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Dynamic Nanoindentation and Short-Range Order in Equiatomic NiCoCr
Medium-Entropy Alloy Lead to Novel Density Wave Ordering
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Chemical short-range order is believed to be a key contributor to the exceptional properties of
multicomponent alloys. However, its direct validation and confirmation has been highly elusive in most
compounds. Recent studies for equiatomic NiCoCr alloys have shown that thermal treatments (i.e.,
annealing and aging) may facilitate and manipulate such ordering. In this work, by using molecular
simulations, we show that nanomechanical probes, such as nanoindentation, may be utilized toward further
manipulation of chemical short-range order, providing explicit validation pathways. By using well
established interatomic potentials, we perform hybrid molecular-dynamics—Monte Carlo at room temper-
ature to demonstrate that particular dwell nanoindentation protocols can lead, through thermal Monte Carlo
equilibration, to local reorganization under the indenter tip, toward a density-wave stripe pattern. We
characterize the novel density-wave structures, which are highly anisotropic and dependent on local,
nanoindentation-induced stress concentrations, and we show how they deeply originate from intrinsic
features of interelemental interactions. Furthermore, we show that these novel patterns consistently scale
with the incipient plastic zone, under the indenter tip, justifying their observation at experimentally feasible

nanoindentation depths.
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Concentrated multicomponent alloys, and in particular,
the celebrated Cantor alloys [1-3], such as equiatomic
single-phase CoCrFeMnNi, have been instrumental into
guiding the exploration for the discovery of affordable,
durable alloys, suitable for applications under extreme
conditions [4,5]. It has been conjectured that a major
contributor to the exceptional properties of these alloys is
the formation of chemical short-range (1 nm) order (CSRO)
that may pin or/and obstruct moving lattice defects, such as
dislocations. While the observation of CSRO is quite
common in such complex alloys, its causal connection to
exceptional mechanical properties has been a subject of
intense debate. Extensive investigations have culminated
toward the focus shining on the curious case of single-phase
equiatomic NiCoCr. This alloy has outstanding mechanical
properties, namely hardness, strength, and ductility [6], and
there is plausible formation of CSROs in the alloys,
especially after sample aging at high temperatures [7-11].
Numerous studies have explored the nanoindentation creep
behavior of materials such as high-entropy alloys, nanoglass
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films, and medium-entropy alloys demonstrating that fac-
tors such as internal structure, external loading sequence,
and strain rate sensitivity significantly influence creep
behavior, where thermomechanical processing can improve
performance under shock loads [12—16]. On one hand, it has
been observed that dislocation stacking fault widths are
sensitive to the formation of such short-range order [14,17],
which is commonly (in metallurgy) associated with large(r)
mechanical strength.

Moreover, such improvements in NiCoCr strength have
been also greatly attributed to solid solution strengthening,
due to lattice distortion effects, with no or very little
contributions from short-range ordering [18]. Therefore, a
deeper understanding of CSRO is required to identify how to
control and possibly, augment CSRO features, and check its
causal effects on mechanical properties. For this purpose, in
this work, we theoretically consider dwell nanoindentation
as a possible way to locally manipulate CSRO in equiatomic
NiCoCr, and lead to causal connections between hardness
and microscopy-resolvable nanostructural features. We
utilize molecular simulation, as well as Monte Carlo meth-
ods, and we show that CSRO (if it exists) will be unstable to
the formation of unconventional density-wave ordered
(DWO) stripe patterns, that are highly anisotropic and
originate due to interatomic potential features.

CSRO is commonly observable at the nanoscale, ranging
between 0.5-2 nm in linear size [8]. Starting from a random
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solid solution (RSS), it is natural to expect that constituent
element enthalpic interactions may cause CSRO formation
at the atomic scale [7,11,14,18-29]. CSROs have a notable
effect on defects (dislocations, interstitials, and vacancies,
etc.) and their dynamical behavior, as well as macroscopic
alloy mechanical properties [7,14,18,19,27-30]. CSRO is
commonly inferred through implicit experimental measure-
ments, through their relation to macroscopic properties, such
as stacking-fault energy, hardness, irradiation effects, etc.
[24-26,31]. CSRO is also investigated in theoretical and
computational works [10,27,32], with the most intense
focus being on the case of equiatomic NiCoCr [17,27].
Molecular dynamics (MD), spin polarized density func-
tional theory [10], but also Monte Carlo (MC) simulations
have been utilized to characterize CSRO structural fea-
tures [32].

Creep deformation studies in multicomponent alloys are
abundant [33-39]. Here, we aim at utilizing creep defor-
mation to comprehend in a deeper sense the character of
CSRO by promoting nontrivial predictions for elemental
density wave ordering at the nanoscale. While uniaxial
testing [39-43] and nanoindentation, alongside micros-
copy, have been used for the elucidation of lattice defect
deformation mechanisms [44], the constant-load dwell
nanoindentation tests, between 1 min to 10 h of dwell
time, have been solely popular for investigating the relation
between hardness and indentation strain rate over a,
possibly wide, temperature range [45-48]. We use this
concept to generate predictions for CSRO nanopatterning at
room temperature that may be directly observable using
electron microscopy techniques. While this work is fully
focused on modeling aspects and predictions for CSRO
saturation regimes that may emerge at each loading depth,
prior alloy studies [45-48] shall allow us to conclude that
the proposed scenario is attainable at room conditions.

In this Letter, we utilize hybrid MC-MD simulations,
using LAMMPS [49], to demonstrate the plausible thermo-
mechanical effects of a dwell nanoindentation scenario in
single-phase equiatomic RSS NiCoCr. RSS samples were
generated using random elemental sampling on appropriate
face-centered cubic (FCC) lattices, with crystal orientations
of x=[100], y=1[010], and z =[001] or x = [100],
y = [011], and z = [011], and dimensions 25.85 x 23.59x
15.14 nm?. Samples then undergo energy minimization at
T = 0 K and then relaxation for 100 ps at 7 = 300 K with
time discretization At~ 1.0 fs, in an isothermal—isobaric
(NPT) ensemble at temperature T, pressure P and particle
number N, with a Nose-Hoover thermostat and baro-
stat with relaxation time scales of 7™ =10 fs and
9% =100 fs, using an embedded-atom method-based
potential, first proposed by Li et al. [27], who also showed
that annealing of the samples (even at room temperature)
leads to the formation of characteristic Ni-rich SRO
patterning, which we will generally refer to as short-range
order (SRO) samples in this Letter. The nanoindentation

process was performed through an canonical ensemble
NVE (with system of particle number N, volume V, energy
E). Furthermore, nanoindentation was performed along z,
using a tip at radii of 3.5, 5, and 7 nm. To set up boundary
conditions along the depth (d,), the samples are divided
into three sections in the z direction: a frozen section for
numerical cell stability (0.02 x d,), a thermostatic section
to dissipate heat from nanoindentation (0.08 x d,) and a
dynamical atoms section where the surface structure is
modified by the indenter tip. A 5 nm vacuum section was
also included as an open boundary at the top of the sample.
The indenter tip is assumed to be a rigid sphere with force:
F(t) = K[F(t) — R]?, where K = 1000 eV/A? and R is the
tip radius, moving along the z direction with a speed of
v = 20 m/s, a value which is independent of the final result
of our study. Also, the tip velocity is below the speed of
sound in solids [50]. This allows us to capture the elastic
Hertzian regime and model early dislocation nucleation
[51-53]. The methods are elaborated further in Supple-
mental Material [54]. In addition, we randomly changed
the position of the indenter tip center to ten different
locations to account for statistical variability in our results,
across three different samples (RSS, SRO, DWO) with
all the samples considered with the same box size of
25.85 % 23.59 x 15.14 nm?. Additionally, to ensure that
results are not affected by the underlying atomic structure,
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FIG. 1. Nanoindentation protocol for SRO reorganization in
equiatomic NiCoCr alloys. The process starts when the aged
NiCoCr sample (a) is indented up to a certain depth (b).
Afterward, the indenter’s velocity is set to zero, this is the
moment when the hybrid MD-MC process starts again and leads
to a configuration in which Ni and Co-Cr segregate or are no
longer randomly distributed but are reorganized and form stripe
patterns under the indenter tip (c). The resulting pattern retains its
shape even after the indenter is removed from the sample (d). This
pattern is not observed during normal loading-unloading nano-
indentation simulation like the process shown by the blue line (e).
The inset figure displays the corresponding processes in the load-
depth coordinates, where symbol types define the loading path.
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FIG. 2. Nanoindentation-induced reorganization of short-range ordering in metallic alloys. (a) Load-displacement (LD) curves, along
with the Hertz fitting, for a random solid solution (RSS), an annealed sample, and a DWO sample created out of the dwell
nanoindentation protocol with an indenter of radius 20 nm and in the elastic regime. The annealed and striped samples exhibit higher
strength compared to the RSS. The inset shows the effect of sample preparation on dislocation density evolution during the loading
process. (b)—(d) Pileup patterns for RSS, annealed (SRO), and striped (DWQO) FCC samples preserving the characteristic fourfold
symmetry rosette. (e)—(g) Stacking planes identified by a shear-strain mapping and dislocation network underneath the indenter tip,
illustrating the smaller plastic region for the annealed and striped samples.

we studied five equiatomic samples for each crystal
orientation, differing in their initial RSS atomic positions.
As shown in Fig. 1, when the indenter reached the target
depth (1, 2, or 3 nm), v was set to zero and then MC thermal
relaxation (“holding”) process was performed using the
variance-constrained semigrand canonical (VCSGC)
ensemble [27,61] at T =300 K. The chemical potential
differences Auy;.cr = —0.31 and Apni.co = 0.021 and the
variance constraint k = 1000 are set as in Ref. [27]. The
holding part (cf. Fig. 1) includes 1 MC cycle for every
20 MD steps within the VCSGC ensemble for a total number
of 150000 MC cycles, ensuring that the thermalized con-
figuration contains stable SRO patterning.

In the studied protocol (cf. Fig. 1), equiatomic NiCoCr,
which has been shown to display Ni-rich SRO patterns
[27], is indented to a specified indentation depth in the
“loading” step. The CSRO changes only during the holding
step, where the indenter is held fixed and thermomechan-
ical MC-MD relaxation is performed at room temperature
(cf. Fig. 1). Because of holding, a load drop is commonly
observed from maximum P,, at time ¢, to P;, at time #,,. The
“unloading” step consists of removing the load altogether at
a velocity of v = —20 nm/s, using MD, and then perform
further MC-MD relaxation at the sample. We find that a
characteristic DWO pattern emerges after unloading at ¢,_,
(cf. Fig. 1), that would not appear without the holding
stage. The whole protocol is also illustrated in the load-
depth plot in the inset of Fig. 1.

The characterization of the resulting nanoindentation-
driven DWO pattern observed in our simulations, is shown
and compared to a RSS and a Ni-rich SRO sample in Fig. 2.
The DWO and SRO rich samples happen to have a larger
mechanical strength and hardness than a RSS, as their load-
depth (P-d) curves illustrate in Fig. 2(a). This could be due
to the already observed Ni-dominated solute segregation,

that is pinning and obstructing dislocation motion [17,62].
This phenomenon may also be implied by a drastic
dislocation density increase for DWO and SRO samples
at smaller depths, compared to RSS ones, as shown in the
inset of Fig. 2(a). Although the fourfold rosette pileup
pattern is preserved for all the samples due to FCC crystal
structure [Figs. 2(b)-2(d)], the RSS plastic zone is typically
larger than those of the DWO and SRO samples, as shown
in Figs. 2(e)-2(g), concluding that SRO and DWO have
analogous dislocation pinning effects.

The character and origin of the emergent DWO onset
was further investigated, by considering the effect of crystal
orientation. We find that the behavior for crystals along
x = [100], y =[010], and z = [001] [cf. Fig. 3(b)] is
drastically different from the original orientation behavior
[cf. Fig. 3(a)] with the DWO orientation being tilted.
However, further inspection shows that DWO forms along
z = [011] universally in the same direction relative to the
crystal [cf. Fig. 3(b)]. The same protocol yields asymmetric
outcomes in tension and compression tests, with reorgani-
zation evident in tension but not in compression (see
Supplemental Material [54]). The DWO pattern also aligns
with the maximum von Mises and principal stress, accu-
mulated in the [011] planes [cf. Figs. 3(c) and 3(d)], a fact
that implies material anisotropy. To further elucidate this
issue, we estimate the pairwise potential energy for the Ni-
Ni, Ni-Cr, and Ni-Co pairs in a RSS crystal oriented in
x = [100], y = [011], and z = [011], as shown in Fig. 3
[cf. 3(f)], is calculated for each atom [cf. Fig. 3(e)],
considering only the first nearest neighbors defined by
the first pick of the pair correlation function g(r) (3 A).
With this input, we compare the total energy of a DWO
ansatz (see Supplemental Material for details [54]) order
that compares well with Fig. 3(a) and contains the
interstripe distance as a free parameter. By comparing this
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FIG. 3. Origin of nanoindentation-driven reorganization of
short-range ordering. (a),(b) are the SRO patterns found along
the z[011] and z[001] orientations, respectively. (c),(d) illustrate
the correlation between the stripe patterns’ orientation shown in
(a),(b) and the von Mises stress. The pairwise energy between
Ni-Ni, Ni-Cr, and Ni-Co atoms within each atom’s neighbor list
(e) is plotted in the same plane in (a) (but for separate Ni, Ni-Cr, and
Ni-Co crystals) with respect to the in-plane angle of the pair atoms
(). As shown in (f), the Ni-Cr pairs have an average energy lower by
3 orders of magnitude compared to Ni-Ni and Ni-Co pairs.

DWO ansatz energy to the energy of RSS samples, we find
that the optimal interstripe distance is very close to the one
realized in MD simulations. In this way, we conclude that
the DWO emergence is deeply linked to the energetic
features of the interatomic potential, which is also the
key cause of SRO emergence in equiatomic NiCoCr

simulations. These peculiarities are also sufficient to
closely resemble the nanometer-scale observations of SRO
made possible by advanced experimental tools [9]. In order
to verify our results, a comparison with an alternative
interatomic potential, developed by Farkas et al. [59], is
made. In that case, SRO is not observed, neither during
aging [17], nor after the nanoindentation protocol imple-
mented in the current work.

The emergent DWO displays strong size effects [63],
which are dependent on the indentation depth and indenter
tip radius as a function of temperature (cf. Fig. 4). In our
displacement-controlled tests, we find that load-time (P-f)
curves [cf. Figs. 4(a)-4(c)] display a larger load drop [63]
during holding as depth or tip radius increases, leading to
spatially extended DWO (cf. Fig. 4), resembling the plastic
zone size. While not studied here, we also expect that size-
dependent strain bursts should be observed in load-
controlled tests. More specifically, the protocol discussed
in Fig. 1 is implemented for two different indenter depths
(1 and 3 nm) while the temperature (300 K) and the
indenter tip radii (3.5 nm) are kept fixed [cf. Figs. 4(d) and
4(e)]. Furthermore, increasing the indenter radii from 2 to
7 nm gives rise to a larger plastic zone and as a result, a
larger DWO pattern [cf. Figs. 4(h) and 4(i)]. This effect can
also be observed from the larger load drop observed in the
P-t curves for the larger radii [cf. Fig. 4(c)]. However,
increasing the temperature (from 300 to 400 K), while the
indenter depth and radii are the same, also results in a more
organized DWO pattern shown in Fig. 4 [cf. 4(f) and 4(g)],
but there is no pronounced size effect, as shown by the
absence of a load-drop decrease [cf. Fig. 4(b)].

Given the elusive character of SRO formation in
advanced alloys [31], the described dynamic nanoindenta-
tion protocol appears to be a plausible candidate for
nanoscale manipulation and control of CSRO patterns in
equiatomic NiCoCr and possibly, other multicomponent
alloys. By the investigation of thermomechanical features
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FIG. 4. Effect of size and temperature on nanoindentation-driven reorganization of short-range ordering. Load-redtime (P-f) curves for
nanoindentation at different holding depths are shown in (a), where a larger holding depth results in more pronounced stripe patterns as
depicted in (d),(e). The corresponding von Mises stress values, in units of gigapascals, are shown in inset snapshots of (d)—(i) and exhibit
a similar correlation with the stripe patterns. Increasing the temperature by 100 K in (b) results in a more organized stripe pattern (f),(g)
due to higher von Mises stress values (more red spots in the inset). The increase of indenter radius leads into a larger load drop (c) and

affects the pattern size, as shown in (h),(i).
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and size effects, we conclude that atomic scale Ni-rich
segregation strongly influences the mechanical properties
of equiatomic NiCoCr, in a way that can be quantified in
dynamic nanoindentation. CSRO reorganization mecha-
nisms in NiCoCr are shown to be energetic in character (as
opposed to entropic) leading to highly complex and
anisotropic patterns in space. Such morphological com-
plexities may not be fully captured by the classical Guinier-
Preston (GP) zone model describing early-stage kinetics of
precipitation hardening as a transition from RSS states to
clustered configurations. More recent approaches aim to
incorporate local chemical complexities by considering the
dominant role of enthalpic interactions over configurational
entropic effects and their influence in short-range ordering
[27]. In our study, the origin of DWO emergence is tracked
back at the potential energy surface of a RSS crystal.
Finally, the pronounced observed size effects of the
emergent DWO suggest that, for experimentally relevant
nanoindentation depths and tip radii, the emergent DWO
shall be visible under common electron microscopy tools at
the nanoscale.

As a concluding remark, the emergence of Ni-rich SROs
under thermal annealing and their further enhancement due
to the stress concentration could be a rather generic feature,
not specific to particular chemical compositions and/or
simulation details employed in this study. By utilizing a
different interatomic potential in binary NiggAl,g, NizgAlyy,
and NigyAly alloys [57], we present evidence that the
emerging stripelike patterns associated with Ni-based
clusters may indeed constitute fairly universal mechanisms
that could be understood from basic energetic arguments
(see Supplemental Material [54] for further details).
Nevertheless, it is necessary to explore the robustness of
these findings across a broader range of chemically com-
plex alloys by experimental means.
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