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ABSTRACT

Concentrated solid solution alloys (CSAs) have attracted attention for their promising properties; however, current manufacturing methods
face challenges in complexity, high costs, and limited scalability, raising concerns about industrial viability. The prevalent technique, arc
melting, yields high-purity samples with complex shapes. In this study, we explore nanoindentation tests at room temperature where arc-
melted samples exhibit larger grain sizes, diminishing the effects of grain boundaries on the results. Motivated by these findings, our investi-
gation focuses on the atomistic-level exploration of plasticity mechanisms, specifically dislocation nucleation and propagation during
nanoindentation tests. The intricate chemistry of NiFeCrCo CSA influences pile-ups and slip traces, aiming to elucidate plastic deformation
by considering both pristine and pre-existing stacking fault tetrahedra. Our analysis scrutinizes dynamic deformation processes, defect
nucleation, and evolution, complemented by stress—strain and dislocation densities—strain curves illustrating the hardening mechanism of
defective materials. Additionally, we examine surface morphology and plastic deformation through atomic shear strain and displacement
mappings. This integrated approach provides insights into the complex interplay between the material structure and mechanical behavior,
paving the way for an enhanced understanding and potential advancements in CSA applications.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0200717

. INTRODUCTION

High- and medium-entropy alloys (HEAs/MEAs) are a focal
point of research due to the extensive variety of available elements,
offering adaptable deformation behaviors.'”® While HEAs/MEAs
have sparked substantial interest, systematic studies on their
mechanical properties, particularly in well-controlled microstruc-
tures, have been nowadays an interesting topic for applications at
extreme operating environments.””'" Despite challenging compari-
sons with conventional alloys, HEAs exhibit similar deformation
mechanisms, offering a foundation to develop advanced alloys.'*™"”
HEAs produced through arc melting technique after some plastic

and heat treatments showcase highly promising characteristics
across diverse applications, often exceeding initial expectations. The
lattice distortion strengthening effect, typical for HEAs, further
contributes to interstitial-vacancy recombination, reinforcing the
alloy’s radiation resistance.'* By bridging knowledge gaps, the com-
munity can unlock the potential of HEAs, achieving a harmonious
synergy of multiple mechanisms for improved mechanical proper-
ties essential for structural applications.””' ™"

A category of materials referred to as single-phase concen-
trated solid-solution alloys (SP-CSAs), including high entropy
alloys (HEAs),'®'>*" has recently attracted considerable attention
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due to their distinctive structures and exceptional properties.
Unlike traditional alloys, SP-CSAs are composed of two to five
principal elements in nearly equal molar ratios, forming random
solid solutions in either a simple face-centered cubic crystal lattice
structure.”’ The intricate random arrangement of alloying elements
and the local chemical environment at the atomic level contribute
to the extraordinary properties exhibited by SP-CSAs compared to
conventional alloys.”””’ An exemplary four-element FeCrCoNi
alloy”” is recognized for its superior strength compared to
FeNiCoMn. This alloy demonstrates impressive tensile strength and
ductility achieved through sustained work hardening, and its fabri-
cation holds significance for applications in extreme operating envi-
ronments'* being the material of interest in our work. The
exceptional characteristics of SP-CSAs, as exemplified by this spe-
cific alloy, underscore their potential significance in advancing
materials science for a range of demanding applications.'>**

Nanoindentation serves as a crucial technique for assessing
the mechanical properties of potential candidate materials at the
nanoscale, particularly for applications in extreme operating condi-
tions.'®** This method involves inserting a small, sharp tip into the
sample surface to measure the force required and the resulting dis-
placement within the material.”**"** The occurrence of a pop-in
event, marking the transition from elastic to plastic deformation as
the indenter tip penetrates the surface, is often used as a reference
point for analyzing a material’'s mechanical behavior.”® This event
provides insights into the internal structure of the sample, allowing
for an exploration of the mechanisms responsible for plastic defor-
mation initiation and subsequent modification of the material’s
mechanical properties.””*’ Furthermore, nanoindentation-induced
plastic patterning is a process that creates patterns or structures at
the nanoscale, with applications ranging from fabricating nano-
structured surfaces with enhanced functionalities to developing
new materials with tailored mechanical properties.”’ The resulting
plastic patterning is influenced by factors such as applied load,
crystal orientation, temperature, and material properties, requiring
a fundamental understanding of material deformation within the
plastic zone beneath the indented surface region.””*” However, the
mechanical response of materials is inherently tied to the extensive
array of defects present within the material. Models can aid in
decoupling the effects observed experimentally, although they
present a challenge since modeling sufficiently large systems is
complex to account for a diverse distribution of defects. Among
these defects, stacking fault tetrahedra form more easily in high
entropy alloys (HEAs) compared to conventional alloys due to the
lower stacking fault energy in these alloys.””~*> Hence, in this paper,
we choose to focus on this peculiar defect. We investigate both sce-
narios, with and without stacking fault tetrahedra, to examine the
impact of this defect on the mechanical response of HEA.

In our comprehensive study, we conducted both experimental
and computational investigations on the plastic deformation mech-
anisms of NiFeCrCo CSA through nanoindentation tests. The
experimental high-purity element sample was prepared using arc
melting technique, followed by a high-temperature homogenization
process, a common methodology for manufacturing high-entropy
alloys.” The computational approach employed a standard method
to create a random solid solution alloy, substituting Fe, Cr, and Mn
atoms randomly into a pure Ni matrix to achieve the lowest energy
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system.'®*”*® In the computational aspect of our study, we consid-

ered the sample’s composition derived from experimental data to
model the pristine material. Additionally, preexisting stacking faults
tetrahedra were introduced to further investigate their effect on the
plastic deformation mechanisms during nanoindentation tests. Our
computational analysis included reporting dislocation densities,
stress—strain curves, and examining the surface morphology of
indented samples.”” This integrated approach provides a compre-
hensive understanding of the material’s behavior under nanoinden-
tation conditions.

Il. EXPERIMENTAL METHODS

In our experimental investigation, a composition of Co, Cr, Fe,
and Ni pieces was mixed in a Ar glovebox, followed by melting
using an Edmund Buehler AM200 arc melting device equipped
with copper mould. The furnace was evacuated up to
5 X 107> mbar and backfilled with argon gas to a pressure of
600 mbar. To ensure the homogeneity, the sample was flipped and
remelted at least six times. Sample was homogenized in the muffle
furnace at 1200 °C for 4 h to remove the dendritic structure and to
promote uniform distribution of all elements present. We charac-
terize the obtained NiFeCrCo sample via XRF technique obtaining
a chemical composition (in wt. %) of 26% Ni, 25% Fe, 26% Co, and
22% Cr. The amount of all impurities did not exceed 1%. To char-
acterize mechanical properties, nanoindentation tests were per-
formed using a NanoTest Vantage system by Micro Materials Ltd,
featuring a force sensitivity of 3nN and a depth sensitivity of
0.002nm."° A Synton-MDP diamond Berkovich-shaped indenter
was employed for all measurements, with a typical tip radius
ranging from 50 to 100 nm,” ideal for comparisons with large-
scale atomistic simulations in this study.'®*>”" The tests were con-
ducted with a 150 mN load, involving 100 indentations on the
sample spaced at 100 um intervals.

A. Structural characterization

The microstructural evolution of the homogenized sample was
investigated using the ThermoFisher Helios 5 UX scanning electron
microscope. This advanced microscope is equipped with the EDAX
Velocity Pro EBSD camera, enabling precise crystal orientation
mapping. EBSD mapping was performed with a 0.25um step size.
The acquired data underwent thorough analysis using EDAX OIM
Analysis 8 software, with points having a confidence index (CI)
below 0.1 being excluded from calculations. Microstructural analy-
sis was conducted using the JEOL JEM-F200 transmission electron
microscope (TEM) operating at 200 kV. Thin foils for the TEM
analysis were prepared using the focused ion beam (FIB) lift-out
technique with the application of a ThermoFisher Helios 5 UX
dual beam scanning electron microscope (SEM). The final thinning
was performed with a 2keV Ga™ beam to minimize the impact of
Ga ions on the microstructure of the samples.*’

lll. COMPUTATIONAL METHODS

To perform our simulations, we use Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) software,"’
which allows us to study the behavior of materials under a wide
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TABLE |. Size of the initial numerical samples used to perform MD simulations of
pristine CSA."” Sample size (d, d,, d,) in units of nm.

Orientation [001] [011] [111]
d, 33.20 33.06 33.07
dy 36.09 36.17 36.12
d, 36.12 38.17 40.61
Atoms 3 164 800 3442 032 3 645 720
X-axis (100) (100) o1)
Y-axis (010) (017) (121)
Z-axis (001) (011) (111)

range of conditions. One of our goals is to accurately model plastic
deformation, which is a crucial aspect of how materials respond to
external loads. Thus, we utilize interatomic potentials reported by
Choi et al.,*” which are based on the second nearest neighbor mod-
ified embedded atom method (2NN-MEAM) as reported in our
previous work.' '

We initially defined the FCC Ni sample with crystal orienta-
tions along [001], [101], and [111] with dimension shown in
Table I, followed by the optimization of the system’s energy using
The FIRE (Fast Inertial Relaxation Engine) 2.0 protocol43 to iden-
tify the lowest energy structure.'™’>**"” The equilibration contin-
ued until the system achieved homogeneous temperature and
pressure profiles at a density of 8.23 g/cm?, in good agreement
with the experimental value.”” A final step involved relaxing the
prepared sample for 10 ps to dissipate any artificial heat. To create
the FCC CSA, randomness was introduced by substituting 75% of
Ni atoms from the original sample, oriented in different crystal
directions, for 26% Ni, 25% Fe, 26% Co, and 22% Cr in wt, follow-
ing the experimental results. The optimization process for the
samples’ geometry is directed toward the nearest local minimum of
the energy structure. The optimization criteria include ensuring
that the change in energy between successive iterations and the
most recent energy magnitude remains below 107°. Additionally,
the global force vector length of all atoms is maintained at less than
or equal to 107% eV/A. The subsequent steps for preparing the
sample mirrored those of the pristine case, resulting in an equia-
tomic NiFeCrCo, CSA.

In agreement with the Silcox and Hirsch mechanism, stacking
fault tetrahedra (SFT) can be formed from an equilateral triangular
vacancy plate situated on the (111) planes.”® To construct
HEA-CSA with pre-existing SFT, we initiate the process by intro-
ducing four vacancy plates within the (111) planes beneath the
surface (see Fig. 1)."” The subsequent energy minimization
prompts the plates to undergo transformation into SFTs, character-
ized by stair-rod dislocations (depicted by the yellow line on the
SFTs, Fig. 1) and a hexagonal close-packed (HCP) structure
between these dislocations (atoms colored in blue, Fig. 1). Various
scenarios were examined to investigate the impact of SFT size and
distribution. The configurations considered include one without
any SFT, followed by configurations with four SFTs of 1 nm size,
four SFTs of 4 nm size, and, lastly, four SFTs with sizes of 1, 2, 3,
and 4 nm, respectively.

During the initial stage, the CSA samples underwent division
into three distinct sections along the z direction to establish

ARTICLE pubs.aip.org/aip/jap
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FIG. 1. Simulation cell exhibiting four vacancy plates, each measuring 1 nm in
size. Upon relaxation, these plates undergo transformation into a stacking fault
tetrahedra (SFT). Additionally, a 4 nm-sized SFT is included for comparison.
Initial frame of the nanoindentation simulation, emphasizing the stacking fault
tetrahedron and stair-rod dislocations near the surface. To enhance visual
clarity, an atom with an FCC lattice position has been removed. The surface top
view showcases the atomic arrangement of the five types of atoms: Ni, Fe, Cr,
Co, and Mn and the indents. Additionally, the sample is strategically divided into
three sections—frozen, thermostatic, and dynamical to facilitate the mechanical
test.

boundary conditions along their depth, denoted as d,: (1) Frozen
section: A stabilizing frozen section, approximately 0.02 X d, in
width, was implemented to ensure the numerical cell’s stability.
(2) Thermostatic section: Positioned roughly 0.08 x d, above the
frozen section, this thermostatic section was dedicated to dissipat-
ing heat generated during the nanoindentation process.
(3) Dynamical atoms section: This section allowed for dynamic
interaction with the indenter tip, resulting in modifications to the
surface structure of the samples. Additionally, a 5nm vacuum
section was incorporated at the top of the sample, serving as an
open boundary.'****

Within the spatial (few nanometers) and temporal (picosec-
onds) scales of the MD simulations, nanoindentation testing
allows for the examination of the initial stages of plastic deforma-
tion and phase transformation at the atomic level. In the numeri-
cal modeling, the utilized Berkovich tip with a radius in the range
of 50-100nm can be effectively represented by a spherical
indenter tip due to the minimal distinctions observed in the
phase transformation regions of both tips during the early stages
of the loading process.'*” The indenter tip is defined as a non-
atomic repulsive imaginary (RI) rigid sphere, exerting a force of
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magnitude F(t) = K(r(t) —R;)* on each atom. In this equation,
K =200eV/A® denotes the specified force constant, ensuring
high stiffness for our indenter tip."* The parameter r(t) represents
the distance from the atoms to the center of the indenter, and
R; = 8 nm is the radius of the indenter, chosen to be sufficiently
large to accurately model the elastic-to-plastic deformation transi-
tion."® The initial location of the tip is set at a separation distance
of 0.5nm from the material’s surface, and its center is randomly
shifted to ten different positions to account for statistical varia-
tion. We employ an NVE statistical thermodynamic ensemble
with the velocity Verlet algorithm for an indenter speed of
v = 20 m/s for 125 ps, using a time step of At = 1 fs. A maximum
indentation depth of hp,, = 3.0nm is selected to minimize the
boundary layer effects in the dynamic atoms region.'® The initial
configuration of the nanoindentation simulation is illustrated in
Fig. 1.

IV. RESULTS

We conducted experimental nanoindentation tests on a poly-
crystalline NiFeCrCo alloy, with a detailed examination involving
the mapping of 100 nanoindents. The investigation extends beyond
the mechanical tests to explore crystallographic effects on the
plastic deformation of the material. Utilizing EBSD imaging, we
obtained insights into the propagation of pile-ups within various
slip planes. The EBSD images of the [001] and [101] orientations
are presented in Figs. 2(a) and 2(b). The emission of surface slip
traces is a crucial manifestation of crystal plasticity, providing
essential insights for a comprehensive understanding of the
mechanical response of materials. EBSD analysis of the samples
reveals slip traces for {110} indenter planes in (112) directions
[Fig. 2(b)]. A close-up of the [101] orientation of the alloy provides
additional detail, showcasing the propagation of slip traces on
{211} planes—features typically observed in face-centered cubic
(FCC) materials and in a good agreement with our MD simula-
tions. This arises from the interaction between dislocation gliding
in the {111} planes and the indenter surfaces in the {110} plane.25
Similarly, when considering {100} indenter planes, only slip traces
aligned in the (110) directions can be produced through its interac-
tion with dislocation gliding in {111} planes [Fig. 2(a)]. The grain
with [101] orientation presents a little higher hardness, the differ-
ence does not exceed 4% (1.69 vs 1.63 GPa). The crystallographic
aspects of the deformation process provide a comprehensive under-
standing of the material’s response to nanoindentation. This com-
bined approach of nanoindentation and EBSD imaging contributes
valuable data to elucidate the intricate mechanics of plastic
deformation in the NiFeCrCo alloy.

As discussed, the experimental nanoindentation test motivates
the computational modeling to explore the plastic deformation
mechanism in the NiFeCrCo CSA at different crystal orientations.
The morphology of the indented samples is assessed by calculating
atomic displacements concerning the initial frame in our MD sim-
ulations. In Figs. 2(a)-2(b), slip traces and pile-up formations for
the NiFeCrCo CSA are depicted at [001] and [011] orientations,
reaching a maximum indentation depth of 3nm. The observed
propagation of slip traces aligns with the slip planes of the face-
centered cubic (FCC) sample at each crystal orientation. Notably,
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FIG. 2. EBSD image of (a) [001] and (b) [011] orientation identified by IPF
mapping. The images revealing crystallographic effects on the plastic deforma-
tion of the polycrystalline NiFeCrCo alloy. The image showcases the propagation
of pile-ups across different slip planes, providing insights obtained from mapping
100 nanoindents in the experimental nanoindentation tests. Observation of slip
traces and pile-ups formation at a maximum indentation depth of 3 nm for the
[100] and [011] orientations obtained by MD simulations are presented next to
experimental images. The propagation of slip traces is indicated by their corre-
sponding planes, exhibiting typical rosette shapes characteristic of FCC metals.

the fourfold shapes for [001] and [011] correspond to typical
shapes exhibited by FCC metals.'>” Building on our prior
research,'” we highlight the distinctive effect of the four elements
in the CSA alloy, forming a halo around the indenter tip irrespec-
tive of crystal orientation. In contrast, single-element FCC metals
typically result in step-shaped pile-ups. This behavior is attributed
to the intricate chemistry of the CSA alloy.

The implementation of the numerical modeling for nanoindenta-
tion tests is done in accordance to experimental conditions by tracking
atomic strains and dislocation network dynamics. In Fig. 3(a), we
depict the nanoindentation stress (c) vs depth curves for the experi-
mental nanoindentation test. The stress is calculated using the proto-
cols outlined by Pathak et al.,”® where ¢ = Peyp /lmgxp, with Pey, and
ey Tepresenting the load and contact area, respectively. In Fig. 3(a),
we present results from MD simulations where both experimental and
computational modeling followed the calculation of the contact area
as deont = Ah + Bh? with h being the nanoindentation depth and A
and B being constants to describe the the contact area of a Berkovich
tip,”” into the scale limitations of the MD approach. We noticed a
qualitative agreement between the experimental data and MD
simulations.

The crystallographic orientation significantly influences the
arrangement of atoms and the bonding characteristics within the
material, consequently leading to variations in its elastic properties.
For instance, in [001] orientation, the primary slip planes {111}
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FIG. 3. Nanoindentation stress vs depth derived from load—displacement curves
during the initial stages of the experimental test in (a). Average contact pressure
depicted as a function of indentation depth for MD simulations in (b) on the pris-
tine NiFeCrCo sample at [001] and [101] orientations. A qualitative agreement is
observed in both measurements, considering the inherent limitations of MD
modeling.

intersect the indented plane along the [110] direction and symmet-
rical one, resulting in distinct elastic deformation patterns com-
pared to [011] orientations where the indentation direction
intersects the atomic planes differently. This is evident in the
varying critical contact pressures observed during the pop-in event
and the distinctive propagation of slip-traces on the material’s
surface. Specifically, [100]-oriented CSAs can exhibit a crisscross
pattern of twofold symmetry, while (110)-oriented ones show an
edge formed by the meeting points of the twofold symmetry, as
previously reported in Fig. 2. These results in varying levels of resis-
tance to elastic deformation and, consequently, different reduced
Young’s modulus values being calculated by Eq. (3) in MD simula-
tions. The obtained value for E’*"/(MD) is 169 + 3 GPa, aligning
with the experimental value of E?Ol](Exp.) = 163 GPa. Similarly,
for the [011] crystal orientation, the results are 157 + 3 (MD) and
153 (Exp.) GPa, respectively. Our MD results are in agreement with
averaged ab initio calculations for 172 GPa.”’ This corresponds
with well-known plastic deformation mechanisms observed in FCC
metals.'” In the [100] CSA, only one slip angle of the {111} sliding
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plane is active during nanoindentation. As a result, the [100] CSA
exhibits a comparatively lower ability for plastic deformation com-
pared to the [110] CSA, which features two slip angles of the {111}
sliding planes. Another parameter that can be obtained from exper-
imental nanoindentation is the stress exponent (n), which is fore-
seen in a future work more focused material’s deformation
mechanisms during the indentation process; the preliminary results
are shown in Appendix B.

In order to analyze the influence of the crystal orientation on
the dislocation nucleation and evolution of the sample, we visualize
and quantify different types of dislocations nucleated at different
indentation depths by using OVITO’' software. This was done
through the use of the dislocation extraction algorithm (DXA)™
that extracts the dislocation structure and content from atomistic
microstructures. Thus, we categorized the dislocations into several
dislocation types according to their Burgers vectors as 1(110)
(Perfect), 1/6(112) (Shockley), 1/6(110) (Stair-rod), 1/3(100)
(Hirth), and 1/3(111) (Frank), noticing that the nucleation of
partial 1/6(112) Shockley dislocations is dominant in the loading
process regardless of the crystal orientation due to the material’s
FCC structure. Thus, we compute the dislocation density, p, as a
function of the depth as

_ Nplp
-

, 1)

where Np is the number of dislocation lines and loops measured
during nanoindentation test, Ip is the dislocation length of each
type, and Vp = 27/3(R} — h’) is the volume of the plastic defor-
mation region by using the approximation of a spherical plastic
zone, where Ry is the largest distance of a dislocation measured
from the indentation displacement, considering a hemispherical
geometry.

In Fig. 4, we present the average of the dislocation density as a
function of the indentation depth for [001] in (a) and [011] in
(b) crystal orientation. It is observed that the Shockley dislocation
is nucleated and evolved during the whole loading process, as
expected. The interaction of different Shockley dislocations can
lead to the nucleation of Hirth and Stair-rod dislocation as follows:

%[100] :é[lﬂ] +é[121] Hirth, )

%[110] =_[121] +é[2ﬁ] Stair—rod, 3)

1
6
and other symmetrical cases. As the primary dislocation junctions
manifest during the loading process, this mechanism is recognized
for its role in initiating the nucleation of prismatic dislocation
loops. This initiation is discerned as a decrease in the total disloca-
tion density at 1.1nm across all orientations. Additionally, the
nucleation of dislocations commences at a depth of 0.75nm for
[001] and [011] orientations. This discrepancy is attributed to the
distinct atomic arrangement within the unit cell of each orienta-
tion. Moreover, it is noteworthy that the density of Schokley par-
tials tends to rise for the {100} indenter plane, in contrast to the
slight decrease observed in the case of the {110} indenter plane.
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FIG. 4. Average dislocation density plotted against the indentation displacement
for [100] and [101] crystal orientations in (a) and (b), respectively. Notable crys-
tallographic effects are evident in dislocation nucleation. As anticipated,
Shockley dislocations predominantly nucleate and evolve throughout the entire
loading process, with their interactions giving rise to stair-rod and Hirth junction
dislocation nucleation.

This phenomenon may be partially explained by the strong interac-
tion of these dislocations with the {110} plane, leading to their
annihilation, as evidenced by the slip traces shown in Fig. 2(b).

At the maximum indentation depth, we observe parallels
between the NiFeCrCo CSA and those exhibited by single-element
face-centered cubic (FCC) metals, such as Ni,'®”" as depicted in
Fig. 5. Figure 5(a) illustrates the formation of a nano-twin beneath
a [101] surface, with black lines denoting parent and twinned
crystal orientations. This observation aligns well with the typical
mechanisms observed in FCC metals. Importantly, our findings
reveal that atomic ordering is not a prerequisite for this mecha-
nism. Furthermore, twin nucleation in our sample is initiated
under the strain gradients and stresses imposed by the nano-
indenter tip. This involves the successive emission of leading
partial dislocations in the vicinity of the indenter, resulting in the
distinctive arrangement of parallel {111} twinned planes.”””* Our
simulations demonstrate that the twin boundaries are normal to
the surface for (011) indentation and inclined at 135.25°. The twin-
ning crystallography ensures that all (011) and (112) traces simul-
taneously lie at the indented plane and a specific {111} habit plane,
conforming to expectations for FCC metals.
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FIG. 5. Cross-sectional view of a nanotwin underneath a [101] surface in (a);
black lines indicate parent and twined crystal orientations for enhanced visuali-
zation, illustrating the well-known nanotwin mechanism in FCC metals.
Formation of a prismatic dislocation loop in the [101] orientation at an indenta-
tion depth of 2 nm; white arrows indicate the dislocation junction. FCC atoms
are removed, and only atoms with HCP structure corresponding to stacking fault
planes are displayed for clarity.

In Fig. 5(b), we illustrate the prismatic dislocation loop at the
maximum indentation depth for the [101] crystal orientation.
Notably, the observation reveals that the junction of Shockley
partial dislocations leads to the final state of the formation of this
loop, accompanied by stacking fault planes identified as hexagonal
close-packed (HCP) atoms. This identification is made through
polyhedral template analysis in Ovito. The atoms involved are
color-coded based on their types, enabling an analysis of their
random distribution maintained during the loading process.
Importantly, no specific ordering of atoms was observed through-
out this process.

Nevertheless, in comparison to pure Ni, all defects are con-
fined to a narrow region beneath the surface, possibly attributed to
the reduced dislocation velocity in HEA.”” That can be correlated
to the typical hallow observed around the indenter tip a contrario
to the larger step-shaped pile-ups observed in pure Ni.'®'”*"*° In
these alloys, dislocations exhibit a wavy morphology and encounter
natural pinning points stemming from the variable chemical and
energetic landscape surrounding the dislocation core. For the same
reason, twin boundary planes are expected to be more fragmented
than in pure Ni.”®

A. Nanoindentation modeling of defected NiFeCrCo
CSA

Through HR-TEM analysis conducted on the NiFeCrCo CSA
sample before and after nanoindentation, we observed the presence
of SFTs located on {111} planes along the [011] crystal orientation,
as illustrated in Fig. 6(a). This observation supports our atomistic
modeling, where the SFTs exhibit a size of approximately 5-10 nm,
prompting an exploration of defected NiFeCrCo samples with
varied SFT sizes into MD scaling. Additionally, our investigation
unveiled the existence of SFT's beneath the nanoindentation area,
specifically on {111} planes, as depicted in Fig. 6(b).
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FIG. 6. HR-TEM analysis of the NiFeCrCo CSA sample conducted before
(a) and after (b) nanoindentation. The images reveal the presence of SFTs on
{111} planes along the [011] crystal orientation, supporting our atomistic model-
ing. The SFTs exhibit a size of approximately 5-10 nm, leading to an exploration
of defected NiFeCrCo samples with varied SFT sizes in MD simulations.
Additionally, SFTs were observed beneath the nanoindentation area, specifically
on {111} planes.

Subsequently, we examined the impact of nanomechanical
responses in defected NiFeCrCo CSA, analyzing nanoindentation
contact pressure as a function of indentation strain. A comparative
study with the pristine case for both [001] and [101] orientations is
presented in Fig. 7. Thus, we report the mean contact pressure p of
the pristine CSA as a function of the nanoindentation depth, which
is obtained from MD simulations by Refs. 29, 48, and 57,

1/3

N2
plh) = 2= {M%(h)(EYR;) } : @

3Ey 1—v

where h is the indentation depth, v is Poisson’s ratio, and the
average load is calculated as Pye(h) = 1/N Zf\] P;(h), with P;(h) as
the load from each MD simulation and N = 10 being the number
of indents. During the loading process, the contact radius is
obtained with the geometrical relationship as*®

1/3
1—v} ’ 5)

a(h) = |:3Pave(h)RiW

and these quantities provide an intrinsic measure of the surface
resistance to defect nucleation’"® and yield to a universal linear
relationship between p(h)/Ey and a(h)/R; given by

p(h) 0844 a(h)
EY _1—V2 R,‘ ’

(6)

which is shown in Fig. 7. Hence, the pop-in event can be character-
ized as the departure of the contact pressure curve from the scaling
law that describes the transition from the elastic to the plastic
deformation region.

The pressure-strain curve is characterized by contrasting it with
a linear scaling law to delineate the elastic loading phase. Due to the
speed of the indenter tip, there is an offset in the nanoindentation
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FIG. 7. Average nanoindentation contact pressure as a function of indentation
strain, comparing it with the pristine case for [001] in (a) and [101] in (b) orienta-
tions. The pressure-strain curve is characterized by contrasting it with a linear
scaling law (gray dashed line), where the offset in nanoindentation strain due to
the indenter tip speed is indicated by a green line. The pop-in event, marking
the indentation yield strength, is identified as a deviation from the scaling law,
denoted by a green spot. The plastic region exhibits a stable pressure at higher
nanoindentation strain values.

strain, indicated by a green line. The occurrence of a pop-in event is
identified as a deviation of the pressure curve from the scaling law,
marked by a green spot, representing the indentation yield strength.
Subsequently, the plastic region exhibits a stable pressure at higher
nanoindentation strain values. Through the analysis of this material
response during the loading process, it is observed that materials
with preexisting stacking fault tetrahedra (SFTs) experience an
increase in hardness values and their maximum shear stress.”* SFTs
impede the glide of dislocations, requiring them to find alternative
paths to navigate around and pass through the SFT.

At the maximum indentation depth, the plastic deformation
of the NiFeCrCo CSA sample induced by the indenter tip’s shear
strain becomes evident. In Fig. 8, atomic shear strain mappings are
presented for the [011] NiFeCrCo CSA sample under different con-
ditions: pristine case in (a), 1 nm of SFTs in (b), 4 nm of SFT in
(c), and a combination of SFTs in (d). The sample is visually
enhanced by slicing it in half, and the width of the “lamella” is
halved for better visualization. For the pristine case, maximum
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FIG. 8. Atomic shear strain mapping of selected MD simulations of [101]
NiFeCrCo alloy at the maximum indentation depth for pristine samples in (a),
with 1 nm stacking fault tetrahedra (SFTs) in (b), 4 nm in (c), and SFTs at differ-
ent sizes in (d). The influence of defect materials is evident in the accumulation
of strain underneath the tip, affecting the propagation of dislocations.

strain accumulates underneath the indenter tip, and slip planes are
delineated by an increase in strain value relative to the FCC atoms
(colored in blue). In contrast, when SFTs are present, strain accu- FIG. 9. Top view of the atomic structure of [101] NiFeCrCo alloy for different
mulates on the surface for smaller SFTs, around the positions of samples [pristine in (a), 1nm SFT in (b), 4 nm SFT in (c), and a combination of
4 nm-sized SFTs, and beneath the indenter tip. This pattern persists 1and 4 nm SFT in (d); indicated by dashed orange lines]. Slip planes are identi-
for a mixed-size distribution of SFTs. Additionally, the triangular fled i pristine case, Thl3 .SFT promotes the [elpsicy ‘f)f‘cross-sllp, g
. . . . . lighted by black circles. Nanotwins are labeled with the letter “t.

shape of the strained atoms varies with the size of the SFTs. While
the pristine case exhibits a symmetric triangle, the presence of SFTs
leads to asymmetric and sharper triangles due to the pre-existing
strain fields around the defects. This effect, depending on the SFT
size, is challenging to understand and may be link to the complex
interactions between the SFT, composed of stair-rod dislocations.”®
This phenomenon influences the nucleation and evolution of dislo-
cations, shear, and prismatic dislocation loops.

In Fig. 9, a top-view of the samples at the maximum indenta-
tion depth is presented, where the preexisting SFT vacancy defects 10714
are indicated by dashed yellow lines. It is observed that, for the
pristine cases, the nanotwin and stacking fault planes propagate on
the [011] slip planes and symmetric families. However, in the
defected samples, these planes interact with the preexisting vacancy
defects, forming a cross-slip in combination with a [001] plane,
which is developed in the region between the vacancy defects.
These cross-slip mechanisms may arise from the interaction
between the SFT and the screw dislocation segments. Previous 10744 7 o
atomistic simulations show that the dislocation screw constricts o i
when it reaches the SFT and then cross slipped.”® The interaction Sl i
with edge dislocation segments leads to the formation of super- 107 05 10 15 20 55 30
jogs, unstable that can lead to small vacancy clusters.” Indenter displacement (nm)

To monitor the plastic deformation of the NiFeCrCo CSA
during the loading process, we examine the sample at the [011] ori- FIG. 10. Dislocation density plotted against indentation displacement for the
entation, considering a size distribution for preexisting SFTs and NiFeCrCo CSA on the [011] orientation, featuring a size distribution for preexist-
calculating the dislocation density as a function of indentation dis- ing stacking fault tetrahedra (SFTs). The figure includes visualizations of disloca-
placement, as illustrated in Fig. 10. Our observations reveal that tion nuclea}tion and e\(olution at every nanometer of disp[acement, along wit.h
SFTs are predominantly formed by stair-rod-type dislocations, and tt:e ftormaftlﬁn oft;tacklng pla}ne? Coli)r cgdg &) dlstl_o c?tlon 20 En2l Ly
Shockley-like half-loops initiate nucleation during the early stages SRS OUD RIS L 2 el e o e
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of nanoindentation loading, occurring within the 0-1.0 nm depth
range, as depicted in the inset of the figure. As the indentation pro-
gresses to greater depths, from 1 to 2nm, Shockley dislocations
interact with the stair rods of the SFT, absorbing them, while the
stacking plane propagates due to the stress applied by the indenter
tip. Upon reaching the maximum indentation depth, the larger-
sized SFTs are already absorbed by the stacking fault planes
induced by nanoindentation. Only smaller-sized SFTs survive the
entire process, either by being pushed downward or by not inter-
acting with the stacking fault planes.

B. The case of nanoindentation on the [111]
orientation

Although the experimental nanoindentation of the CSA on
the [111] orientation is not often obtained, we analyze the

1nm depth

2nm depth 3nm depth

ARTICLE pubs.aip.org/aip/jap

mechanical response of the material on this specific orientation.
The SFTs are generated on the habit {111} plane, aligning with the
crystal orientation [111] in the NiFeCrCo CSA. This creates an
excess of pressure during the loading process, attributed to the inser-
tion of SFT vacancy types highlighted by yellow lines. Consequently,
we conduct an analysis of the atomic structure evolution and disloca-
tion behavior in both pristine and defected samples at various inden-
tation depths. In Fig. 11, we illustrate the evolution of stacking fault
planes identified by hexagonal close-packed (HCP) atoms in orange
as well as the propagation of dislocations for the pristine case in (a)
and SFT vacancy types in (b)-(d). At 1 nm depth, the pristine
case nucleates a small stacking fault (SF) plane parallel to the
{111} plane underneath the indenter tip, while the strain field
induced by SFT vacancy types deforms this plane into a pair of
half loops beneath the indenter tip. At 2 nm depth, the pristine
case shows a nanotwin emerging from the side of the indenter tip,

Pristine

T

Inm SFT

4nm SFT

1 and 4 nm SFT

Nanotwin PDL

FIG. 11. Atomic structure visualization of [111] NiFeCrCo pristine and with preexisting stacking fault tetrahedra (SFTs) at different indentation depths: 1 nm in (a), 2nm in
(b), and 3nm in (c). FCC atoms are removed to illustrate the evolution of stacking fault planes as hexagonal close-packed (HCP) atoms, with nanotwins highlighted by
black lines, twin boundaries depicted as green lines, and prismatic dislocation loops (PDLs) represented by violet lines. The influence of defected alloys is evident as
strain at the surface alters the direction of plane propagation and induces PDL formation.
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while a twin boundary (TB) forms in samples with SFT vacancy
types. For smaller SFTs, the half loops do not yet interact with the
defects, but for a distribution of SFT vacancy sizes, interactions
with larger SFT's are observed.

At the maximum indentation depth of 3 nm, the pristine case
has already initiated the nucleation of a complete prismatic disloca-
tion loop (PDL) and a small twin boundary (TB). In contrast, the
1 nm SFT case exhibits the formation of a larger TB above the loca-
tion of the SFT vacancies, and a small PDL is also nucleated in the
direction where the SFT vacancies are absent. For larger 4 nm SFTs
and a combination of SFT vacancies, the TB plane becomes larger,
and PDLs begin to form in the same direction where there are no
preexisting defects. These mechanisms have a significant impact on
the nanomechanical response of the material, resulting in a load-
displacement curve that is noisy and challenging to analyze for the
defected cases. The presence of SFTs at different depths induces
interactions that influence dislocation nucleation and evolution.
Consequently, the resulting load-displacement curve in defected
cases presents a challenge for analysis due to its noisy response due
to the excess of strain in the surface in close connection to SFT's
preexisting in the sample.

V. PERSPECTIVES ON PRACTICAL APPLICATIONS

Nanoindentation has emerged as a powerful tool for manufac-
turers, providing valuable insights into material properties at the
micro- and nanoscale. This technique complements traditional
mechanical testing by offering localized characterization, making it
ideal for investigating thin films, coatings, and individual grains
within a material.”” Our work highlights the strong synergy
between experimental characterization and MD simulations.
Notably, the simulations successfully guided the identification of
SFTs observed in TEM observations. Furthermore, the analysis of
the [111] crystal orientation revealed inherent difficulties in obtain-
ing grains with this specific orientation within the material. These
findings demonstrate the broad applicability of physical-based mul-
tiscale modeling for understanding the mechanical response of
complex materials. Potential applications include the following:

Optimizing wire production: Nanoindentation is employed to
assess residual stresses in stainless steel wires.”” This information
proved crucial for developing new production methods for high-
precision filtration screens requiring thin profile wires, which was
aided by a multi-scale modeling technique involving digital mate-
rial representation (DMR).

Material characterization with simulations: Nanoindentation data
can be leveraged through simulations to extract local material prop-
erties. For instance, an inverse approach can be used to determine
the elastic and plastic hardening behavior of a TiN thin film on a
silicon substrate. Developing a numerical nanoindentation test to
minimize the discrepancy between the simulated and experimental
force-displacement curves. By optimizing the model, they identi-
fied the elastic modulus and parameters of the hardening law for
the TiN film.”” Furthermore, numerical modeling offers valuable
insights into the dynamics of dislocations within irradiated materi-
als and complex alloys. This includes simulating the interactions
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between newly formed dislocations caused by nanoindentation test
and pre-existing dislocation loops due to the irradiation process.
Such simulations can shed light on the hardening mechanisms that
arise within the material due to irradiation exposure."®*’

Composite material design: 3D simulations of nanoindentation
can be performed to obtain load-displacement data for characteriz-
ing the hardening behavior of glass fillers within epoxy/glass com-
posites.”” These data enabled the creation of a digital material
representation model, allowing researchers to investigate the influ-
ence of microstructure morphology on the composite’s overall
deformation behavior.

To summarize, nanoindentation, coupled with advanced sim-
ulations, offers a valuable toolkit for industrial researchers and
engineers. It allows for the characterization of local material prop-
erties, leading to optimized material selection, process develop-
ment, and, ultimately, the design of superior products with tailored
mechanical performance. This study by the authors builds upon
the established practice of using nanoindentation to measure mate-
rial properties at the nanoscale. The next step is focused on the
(CoNiFeMn),Mo(;—y) high entropy alloy with varying crystallo-
graphic orientations to determine their elastic moduli®® The
encouraging agreement between the experimentally obtained data
(via nanoindentation) and the simulated results (using MD calcula-
tions) so far opens exciting possibilities for this on-going and
future research, paving the way for the development of physical-
based multiscale models capable of predicting the mechanical
response of complex structures like high entropy alloys.

VI. CONCLUDING REMARKS

This study delves into the nanomechanical response of the
crystalline NiFeCrCo concentrated solid solution alloy (CSA)
through a comprehensive exploration employing both experimental
and computational approaches in nanoindentation tests. In the
experimental realm, the production and characterization of CSA
leverage an arc melting technique. Subsequently, nanoindentation
tests are conducted at room temperature, allowing for the acquisi-
tion of surface morphology through electron microscopy images.
In parallel, atomistic computational modeling captures the nanoin-
dentation loading process, recording load-displacement curves, dis-
location densities, and mapping atom displacements. Notably,
dislocation nucleation mechanisms are present with the prismatic
loop formation profoundly influenced by surface characteristics,
stacking faults, and dislocation glide energies during the nanoin-
dentation loading process. The experimental characterization of the
NiFeCrCo CSA is in good agreement with MD simulations by
showing similarities to the propagation of slip traces and consecu-
tive nucleation of prismatic dislocation loops.

In addition, the introduction of SFT vacancy-type defects
emerges as a transformative factor in shaping the nanomechanical
behavior of the material, as guided by TEM observations of the
alloy. Crystallographic orientations stand out as pivotal elements
influencing the evolution of dislocations and stacking fault planes
during the loading process. Distinct behaviors observed in defected
samples, including altered dislocation propagation and stacking
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fault planes, underscore the profound impact of crystallographic
factors on the material’s mechanical response.

Furthermore, the existence of preexisting SFT vacancy defects
triggers interactions with dislocation planes, giving rise to phenom-
ena such as cross-slip and the formation of additional slip planes,
notably [101]. The emergence of twin boundaries, prismatic dislo-
cation loops, and modifications to crystallographic families collec-
tively illuminate the intricate interplay between crystallographic
factors and defect structures. This interplay significantly influences
the material’s mechanical response during nanoindentation.
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APPENDIX A: UNIAXIAL STRAINING SIMULATIONS

To validate our nanoindentation modeling, we utilized an
interatomic potential capable of satisfactory modeling of uniaxial
compression. MD simulations were conducted for compression sce-
narios, employing a numerical cell containing 84 000 atoms with
dimensions of 8.82 x 9.88 x 10.59nm> on the [001] orientation.
The CSA sample preparation process is detailed in Sec. IIL
Subsequently, a thermalization run of approximately 50 ps was per-
formed under the isothermal-isobaric canonical NPT ensemble,
with the diagonal components of the stress tensor set to zero (i.e.,
vanishing pressure). MD simulations were conducted with a strain
rate of 10° s7!. The constituent particles in the atomistic ensemble
were remapped to the instantaneous dimensions of the simulation
cell in each computational step. This ensured strict displacement-
controlled straining of the cuboidal cells along the stretching direc-
tion, while the barostat acted in the other two principal directions.
The applied stress o was directly obtained from MD simulations by
considering the number of atoms and their atomic volume. The
imposed uniaxial strain was calculated as € = (ly — ,)/l, where [,
is the instantaneous cell length along the straining z-axis and Iy is
the initial cell length prior to the imposed compressive straining.
The time step was set to 2 fs.

In Fig. 12, we present the stress—strain curves obtained from
uniaxial compression and nanoindentation simulations, following
the protocol reported in Ref. 64. Compression strain values were
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FIG. 12. Stress—strain curves comparing uniaxial compression results to those
obtained by nanoindentation simulations reaching a fair agreement; compression
strain was scaled to nanoindentation strain values.
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scaled to match the strain scale for nanoindentation simulations.
We observed a reasonably good agreement between both mechani-
cal tests, where the elastic-to-plastic deformation region is well
described by the computational modeling and the utilized inter-
atomic potentials. The yield point also shows good agreement. We
include the elastic curve to identify the elastic and elastic-plastic
regions during the mechanical load.

APPENDIX B: STRESS EXPONENT

In nanoindentation testing, the steady-state creep deformation,
such that the creep rate conforms to the standard creep equation
€ = Co". To provide an understanding of how the material’s hard-
ness changes with the indentation depth. For the nanoindentation
creep test via a Berkovich indenter, we calculate the strain rate € =

%% ﬁ, with h being the indentation depth, ¢ being

the indentation time, P being the load, and a.on = Ah + Bh?. This
lead us to calculate the value m being the reciprocal of the stress
exponent as”’

and stress o =

1 dlog(o)

" n dlog(é)” (BL)
In general, the smaller the m = 1/n value, the more resistance to
creep deformation. In our experimental data, we utilize a small
dwell time of 5 s defined to characterize the CSAs; in further work,
a more detail creep study will be provided. In Fig. 13, we report
results for the nanoindentation displacement as a function of the
dwell time that is utilized to obtain the creep strain rate sensitivity
as mgo1; = 0.0072 and m1o;) = 0.01. These values suggest that the
grain with [101] crystal orientation is more likely to creep.

1950
1940 -
,é 1930 - Model= A +BIn(C*t+ 1)
£ A[]ol] =1914.81 A[001] = 1885.05
e Brio1) = 10.04 Bioo1] = 7.64
g 1920 4 Crio1 = 5.09 Croo1) = 7.08
g R%(101) = 0.99 R%g011 = 0.99
rT::u. 1910 A
0
a
1900 A
—— Experiment [101] —— Experiment [001]
1890 1 --- Fitting [101] --- Fitting [001]
0 1 2 3 4 5

time (s)

FIG. 13. Displacement as a function of dwell time is investigated for the [001]
and [101] crystal orientations of the CSAs. We employ both an empirical fitting
curve and a nonlinear interpolation method. However, further investigation into
nanoindentation-induced creep is warranted, particularly with longer dwell times.
The current results offer insights into this phenomenon within a shorter time
frame.
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To further investigate the creep process with a better accuracy,
it will be essential to substantially prolong the dwell period under
specific loads and explore creep under various loads and dwell
times. In our current investigation, our emphasis was on delineat-
ing other mechanical properties, hence the brief holding time at
maximum load (5s). Given this short dwell period, detecting even
the initial stages of creep poses challenges. Nonetheless, we endeav-
ored to conduct an analysis to demonstrate our capability to
execute such experiments. In future studies, we intend to undertake
more extensive creep tests across different grain orientations and
endeavor to model their behavior.
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