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Co-free FeNiCrMn HEAs, as derivatives of the Cantor alloy, have attracted significant interest for their

outstanding mechanical properties and cost-effectiveness. Exploring the fundamental mechanisms can
facilitate the realization of improved composition design and enhanced modification of FeNiCrMn HEAs.
Therefore, molecular dynamics simulations were employed to investigate the tribological behavior of the

equiatomic FeNiCrMn high-entropy alloy, focusing on the effects of crystallographic orientation, sliding

velocity, and indentation depth. The results reveal that the coefficient of friction (COF) remains relatively

consistent across different crystallographic orientations, while the [112] orientation exhibits lower

dislocation density and more uniform atomic pile-up. Sliding velocity has a negligible impact on the
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COF, but higher velocities increase tangential forces due to strain-rate hardening. In contrast, deeper

friction depths significantly elevate COF and subsurface damage, driven by enhanced dislocation
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1. Introduction

High-entropy alloys (HEAs), characterized by their multi-
principal element compositions, exhibit four core effects:
high-entropy effect, severe lattice distortion effect, cocktail
effect, and sluggish diffusion effect."” These effects collectively
endow HEAs with superior mechanical properties, including
high strength, excellent corrosion resistance, and enhanced
fatigue performance.** Due to the high hardness of HEAs with
numerous strengthening mechanisms, HEAs hold potential for
tribological applications in harsh environments, such as aero-
space bearings, nuclear reactor components, and cryogenic
machinery.

Wear constitutes a critical factor leading to the failure of
mechanical equipment and components.” Hence, implementing
effective control or reduction of material surface wear is crucial,
which in turn contributes to energy conservation and cost
reduction.® Numerous studies have investigated the tribological
performance of different HEAs. Among these alloys, FeCo-
NiCrMn HEA, known as a Cantor alloy, is one of the most initially
proposed and extensively researched HEA systems.” Li et al.®
employed atomistic simulations to investigate the mechanical
behavior of AICrFeCuNi high-entropy alloys under uniaxial
tensile loading. The results showed that the calculated elastic
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nucleation and stress concentration. These results provide atomic-scale insights into the tribological
mechanisms of FeNiCrMn HEA, offering guidance for its design in tribological environments.

properties and stress-strain responses are in excellent agreement
with recent experimental findings. Most importantly, the
AlCrFeCuNi, 4, HEA exhibits not only high strength but also good
plasticity, consistent with experimental observations. Zhang
et al.® employed molecular dynamics simulations combined with
a physical model to investigate the effect of scratch depth on the
microstructure and tribological properties of FeCoCrNiAly s
HEAs. The results revealed that the scratching force increases
significantly with increasing scratch depth. In the lower region of
the scratch zone, pronounced atomic movements were observed,
where the load applied in the normal direction drives atoms
downward. Zhang et al.'® demonstrated that CoCrFeNiMn high-
entropy alloy exhibits better tribological properties than 304
stainless steel when sliding against Si;N,, as evidenced by lower
wear rates of both the disk and its counterpart. Guo et al.** re-
ported that Cr;C,-reinforced CoCrFeNiMn composites exhibit
temperature-dependent tribological enhancement, where 10%
Cr;3C, addition composite exhibited the optimal comprehensive
mechanical and tribological properties. Zhang et al.** achieved
WC-reinforced CoCrFeNiMn showing progressive wear rate
reduction with increasing WC content, attributed to enhanced
particle-matrix bonding and the transition from abrasive to
stable wear behavior. While incorporating additional elements or
hard reinforcements into FeCoNiCrMn alloys can improve the
wear resistance and reduce coefficient of friction, the expensive
nature of cobalt restricts widespread utilization of this system.****
Consequently, the Co-free FeNiCrMn-based HEA, a derivative of
the Cantor alloy, has attracted significant interest for its
outstanding mechanical properties and cost-effectiveness. Yang
et al.® demonstrated that boronized FeMnCrNi high-entropy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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alloys exhibit lower friction coefficients and wear rates compared
to non-boronized counterparts across 20-600. Lu et al.*® devel-
oped a Co-free CrFeNiNbx eutectic alloy with enhanced
compressive strain compared to Co-containing variants, and
compared with the Co-bearing eutectic, there was no obvious
change in the morphology of the Co-free eutectic. Yang et al."’
demonstrated that Fe,yMn,,Cr,oNi,, HEA exhibits 20-30 times
lower wear rates when sliding against Si;N, compared to WC/Co
or GCr15 counterfaces, suggesting that ceramic pairing should be
prioritized for HEA moving components. Based on the above
research findings, FeNiCrMn high-entropy alloys exhibit excel-
lent mechanical properties; however, the underlying microscopic
mechanisms supporting their application in tribological studies
have not yet been fully established.

Compared with experimental approaches, molecular
dynamics (MD) simulations are more time-efficient and cost-
effective, while offering powerful capabilities for probing the
microstructure and mechanical properties of materials at the
atomic scale. Exploring the mechanisms through MD simula-
tions can facilitate the realization of improved composition
design and enhanced modification of HEAs. Zhou et al.'®
systematically investigated the effects of pressed depth, alloy
composition, and sliding distance on the nanotribological
behavior of Cu-Ni alloys, analyzing surface morphology evolu-
tion, frictional forces, dislocation density variations, and von
Mises stress distributions to reveal atomic-scale deformation
mechanisms. Li et al.*® revealed the evolution process of phase
structure and atomic-scale deformation mechanism of the
NiAlCo alloy under high temperature and friction conditions by
studying the effects of temperature, tip radius, sliding depth,
and sliding distance on friction characteristics.

In this study, molecular dynamics simulations are employed
to systematically investigate the tribological behavior of the
FeNiCrMn high-entropy alloy, focusing on three -critical
parameters: crystallographic orientation, sliding velocity, and
friction depth. A molecular dynamics model was developed for
the FeNiCrMn HEA system, and the tangential force, normal
force, and dislocation evolution were analyzed as functions of
these variables. The fundamental mechanisms governing fric-
tion and wear are elucidated through atomic-scale analysis of
lattice deformation, dislocation dynamics and stress propaga-
tion. Furthermore, the formation and interaction of key dislo-
cation structures are investigated in detail to reveal the
underlying deformation mechanisms. This work provides new
insights into the nanotribological behavior of FeNiCrMn HEA
and establishes a theoretical foundation for optimizing their
wear resistance in engineering applications.

2. Computational methods and
model construction

MD simulations were performed using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS).>® The first
step involved determining the lattice constant of the equiatomic
FeNiCrMn HEA. Taking Fe as the base element with a lattice
constant of 3.61 A, an initial bulk model with dimensions of 18 A

© 2025 The Author(s). Published by the Royal Society of Chemistry
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x 18 A x 18 A and an FCC crystal structure was constructed.
Subsequently, the remaining elements (Ni, Cr, and Mn) were
randomly substituted into the lattice to form a solid solution.
Following equilibration, the finally measured lattice constant was
3.64 A. Based on the optimized lattice constant, a new simulation
model was constructed with crystallographic orientations of X-
[112], Y{110] and Z-[111], and with dimensions of 101.9 A x 200.2
A x 149.2 A, containing a total of 254 880 atoms. It is worth
noting that in the FCC structure, the [110] direction is orthogonal
to the (111) plane with the same Miller indices.

Thereafter, a spherical diamond abrasive tool with a radius
of 15 A was placed above the alloy surface. To eliminate
boundary effects, periodic boundary conditions were applied
along the X and Y directions, while a free boundary condition
was used along the Z direction. The complete model configu-
ration is illustrated in Fig. 1.

In this study, three types of atomic interactions are consid-
ered to comprehensively characterize the interfacial behavior
within the simulation system. Specifically, the interactions
among Fe, Ni, Cr, and Mn atoms in the model are described
using the Embedded Atom Method (EAM) potential.*** The
total energy is calculated according to eqn (1):

E =Y Fup) 5200 ()
pi = Zpﬁ (4)

JFi

(1)

where E; is the total energy of atom i, F,(p;) denotes the
embedding energy, which is a function of the local electron
density p;, ¢.s(r;) represents the pairwise interaction between
atoms i and j, with « and 8 denoting the chemical species of
atoms [ and j, respectively. r; is the interatomic distance
between atoms i and j, pg is the contribution to the electron
charge density from atom j of type § at the location of atom i.
For the diamond abrasive particle, the interactions between
C-C atoms are described using the Tersoff potential.>* However,
since the abrasive tool is treated as a rigid body in the simula-
tion, this potential is applied only during the model construc-
tion phase; consequently, the C-C interactions are not
considered in the subsequent simulation process. Meanwhile,
the interactions between Fe-C, Ni-C, Cr-C, and Mn-C atom
pairs are described using the Lennard-Jones (L-J) potential. The

0
o ¢ ®
Fe  Ni  Cr  Mn

Fig. 1 Model of the FeNiCrMn high-entropy alloy.
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Table 1 L-J potential parameters for atomic interactions in the
system

Atom pair & (ev) a (4

Fe-C 0.0490 2.9897
Ni-C 0.0486 2.9645
Cr-C 0.0478 2.9993
Mn-C 0.0016 3.3768

specific L-J potential parameters used in the system are listed in
Table 1.

After the model was constructed, the conjugate gradient
algorithm was first employed to minimize the system energy
and eliminate any unrealistic atomic configurations. Subse-
quently, the Nose-Hoover thermostat within the NVT ensemble
was applied to equilibrate the system and set the initial
temperature of the alloy to 300 K. Seven atomic layers at the
bottom of the alloy were designated as a fixed boundary region
to prevent translational motion of the entire model. The
equilibration process was carried out in four sequential steps
with a time step of 1 fs. In the first step, the temperature of the
alloy model was ramped from 300 K to 1000 K over a period of
200 ps. In the second step, the model was maintained at 1000 K
for 100 ps. In the third step, the system was cooled from 1000 K
back to 300 K over 200 ps. Finally, in the fourth step, the
temperature was held constant at 300 K for an additional 100
ps. Upon completion of these four steps, the model reached
a thermodynamic equilibrium state, yielding an optimized
atomic configuration for the given alloy composition.

The simulation of the alloy's friction and wear performance
was conducted in two stages. First, the tribological behavior
under different crystallographic orientations was investigated.
The orientations of the three models are as follows: (1) X-[112],
Y-[110], Zz{111]; (2) X-[110], Y-[111], Z-[112]; (3) X-[112], Y-[110], Z-
[111]. In all three models, the normal direction is aligned with
the Z-axis, while the wear direction corresponds to the Y-axis.

Subsequently, one selected orientation was used to study the
effects of varying friction depths and sliding velocities. During
the friction process, the abrasive tool initially approached the
alloy surface at a velocity of 15 A ps™* to establish rapid contact,
followed by penetration into the alloy at a rate of 1 A ps™* until
the target friction depth was reached. During this loading

Table 2 Specific parameters of the model and simulation procedure

Parameters Value

Potential function EAM/L-]

Model dimensions 101.9 A x 200.2 A x 149.2 A
Alloy elements Fe; Ni; Cr; Mn

Abrasive tool radius 15 A

Crystallographic orientation [112]; [110]; [111]
Temperature 300 K

Time step 1fs

Friction velocity (V)
Friction depth (D)
Number of atoms

0.5Aps;1Aps 1.5Aps!

10 A; 15 A; 20 A
254 880
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phase, the alloy system was controlled using the NVT ensemble.
Subsequently, sliding was performed along the Y-axis at a pre-
determined velocity, with the system temperature maintained
at 300 K. Throughout the sliding phase, all atoms except those
in the fixed boundary layer were regulated by the NVT ensemble.
The simulation results were analyzed and visualized using the
OVITO software package.** The specific parameters of the model
and simulation procedures are summarized in Table 2.

3. Results and discussion

3.1 Effect of crystallographic orientation on tribological
performance

To investigate the effect of crystallographic orientation on
tribological performance, three models were constructed, with
each subjected to sliding along the Y-axis. The surface in contact
with the abrasive tool was oriented perpendicular to the Z-axis;
therefore, the Z-axis orientation was designated as the variable
for investigation. Three crystallographic orientations, namely
[112], [110], and [111], were selected for modeling. The sliding
velocity was set to 1 A ps™?, the friction depth to 10 A, and the
sliding distance to 100 A. To facilitate visualization, alloy atoms
were color-coded along the Z-direction: atoms near the top
surface of the model were colored red, and the color gradually
transitioned to blue with decreasing height. Fig. 2 illustrates the
surface morphology evolution of the three models during the
friction process.

As sliding progresses, the abrasive tool disrupts the crystal-
line structure of the alloy, displacing atoms from their original
lattice positions and causing atomic pile-up on the alloy
surface. Under identical friction conditions, the models with
different crystallographic orientations exhibit markedly distinct
surface morphologies. For the [110] orientation as shown in
Fig. 2(a), atomic accumulation is primarily concentrated in
front of the abrasive particle, with a small amount also observed
on both sides of the wear track. Overall, the pile-up area is
relatively limited, and the atomic height distribution along the
center of the wear track is uneven. In contrast, as shown in
Fig. 2(b), for the [111] orientation, atoms accumulate both in
front of the abrasive tool and along the sides of the wear track,

110} [ 2]

Fig. 2 Surface morphology of the alloy. (a) [110] orientation, (b) [111]
orientation, (c) [112] orientation, (d) maximum atomic pile-up height
and atom loss ratio.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and the atomic distribution within the center of the wear track
appears uniform. In Fig. 2(c), corresponding to the [112]
orientation, atoms predominantly accumulate symmetrically
along both sides of the wear track, with no pile-up observed in
front of the abrasive particle. The atomic distribution in the
center of the wear track is uniform, and the accumulation on
both sides is continuous without any observable discontinu-
ities. This behavior indicates enhanced ductility in the [112]-
oriented model.* Fig. 2(d) presents a statistical comparison of
the maximum atomic pile-up height and atom loss ratio for the
three models during friction. The atom loss ratio is defined as
the ratio of atoms in the surface pile-up region to the total
number of atoms in the system. Overall, the [112] orientation
exhibits the highest atom loss ratio and a relatively large atomic
pile-up height, suggesting more pronounced surface deforma-
tion under the same loading conditions.

During the frictional interaction between the abrasive tool
and the top surface of the alloy, the generated forces induce
subsurface damage within the alloy. Subsurface damage is
a critical indicator of surface integrity, and its severity can be
quantitatively characterized by the dislocation density derived
from molecular dynamics simulations. Dislocation density is
defined as the total length of dislocation lines per unit volume
of the alloy. Given that the model volume remains constant
throughout this study, the variation in dislocation density can
be directly represented by the total dislocation line length. The
dislocation lengths were calculated using the Dislocation
Extraction Analysis (DXA) module in the OVITO software, and
the statistical results are presented in Fig. 3.

During surface friction, the abrasive tool exerts force on the
alloy, initiating a series of deformation processes. Prior to
sliding, the particle indents into the alloy, breaking metallic
bonds between constituent atoms and displacing them from
their original lattice positions. This leads to local lattice
distortion and defect formation around the abrasive. Once

(a) S SRS (b)

w h=1/6<112>

PSS b=1/6<110>
b=1/3<100>
i - p=12<110>

w= Other

(c) ’—— (d) —=—(110;

H

Dislocation length(A)
£

§

g
y
b

Sliding distance(A)

Fig. 3 Dislocation distribution and the variation of dislocation line
length with sliding distance for the three crystallographic orientations.
(a) [110] orientation, (b) [111] orientation, (c) [112] orientation, (d)
dislocation line length as a function of sliding distance.
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sliding begins, atoms in front of the abrasive tool are subjected
to shear and compressive stresses. As the particle moves
forward, these atoms are pushed out along the alloy surface,
while frictional heating further contributes to the destruction of
the local crystalline structure. The passage of the abrasive tool
leaves behind a wear track, resulting in dislocation nucleation
and the formation of subsurface damage. Fig. 3(a)-(c) show the
instantaneous dislocation distributions for the three crystallo-
graphic orientations after a sliding distance of 100 A. The
results reveal significant differences in dislocation distribution
among the orientations. In the [110] orientation, dislocations
are primarily concentrated at the front of the abrasive tool and
within the alloy interior. For the [111] orientation, dislocations
are distributed near the abrasive front, beneath the wear track,
and even at the bottom of the alloy. In the [112] orientation,
dislocations are mainly concentrated beneath the wear track
and within the bulk of the alloy. These differences are attributed
to the variation in activated slip systems due to differing crys-
tallographic orientations, which determine how atomic planes
respond to shear forces exerted by the abrasive. As shown in
Fig. 3(d), the total dislocation line length increases with sliding
distance. This trend reflects the progressive destruction of
crystal planes by the abrasive particle, resulting in the genera-
tion of more defects and an increased number of dislocation
nucleation sites, thereby elevating dislocation density. Overall,
Shockley partial dislocations (with Burger vector b = 1/6(112))
dominate across all three orientations. Given that the (111)
plane is the close-packed plane in FCC structures, dislocation
nucleation and slip preferentially occur along this plane,
leading to higher dislocation line lengths and more severe
subsurface damage in the alloy.

The force exerted by the abrasive tool directly reflects the
interfacial friction response, where the coefficient of friction
(COF) serves as a primary evaluation metric. Generally, a lower
COF correlates with reduced energy dissipation during sliding,
thereby indicating superior frictional behavior.>® Since the COF
is intrinsically linked to both the tangential and normal forces
acting on the abrasive particle, analyzing these forces and the
resulting COF is essential for evaluating the friction and wear
properties of materials. In this study, the tangential and normal
forces acting on the abrasive tool during the steady-state sliding
phase were averaged, and the standard deviation of the selected
data points was used as the error bar in the plotted results. The
steady-state friction phase is defined as the portion of the
simulation in which the sliding distance exceeds the radius of
the abrasive particle.

Fig. 4 presents the average tangential and normal forces
experienced by the abrasive particle, as well as the COFs for the
three crystallographic orientation models. As shown in Fig. 4(a),
the average tangential and normal forces during sliding exhibit
minimal variation across the different orientations. However, it
is noteworthy that the [110] orientation exhibits relatively larger
error bars in both tangential and normal forces, indicating
pronounced stress fluctuations during the friction process. This
observation is consistent with the non-uniform atomic height
distribution observed in the wear track center of Fig. 2(a).
Fig. 4(b) summarizes the COFs of the three models under

RSC Adv, 2025, 15, 34600-34608 | 34603
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Fig. 4 Average forces and coefficient of friction during the sliding
process for different crystallographic orientations. (a) Average
tangential and normal forces for models with different orientations, (b)
coefficient of friction for models with different orientations.

identical conditions. Overall, the COFs are nearly identical
across all orientations, suggesting that the FeNiCrMn HEA
exhibits stable and consistent frictional performance regardless
of crystallographic orientation.

To further investigate the effects of sliding velocity and
friction depth on the tribological behavior of the alloy, the [112]
orientation was selected for subsequent simulations based on
its optimal performance characteristics: the lowest dislocation
line length and relatively lower COF.

3.2 Effect of sliding velocity on tribological performance

To elucidate how sliding velocity influences tribological
performance, surface damage evolution is analyzed during
abrasive sliding—an indicator critical to evaluating the alloy's
tribological response. Fig. 5(a)-(c) illustrates the atomic pile-up
morphology at the alloy surface under three different sliding
velocities, along with the corresponding maximum atomic pile-
up heights and atom loss ratios. Each atom is color-coded based
on its relative height from the surface, with red indicating
atoms that accumulate on the uppermost surface. Overall, the
surface morphologies of the piled-up atoms appear largely
consistent across the different sliding velocities. The accumu-
lated atoms are evenly distributed along both sides of the wear
track and in front of the abrasive particle, with no observable
discontinuities on either side. This suggests that the alloy
exhibits good plasticity when sliding along the [112]
orientation.

(@)

0s 18

'
Cutting elocity(Aps)

Fig. 5 Surface morphology of the alloy. (a) 0.5 A ps~, (b) 1A ps7?, (c)
1.5 A ps~%, (d) maximum atomic pile-up height and atom loss ratio.
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Fig. 6 Average forces and coefficient of friction during the sliding
process at different sliding velocities (V). (a) Average tangential and
normal forces, (b) coefficient of friction.

To further investigate the effect of sliding velocity on the
friction performance, the friction depth (D) was fixed at 15 A,
while three sliding velocities—0.5 A ps™*, 1 A ps™%, and 1.5 A
ps~'—were applied to the [112]-oriented alloy model in friction
simulations. Fig. 6 displays the average tangential and normal
forces exerted on the abrasive particle, as well as the corre-
sponding coefficients of friction under these velocities.

As shown in Fig. 6(a), under a constant friction depth, the
variation in sliding velocity exhibits a generally consistent trend
in its effect on both tangential and normal forces. At lower
velocities, the influence on force is negligible. However, when
the velocity increases to 1.5 A ps™*, both the tangential and
normal forces show a noticeable increase. This behavior can be
attributed to the following factors: first, high sliding velocities
lead to elevated local strain rates. Under such high strain-rate
conditions, the material tends to exhibit higher yield strength
and enhanced resistance to plastic deformation, thereby
requiring greater tangential and normal forces. Second,
increasing V results in intensified internal heating of the
material, which raises the temperature in the contact region.
Although thermal softening makes it easier for the abrasive tool
to penetrate the surface, a greater normal force is needed to
compensate for the reduction in effective contact area due to
softening. Additionally, elevated temperatures may enhance
adhesive interactions between surface atoms, requiring
increased tangential force to overcome adhesion during sliding.
Fig. 6(b) presents the average coefficients of friction under the
three sliding velocities. The COFs remain nearly identical across
all conditions, indicating that the sliding velocity does not
significantly affect the coefficient of friction of the FeNiCrMn
HEA.

Fig. 7 presents snapshots of internal damage within the alloy
at a sliding distance of 100 A under three different sliding
velocities, along with the corresponding curves of dislocation
line length as a function of sliding distance. Overall, the
primary form of internal damage during friction is the multi-
plication and propagation of dislocations. As the abrasive tool
moves along the Y-direction, a large number of dislocations are
generated beneath the particle. These dislocations are
predominantly Shockley partial dislocations with a Burgers
vector of 1/6(112). As shown in Fig. 7(d), the trend of dislocation
line length with increasing sliding distance is consistent across
all three sliding velocities. The average dislocation line lengths
calculated for each case are also nearly identical. These results

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Dislocation distribution and variation of dislocation line length
with sliding distance during steady-state friction of the alloy. (a) 0.5 A
ps7L, (b) LA ps, (c) 1.5 A ps7L, (d) dislocation line length as a function
of sliding distance.

indicate that variations in sliding velocity do not significantly
affect the extent of internal damage within the alloy during the
friction process.

When a material is subjected to friction by an abrasive
particle, subsurface damage occurs beneath the wear track. The
extent of material damage can be characterized not only by
dislocation density but also more intuitively through the atomic
stress distribution. In this study, the von Mises criterion®” was
employed to analyze the equivalent stress during the friction
process. The equivalent stress is calculated by concentrating the
forces acting on all neighboring atoms onto a central atom.
Through iterative computation, the atomic-level von Mises
stress distribution can be obtained.

Fig. 8 illustrates the atomic stress distributions during the
friction process at three different sliding velocities. To facilitate
observation of the internal stress variations, a cross-sectional
analysis along the X-direction was performed for the entire
alloy model. Overall, the internal atomic stress distribution is
non-uniform, with regions of high-stress atoms present. This
non-uniformity is attributed to the high configurational entropy
and severe lattice distortion inherent to HEAs.

0.5A/ps

1A/ps
z

1.5A/ps
z

X

Fig. 8 Atomic stress distribution maps. (a—c) Sliding velocity of 0.5 A

ps %, (d—f) sliding velocity of 1 A ps™, (g—i) sliding velocity of 1.5 A ps ™.
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As the abrasive tool begins to indent and penetrate the alloy,
stress concentration emerges beneath the particle. This
phenomenon arises due to the disruption of the original lattice
structure, which causes atoms to be displaced from their lattice
sites to higher-energy positions, as shown in Fig. 8(a), (d) and
(g). With increasing sliding distance, high-stress atoms are
observed not only beneath the abrasive tool but also beneath
the wear track. Notably, as the sliding velocity increases, the
number of high-stress atoms beneath the wear track decreases
and their distribution becomes more continuous. This indi-
cates that higher sliding velocities result in reduced frictional
fluctuations and a more stable sliding process. A comparison
between Fig. 7 and 8 reveals that regions containing high-stress
atoms consistently coincide with the presence of dislocations.
This suggests that the accumulation and entanglement of
dislocations contribute to localized stress concentration. In
contrast, high-stress atoms observed in the central region of the
alloy are primarily attributed to dislocation slip, which serves to
release the internal stress accumulated within the material.*®

3.3 Effect of friction depth on tribological performance

To investigate the influence of friction depth on the tribological
performance of the alloy and to elucidate the underlying
mechanisms of the wear process, the sliding velocity was fixed
at 1 A ps™*, while friction depths of 10 A, 15 A, and 20 A were
applied. Fig. 9 presents the surface morphology of the alloy after
the abrasive tool traveled a sliding distance of 100 A. It was
observed that at a friction depth of 10 A, the worn atoms were
primarily distributed on both sides of the wear track, with
minimal atomic accumulation at the front of the abrasive
particle. As the friction depth increased, atoms began to accu-
mulate at the particle's leading edge. This can be attributed to
the initial indentation stage, where worn atoms are mainly di-
splaced around the abrasive. When sliding commences, deeper
indentation results in a larger contact area between the abrasive
tool and the alloy, enhancing the adhesive interactions.
Consequently, the worn atoms are more likely to adhere to the
front of the abrasive tool and less likely to be displaced to the
sides of the wear track. As sliding progresses, this adhesion
leads to the formation of a pile-up of atoms at the abrasive front.
Both the maximum atomic pile-up height and the atom loss
ratio increase with increasing friction depth. This trend can be

(b)

il

Cutting depth(A)

10A

-10A

Fig. 9 Surface morphology of the alloy. (a) 10 A, (b) 15 A, (c) 20 A, (d)
maximum atomic pile-up height and atom loss ratio.
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explained by two primary factors: (1) a greater friction depth
results in a larger volume of material being penetrated by the
abrasive, thereby disrupting more atomic planes over the same
sliding distance. This causes a larger number of atoms to be
displaced from the alloy lattice, forming surface pile-ups as
worn atoms. (2) With increased indentation depth, the contact
area between the abrasive tool and the alloy expands, allowing
more worn atoms to adhere to the particle surface. These
adhered atoms, in turn, contribute to further wear of the alloy as
they move in conjunction with the abrasive.

Fig. 10 summarizes the average tangential force, average
normal force, and coefficient of friction under different friction
depths during the sliding process. It can be observed that as the
indentation depth increases, both the average forces and the
coefficient of friction exhibit an increasing trend. Additionally,
the error bars associated with the tangential and normal forces
also become larger, indicating greater fluctuations in force
measurements. With increasing penetration depth, the pro-
jected contact area between the abrasive tool and the alloy
significantly enlarges, resulting in higher normal stresses.
Meanwhile, the true contact area governs the magnitude of the
tangential force; as the abrasive penetrates deeper, the atomic-
scale contact area increases, leading to greater tangential forces.
The coefficient of friction, defined as the ratio of tangential
force to normal force, also increases accordingly. As shown in
Fig. 10(a), the tangential force increases at a faster rate than the
normal force, which directly contributes to the rising trend in
the coefficient of friction.

Fig. 11 presents the evolution of dislocations within the alloy
during the abrasive wear process. Overall, it is evident that with
increasing friction depth, the total dislocation line length
increases. Additionally, dislocation length gradually rises as the
sliding distance increases. This trend is primarily attributed to
the increase in the number of atomic planes contacted and
disrupted by the abrasive tool during deeper penetration,
resulting in more extensive lattice destruction and, conse-
quently, greater dislocation generation. Notably, as the inden-
tation depth increases, the number of dislocations propagating
into the interior of the alloy also increases, indicating more
severe subsurface damage. At a friction depth of 20 A, the
presence of stair-rod dislocations with a Burgers vector of b = 1/
6(110) is observed, which is absent at the lower friction depth of
10 A, as shown in Fig. 11(a). Previous studies have shown that
stair-rod dislocations are immobile dislocations formed by the
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Cutting depth(A)
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Fig. 10 Average forces and coefficient of friction during the sliding
process at different friction depths (D). (a) Average tangential and
normal forces, (b) coefficient of friction.
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Fig. 11 Dislocation distribution and variation of dislocation line length
with sliding distance during steady-state friction of the alloy. (a) 10 A,
(b) 15 A, (c) 20 A, (d) dislocation line length as a function of sliding
distance.

reaction of two Shockley partial dislocations. When two 1/
6(112) Shockley partials glide on intersecting slip planes,
a stacking fault is created, and their intersection forms a stair-
rod dislocation. These immobile dislocations contribute to
local strain hardening,* which is one of the factors responsible
for the increased tangential and normal forces observed at
greater indentation depths. Despite the emergence of stair-rod
dislocations at higher depths, the dominant dislocation type
remains the Shockley partial dislocation with b = 1/6(112).
Their presence serves as a mechanism to relieve local stresses
induced by the abrasive tool during sliding—an inherent
characteristic of this HEA.

Fig. 12 presents the atomic stress distributions within the
alloy during the friction process. From Fig. 12(a), (d) and (g), it
can be observed that internal stress accumulation increases
with greater friction depth. This is primarily due to the
increased number of disrupted atomic planes as the indenta-
tion depth grows, causing atoms to deviate from their original
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x 20GPa
(e) (f) | |
i |
- ; ‘
0

U EN

Fig. 12 Atomic stress distribution maps. (a—c) Friction depth of 10 A,
(d—f) friction depth of 15 A, (g—i) friction depth of 20 A.
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equilibrium lattice positions and resulting in localized stress
concentration. Furthermore, the destruction of lattice planes
tends to create vacancies, which serve as primary nucleation
sites for dislocations. When vacancies cluster together, they
create localized distortion zones in the lattice, which signifi-
cantly reduce the critical energy required for dislocation loop
formation. At the same time, vacancy clusters induce shear
strain through local lattice contraction, causing adjacent atomic
planes to slip relative to one another and thereby directly
generating dislocation loops. The local accumulation and
entanglement of dislocations further intensify the atomic stress
levels. As the abrasive tool continues to slide, dislocations glide
along their respective slip planes, facilitating the release of
stress. However, this stress is subsequently transmitted deeper
into the alloy. Fig. 12(b), (e) and (h) reveal that deeper inden-
tation depths lead to the formation of stair-rod dislocations,
which are immobile and incapable of relieving stress. Conse-
quently, high-stress atoms persist beneath the wear track. In
contrast, no stair-rod dislocations are observed in the alloy with
a friction depth of 10 A, and the stresses generated during
sliding are effectively relieved via the movement of Shockley
partial dislocations. At a sliding distance of 100 A, only a limited
number of high-stress atoms remain beneath the wear track.
This is mainly because the accumulated stresses have been
transmitted by the abrasive tool to both sides of the wear track.
This phenomenon is clearly illustrated in Fig. 9, where an
increase in indentation depth corresponds to a greater accu-
mulation of atoms along both sides of the wear track.

One of the ultimate goals of molecular dynamics simulations
is to guide the development and optimization of new materials
while reducing the cost of “trial and error.” This study provides
deep insights into the friction and wear behavior of FeNiCrMn
HEAs, highlighting their great potential as high-performance
wear-resistant coatings or surface modification materials—for
example, in applications such as aircraft engine blades, preci-
sion bearings, and artificial joints, where exceptional wear
resistance is required. Our simulations enable the evaluation of
tribological responses at the atomic scale under varying friction
depths and sliding velocities. Although the simulation condi-
tions are extreme, the revealed mechanisms can be extrapolated
to inform the selection of suitable operating parameters in
macroscopic experiments, thereby avoiding direct testing under
high-risk and high-cost conditions. At the same time, we
encourage future experimental studies—for instance, detailed
analyses of subsurface wear structures using transmission
electron microscopy (TEM)—to validate these atomic-scale
structural evolutions. Our simulations provide clear targets
and directions for such experimental verification.

4. Conclusion

The friction and wear behavior of FeNiCrMn HEA was investi-
gated using MD simulations. The study systematically exam-
ined the effects of different crystallographic orientations,
sliding velocities, and friction depths on surface and subsurface
damage, worn atom distribution, dislocation evolution, as well
as the tangential force, normal force, and coefficient of friction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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during the sliding process. The aim was to provide theoretical
insights that may support the future development and appli-
cation of FeNiCrMn HEA. The main conclusions are as follows:

(1) Under different crystallographic orientations, the coeffi-
cient of friction of the FeNiCrMn HEA remains largely consis-
tent. However, the distribution of worn atoms and dislocations
during the friction process varies significantly. This is attrib-
uted to the fact that different crystallographic orientations
activate different slip systems for dislocation motion. Among
the orientations studied, the [112] orientation exhibits a shorter
dislocation line length and a relatively lower coefficient of
friction.

(2) The sliding velocity has minimal effect on the coefficient
of friction, dislocation line length, and atomic stress distribu-
tion of the FeNiCrMn HEA during the friction process. However,
as the velocity increases to 1.5 A ps ™, both the tangential and
normal forces acting on the abrasive tool exhibit an upward
trend. High-speed sliding leads to an increase in the local strain
rate, and under such high strain-rate conditions, the material
demonstrates higher yield strength and enhanced resistance to
deformation. Simultaneously, internal heating intensifies,
contributing to the increase in both tangential and normal
forces.

(3) variations in friction depth have a significant impact on
the overall friction and wear performance of the alloy. As the
indentation depth increases, a greater number of atomic planes
are disrupted by the abrasive particle. For the same sliding
distance, higher tangential and normal forces are required to
break more atomic bonds. The more atoms that are displaced,
the greater the number of worn atoms and defects generated.
These defects serve as nucleation sites for dislocations. The
accumulation and entanglement of dislocations lead to local-
ized atomic stress concentration, while the slip of dislocations
facilitates the release of these stresses.
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