section of the cast and homogenized Co21.5Cr21.5-
Fe21.5Mn21.5Ni14 MPEA. The XRD pattern reveals
sharp diffraction peaks corresponding to a deforma-
tion-free single-phase FCC solid solution. The (111)
indexed peak demonstrates relatively high intensity,
suggesting the existence of a minor texture. The lattice

parameter (a) was determined to be ~ 3.586 Å, which is
slightly lower than that of equiatomic CoCrFeMnNi
(~ 3.61 Å [30]).
Figure 1(b) shows the EBSD inverse pole figure (IPF)

map acquired after homogenization treatment. The IPF
map exhibits near equiaxed grains with a grain size of
500 to 600 lm, which is adequate for conducting the
indentation experiments. In addition, the texture
observed in the XRD pattern is also evident from the
EBSD analyses. Evidently, the IPF map exhibits a
slight< 111> texture.
To observe Co21.5Cr21.5Fe21.5Mn21.5Ni14 microstruc-

ture at a higher resolution, TEM investigations were
conducted. Figure 1(c) shows a bright-field TEM
micrograph acquired from FIB-prepared TEM lamella
close to the electropolished specimen surface. The
corresponding diffraction pattern is shown in the inset.
As evident, no secondary phase, clusters, and disloca-
tions could be observed. To further examine the
distribution of constituent elements at the nanoscale,
APT investigations were performed. The three-dimen-
sional reconstructions obtained from the analyzed
volume in Figure 1(d) confirm the homogenous distri-
bution of elemental constituents without any clustering
or segregation. Overall, it can be stated that the
mechanical response described later is representative of
a homogenized FCC solid solution.

B. Nanoindentation and Incipient Plasticity

Figure 2(a) shows a representative load–displacement
(P–h) curve obtained under 250 lN/s loading rate from
a grain-oriented close to (111) orientation. For clarity,
only the loading portion at shallow depth is shown.
Evidently, the load–displacement curve exhibits two
distinct regions: elastic and elastic-to-plastic transition
regions. Furthermore, the elastic-to-plastic transition
region shows a discontinuity at a constant load, referred
to as a pop-in event or incipient plasticity. Prior to the
first pop-in event, the deformation is purely elastic
(recoverable) and follows a Hertzian contact theory.[43]

As per the theory, the equation below characterizes the
elastic response of a sample surface to a spherical
contact.

P ¼ 4

3
ErR

1
2h

3
2 ½1�

where P is the applied load, R is the indenter tip
radius, h is the contact depth measured from the sam-
ple surface to the bottom of the indenter sample con-
tact, and Er is the reduced modulus of the
sample-indenter combination. Er is derived as

1

Er

¼ 1� m2

E
þ 1� m2i

Ei

½2�

Here, E and m are the elastic modulus and Poisson’s
ratio of the sample, whereas Ei = 1141 GPa, mi = 0.07
are the elastic modulus and Poisson’s ratio of indenter.
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The Hertzian fitting of the elastic region with Eq. [1] is
also shown in Figure 2(a). The fitting resulted in a fitting
coefficient of 4.27 with a standard deviation of 0.25. The
corresponding reduced modulus from Eq. [1] was
calculated to be 198.29 GPa.

A different approach to calculate the reduced mod-
ulus involves using statistical fitting. For this, a set of
P-h pairs from 40 to 50 indentations in the same grain at
the pop-in stage are gathered and plotted in a P–h3/2

graph based on Eq. [1], as illustrated in Figure 2(b).
Evidently, the first pop-in load ranges from 67.12 to
120.16 lN and the pop-in depth ranges from 6.02 to
9.23 nm. This suggests that pop-ins are a statistical
process that exhibits stochastic behavior and is affected
by various microstructural factors at the local level.[44,45]

These factors include interstitial atoms, vacancies,
pre-existing dislocations, sub-grain boundaries, and
surface roughness at the sub-atomic level.

The linear fitting of P–h pairs resulted in a fitting
coefficient of 4.22 with a standard deviation of 0.04 and
the reduced modulus as 197.97 ± 4.15 GPa. Both
methods are consistent and result in a statistically
similar value of reduced modulus. Compared to the
equiatomic CoCrFeMnNi,[30] the obtained reduced
modulus is higher, which could be associated with the
investigated MPEA’s lower lattice parameter.

To further analyze incipient plasticity, the maximum
shear stress (smax) beneath the indenter was measured
according to the Hertzian contact problem.[26,46,47] smax

is calculated from the mean pressure (pm) under the
indenter at pop-in as:

Fig. 1—(a) XRD pattern exhibits sharp diffraction peaks corresponding to an FCC solid solution with slight< 111> texture. (b) EBSD-IPF
map also shows minor< 111> texture with near equiaxed grains. The color key is presented as an inset in the lower right corner of the IPF
map. (c) Bright-field TEM micrograph acquired near the sample surface along the [121] zone axis reveals a defect-free microstructure without
any secondary phase. The selected area diffraction pattern acquired close to the [121] zone axis is shown as an inset at the bottom right corner.
(d) APT three-dimensional reconstructions reveal homogenous distribution of elemental constituents without clustering or segregation.

pm ¼ 6PE2
r

p3R2

� �1
3

½3�

smax ¼ 0:31pm ½4�

where P is the load at pop-in. A statistical plot in
Figure 2(c) depicts the cumulative probability distribu-
tion of the pop-in events as a function of maximum
shear stress. As maximum shear stress (or pop-in loads)
increases, the gradual increase in cumulative probability
is evident. This can be attributed to the significant role
played by the above-mentioned local factors, especially
at lower pop-in loads. The calculated smax ranges from
5.89 to 7.42 GPa with an average value of 6.64 ± 0.43
GPa, which lie in between l

13 to
l
10, where l is the shear

modulus. Note that due to the unavailability of data for
the current alloy composition, the shear modulus
(l = 77 GPa[31]) of the CoCrFeMnNi and Poisson’s
ratio of 0.3 (by assuming as an isotropic solid) has been
considered throughout this work for the sake of
convenience. The obtained maximum shear stress falls
within the order of the material’s theoretical shear
strength ( l30 to

l
5),

[48–52] indicating the onset of yield may
be caused by the dislocation nucleation mechanism. In
addition, the studied MPEA shows slightly higher smax

than equiatomic CoCrFeMnNi,[30] which may be
ascribed to its higher shear modulus, a larger misfit
volume due to the presence of higher percentage of
Cr,[53,54] and a higher extent of solid solution harden-
ing.[11] This finding provides further evidence that the
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incipient plasticity of MPEAs is affected by their specific
chemical bonding characteristics.

The cumulative distribution function, F, can be
further utilized to compute the activation volume for
the rate-determining event that controls plasticity.
Schuh et al.[26,27] proposed a connection between the
cumulative probability function F(P) and the first
pop-in load through a first-order analytical solution
as:

ln �ln 1� F Pð Þð Þ½ � ¼ aP
1
3 þ b ½5�

where a is the slope of the ln �ln 1� F Pð Þð Þ½ � vs P
1
3 plot

shown in Figure 2(d) and b is a weak function of
pop-in load.[26,30,38] The a is linked to the activation
volume (V) through Eq. [6].

V ¼ p
0:47

3R

4Er

� �2
3

kT � a ½6�

where k is Boltzmann’s constant, and T is the test
temperature. The slope value of the plot presented in

Figure 2(d) is determined to be 416.92, and V is
evaluated to be 11.44 Å3, which in terms of atomic
volume (X) comes out to be V = 1.07 X, based on the
present MPEA’s lattice parameter of 3.586 Å.

C. Effect of Loading Rate

To investigate how loading rate affects pop-in behav-
ior in the current MPEA, a grain that exhibits an
orientation close to (111) was chosen for indentation
testing. The tests were conducted under three different
loading rates, namely 25, 250, and 2500 lN/s. A
statistical linear fitting of P–h3/2 pairs at pop-in is
shown in Figure 3. Evidently, a clear dependency of
pop-in load and displacement on loading rate is
observed. Although the pop-in load and displacement
varied around a similar range, the minimum and
maximum loads shifted toward higher values with an
increase in the loading rate. Hence, it can be concluded
that the average first pop-in load and the displacement
increase with an increased loading rate (see Table I).

Fig. 2—(a) A representative load–displacement (P-h) curve obtained under 250 lN/s loading rate from a grain-oriented close to (111)
orientation. The elastic portion of the curve is fitted with Hertzian contact equation Eq. [1]. (b) Statistical plot of P-h3/2 pairs at pop-in. The
fitting yields a fitting coefficient of 4.22. (c) Cumulative probability of pop-in events as a function of maximum shear stress. (d) A first-order
analytical solution to generate a which is substituted in Eq. [6] to calculate the activation volume (V).
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The possible reason for such a loading rate depen-
dency can be ascribed to the fact that pop-in is not only
a stress-assisted but also a thermally activated pro-
cess.[27] In other words, the energy barrier for disloca-
tion nucleation might be overcome by both the
mechanical work of indentation and an appropriate
thermal fluctuation. The observed scatter in the pop-in
event is likely the result of thermal fluctuations that
occasionally favor dislocation nucleation and sometimes
do not. As a result, the probability of the pop-in event
within a specific load range can be discussed. Addition-
ally, with the increase of the loading rate, the pop-in
load increases. This is due to the fact that the probability
of overcoming the energy barrier by thermal fluctuations
decreases; since the time to reach the pop-in load
decreases. Contrary to the pop-in load’s dependence on
the loading rate, no appreciable variation in the elastic
modulus with the loading rate was observed. Similar
results have also been reported in both simulations[55]

and experimental studies conducted on pure met-
als,[26,27] BCC MPEA[36–38,56] and FCC CoCrFeMnNi
MPEA.[30]

The cumulative probability distribution of the pop-in
events at three investigated loading rates are plotted as a
function of maximum shear stress in Figure 4(a). As
evident, the maximum shear stress at first pop-in events
shifts toward the higher load with increasing loading
rates. Additionally, there is significant overlap in the 250
and 2500 lN/s curves at lower loads (F< 0.5), which
suggests that these indents are more likely influenced by
comparable local factors. The a values determined from

the ln �ln 1� F Pð Þð Þ½ � vs P
1
3 plots as presented in

Figure 4(b) through (d) for three loading rates are used
for calculating the activation volume according to
Eq. [6]. It was found that the activation volume varies
slightly with the loading rate but lies within the same
order of magnitude ranging from 10.35 to 11.44 Å3, i.e.,
0.9 to 1.07 X (see Table I). This indicates that the
dominant mechanism driving incipient plasticity in the
present MPEA remained unchanged, regardless of the

loading rate. Similar results were also observed for BCC
MPEA.[56]

D. Effect of Grain Orientation

To study the effect of orientation on pop-in behavior
in the current MPEA, three grains close to (001), (110),
and (111) orientations were identified. Several indents
were performed on each grain under a loading rate of
2500 lN/s (see Figure 5). The typical load–displacement
(P–h) curves at shallow depths from three different
grains are presented in Figure 5(d). Each curve is
displaced along the x-axis. Only the loading portions are
shown for clarity. The P–h curves represent the general
trend observed for three orientations. Evidently, there is
a clear dependency of pop-in load and displacement on
orientation, which vary from indentation to indentation,
showing stochastic yield behavior. The load and asso-
ciated displacement for all three orientations show a
near-normal distribution, which is presented in Figure 6.
The distribution of pop-in load and associated displace-
ments for all three orientations varies between 39.95 and
127.17 lN and 4.41 to 9.14 nm, respectively. However,
from Table II, the average pop-in load and associated
average displacement are highest for (111) orientation,
followed by (110) and (001) orientations, respectively.
This indicates that the stochastic nature of incipient
plasticity in the current MPEA is influenced by grain
orientation, and (111) requires ~ 32.1 pct and ~ 18.7 pct
higher pop-in load and displacement than (001) to
initiate the plasticity. The reasons for these observations
will be discussed in the following subsection.
Additionally, it is essential to consider the effect of

grain orientation on the indentation modulus or reduced
modulus (Er) as the deformed volume is very small; the
crystal anisotropy effect will become more pronounced.
The statistical linear fitting of P–h3/2 pairs at pop-ins in
three different orientations is shown in Figure 7. The
slope of the fitted dotted line yields a fitting constant of
3.82, 3.97, and 4.25 for P–h3/2 pairs of grains close to

Fig. 3—Statistical linear fitting of P–h3/2 pairs at pop-ins for loading rates (a) 25 lN/s, (b) 250 lN/s, and (c) 2500 lN/s. The fitting yields a
fitting coefficient of 4.09, 4.22, and 4.25 for loading rates of 25 lN/s, 250 lN/s, and 2500 lN/s, respectively.
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(001), (110) and (111) orientations, respectively. Accord-
ing to Eq. [1], the calculated Er of three orientations
have been listed in Table II. It is evident that the
orientation of the grain has a noticeable effect on the Er,

i.e., it exhibits elastic anisotropy with (001) and (111)
showing the lowest (~ 170.12 GPa) and highest (~ 197.36
GPa) modulus, respectively.

The cumulative probability distributions of the pop-in
events in grains oriented close to (001), (110), and (111)
orientations are plotted as a function of maximum shear
stress (smax) in Figure 8(a). The average maximum shear
stress for the three studied orientations is listed in
Table II. Evidently, the (111) oriented grain has the
highest smax, followed by almost similar for (110) and

Fig. 4—(a) The cumulative probability of pop-in events as a function of maximum shear stress for 25 lN/s, 250 lN/s, and 2500 lN/s loading
rates. (b) through (d) The slope of the ln �ln 1� F Pð Þð Þ½ � vs P

1
3 plots used for extracting the a values for three different loading rates (b) 25 lN/s

(c) 250 lN/s (d) 2500 lN/s.

Table I. A Summary of First Pop-in Load, Displacement, Reduced Modulus, Maximum Shear Stress, and Activation Volume

Obtained for Grain-Oriented Close to (111) Orientation Under a Loading Rate of 25 lN/s, 250 lN/s, and 2500 lN/s

Loading rate 25 lN/s 250 lN/s 2500 lN/s

Pop-in load, P (lN) 78.67 ± 17.86 82.88 ± 21.39 89.63 ± 18.66
Pop-in displacement, h (nm) 7.47 ± 1.17 7.15 ± 1.40 7.30 ± 1.00
Pop-in length (nm) 5.48 ± 2.05 5.83 ± 2.43 5.95 ± 1.77
Reduced modulus (Er) (GPa) 189.93 195.97 197.36
Maximum shear stress (smax) (GPa) 5.90 ± 0.50 6.63 ± 0.43 7.02 ± 0.68
Activation volume (V) (Å3) 10.35 = 0.90 X 11.44 = 1.07 X 11.32 = 0.98 X
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(001), implying that the onset of plasticity is orientation
dependent. Overall, the smax lies in the range of 1

13 to
1
10 of

the shear modulus. Following similar steps, as men-
tioned before, the a values determined from the

ln �ln 1� F Pð Þð Þ½ � vs P
1
3 plots, as presented in

Figures 8(b) through (d) for three orientations, are used
for calculating the activation volume according to
Eq. [6]. Like the loading rate effect, the activation
volume varies slightly with the orientation but lies
within the same order of magnitude (Table II), ranging
from 10.72 to 11.32 Å3, i.e., 0.92 to 0.98 X (around one
atomic volume). This indicates that the dominant
mechanism driving incipient plasticity in the present
MPEA remained unchanged, regardless of the grain
orientation.

E. Incipient Plasticity Mechanism, Orientation Effect,
and Comparison with Pure Metals and Other MPEAs

The onset of plasticity in crystalline materials, which
manifests as the pop-in during nanoindentation, may
occur either by the slip of pre-existing mobile

dislocations or by dislocation nucleation. The pre-exist-
ing dislocations may be present due to the inability to
completely remove them during homogenization or the
possibility of new ones arising during sample polishing.
However, considering that well-annealed metals and
alloys usually exhibit a dislocation density of approxi-
mately 1010 to 1012 m�2,[57] it follows that the distance
between dislocations is about 1 to 10 lm, which is
considerably larger than the typical size of the stressed
zone beneath the indenter (estimated as ~ pa3c =

~ 0.00026 lm3, where ac = ~
ffiffiffiffiffiffiffiffi
Rhc

p
= ~ 44.13 nm

where R is the tip radius and hc is the average pop-in
depth). Hence, the probability of finding a pre-existing
dislocation in the highly stressed volume is low.
Although even if indentation could have occurred in
or near areas of pre-existing dislocations, the critical
resolved shear stress for dislocation slip in FCC
MPEAs, such as equiatomic CoCrFeMnNi (e.g., ~ 33
to 43 MPa[10]), is much lower than the measured
shear stress (lying in between ~ l

13 and l

10, which falls
within the range of the theoretical shear strength of the
material[51,52]). Therefore, it is less likely that the pop-in

Fig. 5—EBSD-IPF maps with overlayed schematic indents from three grains close to (a) (001), (b) (110), and (c) (111) orientations. (d) The
typical load–displacement (P–h) curves from three differently oriented grains. Curves are off set from the origin for clarity. A dependence of
pop-in load and associated displacement on grain’s orientation is apparent.
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Fig. 7—Statistical linear fitting of P–h3/2 pairs for pop-ins measured from grains close to (a) (001), (b) (110), and (c) (111) orientations under a
loading rate of 2500 lN/s. The fitting yields a fitting coefficient of 3.82, 3.97, and 4.25 for (001), (110), and (111) orientations, respectively.

Table II. A Summary of First Pop-in Load, Displacement, Reduced Modulus, Maximum Shear Stress, and Activation Volume
Obtained Under 2500 lN/s Loading Rate for the Grains Oriented Close to (001), (110), and (111) Orientations

Orientation (001) (110) (111)

Pop-in load, P (lN) 67.85 ± 14.87 71.57 ± 16.20 89.63 ± 18.66
Pop-in displacement, h (nm) 6.15 ± 0.90 6.58 ± 1.0 7.30 ± 1.0
Pop-in length, h (nm) 4.10 ± 1.78 4.30 ± 1.67 5.75 ± 1.77
Reduced modulus (Er) (GPa) 170.12 ± 10.65 176.77 ± 15.14 197.36 ± 3.95
Maximum shear stress (smax) (GPa) 6.23 ± 0.54 6.28 ± 0.59 7.02 ± 0.68
Activation volume (V) (Å3) 10.72 = 0.92 X 11.10 = 0.96 X 11.32 = 0.98 X

Fig. 6—(a) through (c) Distribution of pop-in loads and (d) through (f) Distribution of pop-in displacements measured for grains oriented close
to (001), (110), and (111) orientations.
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occurred due to the movement of pre-existing mobile
dislocations and more likely it is caused by the nucle-
ation of dislocations.

Indeed, TEM investigations conducted beneath the
nanoindent impression showed a high density of dislo-
cations in the deformed volume, see Figures 9(a) and
(b), which was not observed prior to indentation, see
Figure 1(c). The primary deformation mode was iden-
tified to be the planar slip of dislocation arrays along
{111} planes, as shown in Figure 9(b). Similar observa-
tions have also been reported before for low SFE
equiatomic CoCrNi MPEA[33] and Fe�20Cr–25Ni
austenitic alloy,[58] which is known to cause glide plane
softening.[33] Additionally, several stacking faults (SFs)
oriented close to a 45 deg angle to the loading axis,
corresponding to the direction of maximum shear stress,
were observed (see Figure 9(c)). The presence of planar
slip and SFs can be attributed to the low SFE of the
Co21.5Cr21.5Fe21.5Mn21.5Ni14 MPEA. The formation of
SFs upon indenting (111) surface is consistent with the
results of molecular dynamics (MD) simulations con-
ducted on pure metals having low SFE, including Au,[59]

and Cu, which suggests presence of partial

dislocations.[60] In summary, it can be inferred that the
observed displacement bursts are an intrinsic behavior
of the studied MPEA and are related to the phe-
nomenon of dislocation nucleation. The possibility of
incipient plasticity resulting from phase transforma-
tion,[21] matrix cracking,[22] or oxide film cracking[23–25]

can be eliminated, as no such phenomena were
observed.
Dislocation nucleation can either occur via homoge-

neous or heterogeneous mechanisms. For homogenous
dislocation nucleation, the initial pop-in event is sug-
gested to involve the cooperative movement of a few
atoms to form a critical-sized dislocation loop.[27,61] The
activation volume for such a mechanism is generally
suggested to be less than one atomic volume, as the
critical size of the dislocation loop may diminish
substantially when the applied stress approaches mea-
sured shear stress, lying in between ~ 1

13 and 1
10 of the

shear modulus, which is around the theoretical shear
strength of the alloy.[26,61] Moreover, as mentioned
earlier, a scenario of homogeneous dislocation nucle-
ation is possible in annealed materials, where the
likelihood of finding a pre-existing dislocation in the

Fig. 8—(a) The cumulative probability of pop-in events as a function of maximum shear stress for (111), (110), and (001) orientated grains
under 2500 lN/s loading rate. (b) through (d) The slope of the ln �ln 1� F Pð Þð Þ½ � vs P

1
3 plots used for extracting the a values from experimental

data obtained grains oriented close to (001), (110), and (111) orientations under 2500 lN/s loading rate.
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highly stressed volume is low. Nevertheless, the activa-
tion volume in the current study is determined to be
around one atomic volume (~ 1 X = ~ 0.70 b3), which
is comparable to the size of a vacancy (~ 0.67 b3),[62]

when considering full dislocations. This suggests that
apart from homogenous, heterogenous nucleation
mechanisms might also be active. Indeed, activation
volume greater than or equal to 1X is usually attributed
to the heterogeneous dislocation nucleation aided by
pre-existing dislocations, vacancies (or vacancy clus-
ters), impurities, and/or surface asperities/ledges.[63,64]

In addition, the displacement excursion during the first
pop-in event is several nanometers, which is too large to
be accounted for by the movement of just a few atoms.

To gain a better understanding of the mechanisms,
the distribution of the shear stress at yield (or pop-in),
smax, from the nanoindentation data can be analyzed.

One approach to describe this distribution is through
kernel density estimation (KDE),[65] which would typ-
ically yield a symmetric, Gaussian-type unimodal dis-
tribution for thermally activated, stress-assisted pop-in
behavior.[31,66] Figure 10 displays the Gaussian KDE
distributions of the maximum shear stress (smax) data
obtained from indentation tests performed on a grain
with an orientation near (111) at loading rates of 25 lN/
s, 250 lN/s, and 2500 lN/s. Interestingly, the KDE
distributions in the current study overlap substantially
and exhibit ‘‘shoulder’’ peaks, indicating bimodal char-
acteristics. Bimodal distributions of smax have also been
reported in previous studies on equiatomic CoCrNi,
CoCrFeNi, and CoCrFeMnNi MPEAs, which are
associated with the activation of more than one defor-
mation mechanism.[31,33] Moreover, the shoulder peak
at the lower values of smax are ascribed to the

Fig. 9—(a) BF-TEM micrograph presents a cross-sectional view of the lift-out sample taken close to the center of a nanoindent, performed
under 250 lN/s loading rate from a grain-oriented close to (111) orientation. (b) BF-TEM micrograph, acquired under two-beam condition with
g close to (111), beneath the nanoindent impression from a location just below the one depicted in (a), presents dislocation arrays resulting from
planar slip along {111} planes in the deformed volume. (c) A magnified view of the marked plastic zone adjacent to the indent impression in (a)
shows several stacking faults (SFs), which are aligned 45 deg to the loading axis. (d) Selected area diffraction pattern (SADP) captured near the
[011] zone axis from the deformed volume shows no additional diffraction spots other than those corresponding to the single-phase FCC matrix,
thereby confirming the absence of any phase transformation during indentation. Note that all BF micrographs are acquired close to [011] zone
axis.
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heterogeneous nucleation of dislocations through
pre-existing defects.[31,33] Meanwhile, the shoulder peak
at higher values of smax are ascribed to homogenous
dislocation nucleation. Additionally, Figure 10 reveals
that as the loading rate increases, the KDE distribution
shifts toward higher smax values and becomes wider. The
average smax value also shows an increase with loading
rate, which aligns with the findings presented in Sec-
tion C. The changes in the height of the peaks at varying
loading rates indicate that the fraction of nucleation
mechanisms is dependent on the loading rate. This
warrants further investigations to better understand this
relationship. Overall, it is suggested that in the current
alloy, a combination of the mechanisms mentioned
above is responsible for the pop-in event, including the
heterogeneous nucleation of dislocations through
pre-existing precursors.

Further, the burst of crystal displacement is signifi-
cantly influenced by the crystalline orientation, with the
pop-in load and displacement being orientation-depen-
dent. It is well established that crystal anisotropy
becomes more pronounced as the deformed volume
decreases.[67–69] For FCC metals, such as Ag, Al, and
Cu, previous simulation studies have demonstrated that
the (111) orientation yields the highest pop-in loads,
while the (001) orientation results in the lowest
loads.[60,70] Similar results are also obtained for the
present MPEA, with the (111) orientation showing the
highest pop-in loads, displacements, and maximum
shear stresses, followed by the (110) orientation, and
finally, the (001) orientation, which showed the lowest
values (see Table II). Moreover, the effective reduced
modulus followed the same trend, with the (111)
orientation having the highest value, followed by the
(110) orientation, and finally, the (001) orientation.
Multiple factors can explain this orientation effect.

(i) When the critical indentation depth is reached, a
significant amount of elastic energy accumulates
due to the higher stiffness of the (111) orienta-
tion. This, in turn, triggers a more intense
dislocation avalanche, resulting in a larger
displacement jump during plastic deformation.
Furthermore, MD simulation[60] revealed early
nucleation of a single SF under (001) orientation,
which continued to grow during further inden-
tation. For the other two orientations, the
nucleation of dislocations occurs later.[60]

(ii) Multiple slip systems must be initiated to meet
the plastic deformation of the indentation geom-
etry, and when the indenter probes the crystal on
different orientations, the number of activated
slip systems and resolved shear stresses on each
slip system would be different, leading to a
different density and configuration of
dislocations.[59,60,71]

Additionally, the relative orientation of the crystal
surfaces to the primary slip systems plays a crucial role
in plasticity. The Schmid factor is a key parameter that
determines the active slip systems, with those with the
largest one becoming active first. Tables III and IV
present the largest Schmid factors for each plane and the
possible slip system for full and partial dislocations,
respectively. The largest Schmid factors for (001) and
(110) are higher in value for both full and partial
dislocations, whereas for (111), it is lower. Considering
the case of partial dislocations, the experimental results
deviate from the expectations based on Schmid factors.
Although the (110) orientation exhibits the highest
Schmid factor among the potential slip systems for
partial dislocations (see Table IV), the observed pop-in
load, displacement, and shear stress for this orientation
fall between those of the (001) and (111) orientations
(see Table II). This indicates a more complex indenta-
tion behavior, suggesting the influence of additional
factors such as the position of maximum shear stress
beneath the indenter,[59,60] the presence of multiple
primary nucleation sites,[60] and non-Schmid fac-
tors[72,73] in describing the process of dislocation nucle-
ation. However, it still holds true for both full and
partial dislocations that applying an indentation down-
ward load or stress on the (111) orientation will generate
higher shear stress on all feasible slip systems. To induce
the first dislocation activity and initiate plasticity, a
higher applied load or shear stress is required for (111)
than for (001) and (110), as observed in Table II. The
smax value for (111) is about 7.02 GPa, which is larger
than that for (001) and (110) at about 6.28 and 6.23
GPa, respectively. Although the applied downward load
or stress on the nanoindentation Berkovich diamond tip
is not the same as normal stress used in micropillars, the
initial indentation load and stress can still be analyzed
based on the magnitude of the resolved shear stress on
each slip system. Therefore, the different Schmid factors
for each loading plane are the leading cause of the
crystalline orientation effects.
Table V shows the activation volume of dislocation

nucleation determined by nanoindentation for several

Fig. 10—Kernel density curves at first pop-ins for tests performed on
a grain with an orientation near (111) at loading rates of 25 lN/s,
250 lN/s, and 2500 lN/s. Evidently, bimodal KDE distribution
shifts toward higher smax values and become wider with increasing
loading rate. The dashed line marks the average smax value at each
loading rate which increases with loading rate.
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pure metals, including Ni, Cr, and Pt, as well as
equiatomic CoCrFeMnNi and non-equiatomic
Co21.5Cr21.5Fe21.5Mn21.5Ni14 MPEA. The activation
volumes of pure metals and equiatomic CoCrFeMnNi
were obtained from studies that employed indenter tips
with similar tip radii since the activation volume is
known to increase with the tip radius.[20,74] The activa-
tion volume for pop-in in the listed MPEAs is consid-
erably higher than that of pure metals, which mainly
exhibit a homogeneous dislocation nucleation mecha-
nism. This finding confirms earlier studies by Mridha
et al.[34] and suggests that incipient plasticity in FCC
MPEAs requires the cooperative motion of several
atoms rather than one-to-one atomic motion in pure
metals. Comparing two MPEAs, the low SFE non-e-
quiatomic Co21.5Cr21.5Fe21.5Mn21.5Ni14 exhibits a lower
activation volume than the equiatomic CoCrFeMnNi.
Similarly, Mridha et al.[34] showed significantly lower
activation volume for low SFE equiatomic CoCrNi
MPEA than equiatomic CoCrFeMnNi. This indicates
that the activation volume of the CoCrFeMnNi system
is affected by the presence of different-sized atomic
species, which are known to influence both the SFE and
energy landscapes. This is consistent with the modeling
efforts of Xiao et al.,[32] which suggested that low SFE
MPEA require high athermal stress and low activation
volume for dislocation nucleation due to their low
critical nucleation radius. Although our experiments
could examine several factors that can affect pop-in
behavior in low SFE non-equiatomic Co21.5Cr21.5-
Fe21.5Mn21.5Ni14 MPEA and its distinction from pure
metals and equiatomic CoCrFeMnNi, a more compre-
hensive understanding of the nucleation event will
require the application of atomistic simulations.
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rkTable III. Largest Schmid Factors for the Possible Activated

Slip Systems for the Three Planes, Considering Full

Dislocation

Plane Full Dislocation Slip System Largest Schmid Factor

(001) {111}<110> 0.41
(110) {111}<110> 0.40
(111) {111}<110> 0.27

Table IV. Largest Schmid Factors for the Possible Activated
Slip Systems for the Three Planes, Considering Partial

Dislocation

Plane
Partial Dislocation Slip

System
Largest Schmid

Factor

(001) {111}<112> 0.47
(110) {111}<112> 0.66
(111) {111}<112> 0.30
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IV. SUMMARY AND CONCLUSIONS

Nanoindentation experimentswere performed ona low
SFE Co21.5Cr21.5Fe21.5Mn21.5Ni14 MPEA with an FCC
crystal structure. The following conclusions are drawn.

1. Indentation pop-in, which marks the onset of
yielding, is observed for three different orientations
and at every loading rate conducted in this study.

2. Both loading rate and grain orientation influence
the initial pop-in event during nanoindentation.
Higher loading rates result in higher pop-in loads
and displacements, while the (111) orientation
demonstrates the highest pop-in load and displace-
ment, followed by (110) and (001) orientations,
respectively. Additionally, the (111) orientation has
the highest reduced modulus value, followed by
(110) and (001) orientations.

3. The maximum shear stress required to cause incip-
ient plasticity was found to be within 1

13 to
1
10 of the

shear modulus. This range falls within the theoret-
ical shear strength of the material, indicating that
the nucleation of dislocations triggered pop-in
events. The observation of a high density of
dislocations under planar slip and stacking faults
beneath the indent through TEM investigations
further supports this conclusion.

4. In the current alloy, incipient plasticity is facilitated
by both homogeneous and heterogeneous disloca-
tion nucleation mechanisms. Homogeneous dislo-
cation nucleation occurs at higher stresses in the
absence of any precursors. In contrast, heteroge-
neous dislocation nucleation is initiated when the
probed volume contains precursors.

5. The activation volume exhibits minor variations
with orientation and loading rate; however, it
consistently falls within the same order of magni-
tude, approximately equal to one atomic volume.
Upon comparison, the obtained activation volume
is higher than that of pure metals and lower than
that of equiatomic CoCrFeMnNi MPEA. This
confirms that the incipient plasticity mechanism in
FCC MPEAs differs from that in pure metals.
Furthermore, the activation volume in the CoCr-
FeMnNi system is affected by the content of
different-sized atomic species, which is known to
alter SFE and energy landscapes.
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