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A B S T R A C T

Revealing the frictional behavior through the lens of structural and chemical evolution is crucial for compre-
hending the exceptional wear-resistance of alloys with complex composition. Here, we propose that superior
wear resistance can be achieved via dynamic surface segregation during sliding at room temperature. This
strategy was demonstrated in CrCoNi multi-principal element alloy (MPEA) films with nano-grain structure,
which exhibit a remarkably low wear rate that is <50 % of that for their VCoNi counterpart. Such distinct wear
behavior is attributed to the specific friction-driven Ni segregation on the CrCoNi surface, which facilitates the
preferential oxidation and formation of a nanocomposite protective layer with equiaxed nanograins uniformly
embedded in an amorphous matrix. This wear-induced unique microstructure accommodates sliding-induced
plastic deformation against damage and is responsible for the superior wear-resistance. Having revealed these
fundamental mechanisms by experiment and simulation, this study provides a brand-new perception for
designing self-adaptive MPEA surfaces. This involves adjusting the evolution of deformation layers with specific
structure and chemistry, precisely engineered for tribological applications.

1. Introduction

During most mechanical operations, friction and wear exert a sig-
nificant impact on work efficiency, reliability and service life [1,2].
Sliding friction of alloys will lead to the removal of surface material,
associated with the evolution of subsurface microstructure, composi-
tional change, cracking initiation and propagation [3,4]. The micro-
structure of subsurface layer tends to diverge from the undeformed
substrate in terms of structure and component, potentially undergoing
grain refinement [5], grain boundary relaxation [6], dynamic recrys-
tallization [7], frictional oxidation [8] and self-organized protective
layer [9]. These changes can significantly influence tribological
behavior. Thus, revealing the microstructural and chemical of worn
surfaces is of guiding significance for understanding the wear behavior,
which is conducive to the effective design of advanced alloys and films.

In recent years, the proposal of multi-principal element alloys

(MPEAs), composed of multiple main components, has subverted the
conventions of alloy design with a single component and attracted
widespread attention [10-12]. Most MPEAs exhibit superior mechanical
properties due to their unique effect of lattice distortion. These prop-
erties provide broad possibilities for breaking through the wear-resistant
limitations of traditional alloys [13-16]. Grain refinement is one of the
common approaches for strengthening and enhancing wear-resistance of
MPEAs [17]. Reports indicate that nanostructured MPEA films can be
grown by magnetron sputtering, inheriting the excellent functional
properties of bulk MPEAs while enhancing their superior mechanical
characteristics [18]. For example, the as-deposited NbMoWTa MPEA
with an average grain size of ~70 nm presents a yield strength of ~8
GPa, nearly six times stronger than bulk MPEA of the same composition
[19]. However, due to the brittle nature of nanograins, the cyclic stress
during friction will lead to strain localization, cracking and film
delamination, which is detrimental to the wear performance [20,21].
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Despite its limited ductility, the spontaneous formation of gradient
structures and oxide protective layers under specific service conditions
enhances wear-resistance [22-24]. For instance, Luo et al. [22] reported
on the presence of self-organized gradient nanostructures induced by
sliding wear at 300 ℃. This facilitates plastic co-deformation and sup-
pressed strain localization, effectively enhancing the tribological per-
formance with reduced COF and wear loss. Similarly, Liang et al. [23]
demonstrated that a strong and ductile heterogeneous glaze layer with a
thickness of 3 μm, composed of nanograined oxide and ultrafine grained
matrix, achieved hetero-deformation induced strengthening with a great
capacity to accommodate tribological strain. Besides, it is established
that MPEAs featuring an amorphous-crystalline nanocomposite struc-
ture can surmount the strength-ductility compromise typically verified
in mono-phase materials, thereby delivering exceptional mechanical
properties with near-theoretical strength [25]. Inspired by this strategy,
the amorphous-crystalline nanocomposite has been introduced into
worn surface, thus help improving the wear-resistance. For example, Liu
et al. [26] illustrated that an oxide nanocomposite surface with Ag
nanoparticles embedded in TiZrNbO amorphous matrix, formed by the
reactive wear with environments, achieves a satisfactory combination of
strength, toughness and wear resistance.

In addition to mechanical consideration, the surface of MPEAs has
been observed to undergo element redistribution as a result of oxidation
or sliding at elevated temperatures, leading to the formation of a pro-
tective layer that effectively reduces wear. Specifically, a manganese-
rich oxide layer was identified on the surface of CoCrFeNiMn through
static oxidation at 1150℃, serving to impede oxygen erosion [27]. Yang
et al. [28] attributed the noticeable improvement in wear-resistance to
element redistribution forming two distinct sublayers during sliding
tests at 600 ℃. However, the occurrence of element redistribution
typically requires high temperatures and is rare to be observed at room
temperature, thus hampering its utilization to improve the
wear-resistance of alloys at ambient service conditions. These challenges
when thoroughly investigated would help guide MPEA’s transition from
being just complex alloys with simple-solid solution structures to
industrially applicable high-performance alloys.

In this work, we demonstrate that the worn surface with a desirable
structure for wear protection can be tuned via surface segregation upon
sliding even at room temperature. This strategy was successfully
implemented in a CrCoNi ternary MPEA film with nano-grain structure,
where atomic characteristics dependent surface segregation and
deformed microstructure during sliding were captured through both
experiment and simulation. This friction-driven element segregation,
however, did not take place in a VCoNi ternary MPEA film with a similar
microstructure. In contrast, selective oxidation and formation of the
protective layer with amorphous-crystalline nanocomposite structure
can be verified on the CrCoNi surface. This unique microstructure fa-
cilitates homogeneous sliding-induced plastic deformation, significantly
enhancing wear-resistance of CrCoNi compared to VCoNi. The present
work then provides a brand-new perspective on designing self-adaptive
MPEA film with excellent wear-resistance for tribological applications.

2. Experimental and simulation methods

2.1. Sample preparation

In order to clarify the effect of composition on surface chemical/
structural evolution, two representative and structurally similar ternary
MPEAs, i.e., CrCoNi and VCoNi [29], were chosen as the subjects. The
MPEA films were prepared by magnetron-sputtering at room tempera-
ture, using CrCoNi and VCoNi targets with equiatomic composition,
respectively. The samples were deposited onto the Si substrate with
direct-current power of 120 W for 4 h. Prior to deposition, the substrate
was ultrasonically cleaned in acetone, ethanol and deionized water
sequentially. The sputtering chamber was vacuumed to a base pressure
of 6 × 10− 4 Pa. In order to guarantee homogeneity and improve the

bonding strength between film and substrate, the following parameters
are maintained: the substrate rotation rate, 2 rpm; the pressure of argon
gas, 0.2 Pa; and the substrate bias, − 80 V. The deposition rate for the
films was ~11 nm/min for CrCoNi and ~9 nm/min for VCoNi.

2.2. Mechanical and tribological tests

The hardness and elastic modulus of as-deposited films were
measured using a Bruker Hysitron TI980 nano-indenter equipped with a
diamond Berkovich tip. The maximum load was set to 10 mN at a con-
stant loading rate of 2 mN/s, then kept at maximum load for 2 s, and
unloaded at the same rate. To ensure the reliability of the results, 10
indentations with the interspacing of 20 μm were conducted. The
maximum penetration depth was maintained always below 10 % of the
total film thickness to avoid any substrate effect on the experimental
results.

The ball-on-disk contact reciprocating mode (Bruker UMT tribolab)
was adopted to conduct dry wear tests at room temperature, using
GCr15 steel ball counterparts with a diameter of 6.35 mm. The normal
load, reciprocating stroke, applied frequency and sliding time were fixed
to 2 N, 1 mm, 1 Hz and 20 min, respectively. At least four independent
tests were performed to avoid the contingency. The morphologies of the
worn surface and wear rate were measured by 3D optical profilometry
(Bruker Contour GT-K1).

2.3. Microstructural characterizations

The morphologies of the initial surface, cross-section and worn sur-
face of films were examined using scanning electron microscopy (SEM,
FEI Helios G4 OX). The compositional distribution of the initial micro-
structure and the worn tracks were analyzed by energy dispersive
spectroscopy (EDS, Oxford X-MaxN). Transmission electron microscopy
(TEM, FEI Talos F200X) was utilized to further identify the cross-
sectional microstructures of initial and worn tracks. Slices for TEM
were prepared by a focused ion beam (FIB, Helios G4 OX) using a
standard lift-out technique. Furthermore, X-ray photoelectron spec-
troscopy (XPS, PHI 5000 VersaProbe III) was used to analyze the surface
chemical states within the worn tracks by a monochromatic Al-Kα
source. Three-dimensional elemental distribution at the atomic scale
was determined using atomic probe tomography (APT) on a CAMECA
LEAP 4000X HR instrument. Tip-shaped specimens for the 3D-APT tests
were prepared using the focused ion beam (FIB) technique. The analysis
was conducted in laser mode at a base temperature of 50 K, with a laser
energy of 60 pJ at a pulse repetition rate of 200 KHz. The evaporation
detection rate was set at 1 %, with an effective detection rate of 37 %.
Following data acquisition, Imago Visualization and Analysis Software
(IVAS) version 3.6.8 was employed for 3D reconstruction and compo-
sitional analysis.

2.4. Computational methodology

Molecular dynamics (MD) simulations were adopted to reveal the
deformation behavior and surface segregation mechanisms from the
atomic scale during friction. The initial model consists of an asperity and
the nanocrystalline MPEA substrate comprising three elements with
equimolar composition. The MPEA models with random solid solution
structure possess the dimension of 300 × 150 × 150 Å3, comprising
approximately ~600,000 atoms. The nanograins had random orienta-
tions and were uniformly distributed in each model. Although we
acknowledge that the simplified nanocrystalline system in this study
limits direct comparison to experimental structure, we firmly believe
that atomistic simulations can effectively capture the underlying phe-
nomena and provide a comparative trend between the CrCoNi and
VCoNi systems, thereby offering valuable insights into the chemistry
governing surface segregation within each columnar structure. The
embedded atom method (EAM) potential was employed to elucidate the
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metallic atom interactions in MPEA [30]. The Lennard-Jones (LJ) po-
tential was used to describe the interactions between MPEA atoms and
the sliding asperity, utilizing parameters derived from previous studies
[31-33]. The simulations were conducted using the Large-scale Atom-
ic/Molecular Massively Parallel simulator (LAMMPS) [34], and the
visualization of structure and element distribution during sliding was
demonstrated by the Open Visualization Tool (OVITO) [35].

The sliding simulation involved the division of the fully relaxed
MPEA model into three distinct regions: a boundary atoms layer, a
thermostat atoms layer, and a Newtonian atoms layer. The stability of
the model was ensured by fixing a 1 nm thick boundary layer at the
bottom, as illustrated in Fig. 1. In order to dissipate heat generated
during the sliding process, a 1 nm thick thermostat layer was positioned
above the boundary layer, which was maintained at a constant tem-
perature of 300 K using the Langevin thermostat. The remaining atoms
adhere to the principles of classical Newton’s second law. The x- and y-
directions were subjected to periodic boundary conditions, while a fixed
boundary condition was imposed on the z-direction. Upon sliding, a
micro-canonical ensemble (NVE) was adopted with a penetration depth
of 1.5 nm, a sliding velocity of 100 m s-1 and a sliding distance of 15 nm
for both models. The selected simulation parameters are a general
approach that considers balancing computational efficiency and reli-
ability [36-38]. For the sake of simulation convenience, a simplified Fe
tip was selected to slide over the MPEA substrate as a representative of
the steel counterpart.

3. Results

3.1. Microstructure of as-deposited mpea films

The microstructure and elemental distribution of the as-deposited
MPEA films are shown in Fig. 2. For both MPEAs, as-deposited films
with a thickness of 3 μm are successfully fabricated, showing columnar
structures extending along the growth direction (Fig. 2a, d). The top
surface morphologies from SEM (Fig. 2b, e) indicate the high quality of
as-deposited films with circular fine grains, which are smooth, dense and

crack-free. Quantitative EDS analyses (Fig. 2c, f) reveal that the as-
deposited MPEA films with equiatomic composition show a uniform
distribution of alloying elements. To further assess the elemental dis-
tribution at atomic scale with sub-nanometer resolution, the 3D-APT
experiments are conducted as illustrated in Fig. 2g. The results
demonstrate a uniform distribution of Cr, Co, and Ni, being consistent
with the SEM observation. The one-dimensional compositional profile
(Fig. 2h) reveals that Cr, Co, and Ni concentrations are ~30%, with little
O detected which may be introduced from environment exposure during
sample transfer [38]. Nevertheless, the uniform distribution of all ele-
ments suggests the absence of any significant segregation in the
as-deposited sample.

As shown in Fig. 3, more detailed microstructure information of
MPEAs was acquired by TEM. Fig. 3a and d show a typical low-
magnification bright-field TEM image of the as-deposited MPEA films,
in which columnar structures developed along the growth direction
regularly. The selected area electron diffraction (SAED) patterns (the
inset of Fig. 3a, d) identify the presence of single FCC phase for both
films. The dark-field TEM image of the as-deposited MPEAs (Fig. 3b, e)
further reveals the columnar structure with nano-grains inside. The
distribution of columnar width (Fig. 3g, h), derived from >100 grains,
yields an average column width of ~9.13 nm for VCoNi and ~15.35 nm
in CrCoNi, respectively. A number of rod-like features (marked by red
arrows) are found in the SAED pattern of CrCoNi (Fig. 3d), originating
from the diffraction of numerous planar defects (e.g., stacking faults and
twin boundaries). The HRTEM image, corresponding to FFT and IFFT
analysis (Fig. 3f), confirms the presence of abundant stacking faults and
nanotwin, when compared with the case of VCoNi (Fig. 3c). Attributed
to the low stacking fault energy of CrCoNi, the formation of abundant
planar defects during non-equilibrium preparation processes, such as
rapid cooling of vapor deposition, is easily observed [39].

3.2. Mechanical and tribological properties

The mechanical properties of MPEA films were determined by nano-
indentation tests. The hardness and Young’s modulus were measured in

Fig. 1. The atomic model consisting of a tip and nanocrystalline MPEA: (a, b) Schematic of atomistic model for CrCoNi and VCoNi; (c, d) Different nanograins in
CrCoNi and VCoNi represented by different colors.
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a constant strain rate mode and the typical load-depth curves are shown
in Fig. 4a. The maximum depth of indentation is <250 nm, i.e. lower
than 1/10 of film thickness, which is typically considered free of sub-
strate effects. Fig. 4b reveals that CrCoNi has a high hardness (~ 10.73
GPa), due to the presence of abundant planar defects with nanoscale
spacing. Besides, the ratios of H/E and H3/E2, which are often employed
to characterize the resistance of materials to plastic deformation and
wear [40], were obtained as summarized in Table. 1. The CrCoNi film
has higher values of H/E and H3/E2, demonstrating exceptional tribo-
logical properties from a purely mechanical perspective.

Fig. 5 shows the tribological properties of MPEA films at room
temperature. The coefficient of friction (COF) rises rapidly and reaches a
stable stage within 20 s. As shown in Fig. 5a, the COF of CrCoNi film is
lower than VCoNi. The specific wear rate generated after sliding is ob-
tained in Fig. 5b and the wear rate of CrCoNi film is 4.37×10− 6 mm3/
(N⋅m), which is nearly half of that in VCoNi. Such a wear rate is
extremely low for metallic alloys subjected to dry sliding wear [22]. The
two-dimensional cross-sectional profiles obtained from the wear tracks
of MPEA films are depicted in Fig. 5c, d. Notably, an obvious worn scar
was formed on VCoNi surface when compared with CrCoNi with
significantly shallower wear grooves. A comparison with the wear rates
of other alloys, including CrCoNi alloys prepared by different techniques
and recently developed wear-resistant MPEAs, is shown in Fig. 5e and f
respectively. It is evident that the incorporation of nano-grains in
CrCoNi effectively enhances the wear resistance of the film, surpassing
that of existing CrCoNi alloys. In a parallel comparison with other MPEA
films, the current CrCoNi exhibits a relatively low hardness in

comparison with other MPEA films, as shown in Fig. 5f. However, it
demonstrates exceptional wear resistance comparable to certain re-
fractory MPEA and carbide films.

The morphology and composition of wear tracks are revealed by
SEM-EDS analyses in Fig. 6. VCoNi exhibits abundant microgrooves
parallel to the sliding direction in the center of the wear track (Fig. 6a-c).
According to EDS analyses, all alloying elements, i.e., V, Co and Ni,
distribute uniformly in the wear track with slight oxidation (Fig. 6c and
Table 2). The worn surface morphology of CrCoNi is characterized by a
friction-induced oxide layer, accumulated wear debris, and transferred
material from the counterface, forming distinct elevations on the surface
(Fig. 6d-f), as detailed in the Supporting Information. Table 2 displays
the quantitative EDS analyses of the wear tracks. The above analysis of
wear tracks of MPEA film revealed both, abrasive and oxidation wear
mechanisms, during the sliding process.

As shown in Fig. 7, the XPS analyses were used to characterize the
elemental oxidation state observed within the wear tracks after sliding
tests. The results illustrate the coexistence of an oxidized state of metal
and a partial pure metallic state in each wear track. Notably, there is an
obvious difference in the detection of oxygen elements. The proportion
of OH− (532.13 eV) in the wear tracks of VCoNi is higher, caused by
oxygen adsorption on the surface of the sample, while the proportion of
metal oxide (530.53 eV) is only 22.3 %. However, the wear tracks of
CrCoNi show a stronger peak of O2− , accounting for 53.69 %. This
observation suggests that a more extensive oxidation process took place
within the sliding wear track of CrCoNi. In addition, it is worth noting
that the relatively high content of H2O and OH− on the sample surface is

Fig. 2. Microstructure and elemental distribution of as-deposited MPEA films: (a, b) Cross-sectional and surface morphology of VCoNi film; (c) EDS mapping for as-
deposited VCoNi film; (d, e) Cross-sectional and surface morphology of CrCoNi film; (f) EDS mapping for as-deposited CrCoNi film. APT results for the as-deposited
film: (g) Atom maps reconstructed using 3D-APT that show the distribution of each element and (h) one-dimensional compositional profile (across the region
indicated by the black arrow in (g).
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primarily due to high ambient humidity, which facilitates water vapor
adsorption during sample preparation and transfer, despite the high
vacuum conditions during thin film deposition. Friction experiments
conducted in atmospheric conditions further promote the adsorption of
H2O and formation of OH− . Given the shallow detection depth of XPS,
typically ~10 nanometers, surface contaminants such as adsorbed water
molecules and hydroxyl groups are readily detected. While these factors
introduce H2O and OH− signals into our XPS spectra, they do not affect
our primary conclusion. The results demonstrate that CrCoNi surfaces
exhibit a stronger metal oxide peak compared to VCoNi, indicating
significant surface oxidation during the sliding process.

3.3. Friction-induced surface oxide layer and sub-layer microstructure

The cross-sectional microstructures of the wear tracks for VCoNi and
CrCoNi films at room temperature were characterized by TEM in Figs. 8-
9. A wear-induced gradient stress causes severe plastic deformation
below the sliding surface and thus induces the formation of a gradient

nanostructure. For both films, the worn subsurfaces exhibit a distinct
structural gradient, characterized by the presence of an oxide layer, sub-
deformed layer, and matrix. However, the characteristics of the oxide
layer exhibit dramatic differences for each case.

For the VCoNi film, there is an oxide layer with a thickness of only 10
nm below the sliding surface (Fig. 8a). The nano-columnar structures are
progressively refined and bent in sub-layer with a thickness of ~70 nm
towards the sliding direction, as can be recognized in the HAADF image.
To reveal more detailed chemical and structural information for the
oxide layer, a representative area was selected for EDS and HRTEM
analyses. The EDS element mappings (Fig. 8b) reveal that oxygen and
the alloying elements are uniformly distributed in the oxide layer
(marked by the white dotted line), indicating uniform oxidation during
sliding. The characterization of the subsurface structure is shown in
Fig. 8c. The HRTEM image (Fig. 8d) clearly exhibits a disordered
amorphous structure and a typical amorphous halos ring (inset of
Fig. 8d) from fast Fourier transforms (FFT) of the HRTEM images.
Furthermore, HRTEM analysis of the sub-layer (Fig. 8e) reveals the

Fig. 3. Cross-sectional TEM observation of the as-deposited MPEA films: (a, d) Bright-field TEM images of as-deposited VCoNi and CrCoNi, with the inset showing the
corresponding SAED patterns; (b, e) Dark-field TEM images of as-deposited VCoNi and CrCoNi; (c, f) HRTEM images for both films; (g, h) the statistical distributions
of columnar width.
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presence of ultrafine nanocrystalline structures with a grain size of ~4
nm. On the other hand, the diffraction rings are more continuous,
indicating the random orientation of nanograins as a result of extensive
grain size refinement within this plastic deformation layer. A wear-
induced gradient stress causes severe plastic deformation below the
sliding surface and thus the columnar structure are gradually refined
and bent upon sliding [22]. As the crystallographic spacing (~2.06 Å) of
the FCC nanograins is quite close to the base VCoNi film (~2.01 Å), it
can therefore be concluded that the sub-layer is evolved from the orig-
inal VCoNi phase after experiencing severe plastic deformation.

For the CrCoNi film, a much thicker oxide layer of ~50 nm is built up
beneath the sliding surface (Fig. 9a and c). It is found that Ni concen-
tration in the oxide layer (~48.79 %) increases relative to the normal
concentration in the film (~34.29 %), as revealed by EDS element
analysis (Fig. 9b), highlighting an intriguing selective oxidation
behavior upon friction. The HRTEM image (Fig. 9d) shows a nano-
composite structure with nanograins embedded in the amorphous ma-
trix of the oxide layer. The FFT analysis was carried out to identify the
specific crystalline structure (nanograin region marked by d1 and
amorphous region marked by d2). The FCC structure in region d1 can be
clearly distinguished. Additionally, the crystalline plane spacing of
nanocrystalline grains was measured to be ~2.48 Å, being close to the
(111) spacing of NiO [66]. There are no obvious diffraction spots in
region d2, but rather a typical amorphous halos ring. The average size of
nanocrystalline particles in the oxide layer is ~6.23 nm, as displayed in
Fig. 9e. More specifically, the HRTEM image, its corresponding FFT
image, and EDS analysis (Fig. 9g and f) also confirm the presence of a
Ni-rich crystalline phase within the amorphous matrix.

It is important to note that the surface of CrCoNi undergoes severe
oxidation, which enables the glaze layer to accommodate most of the
wear-induced plastic deformation. As a consequence, the deformed sub-
layer of CrCoNi (15 nm) is significantly thinner than that of VCoNi (70
nm). Nevertheless, the occurrence of FCC to HCP phase transformation
is observed within this deformed sub-layer of CrCoNi, as confirmed by
both the FFT (Fig. 10b) and IFFT (Fig. 10c) images, whereas no such
transformation is observed in VCoNi. Another TEM image (Fig. 10d and
e) taken from the region below the nanocomposite layer of CrCoNi re-
veals the elongated grains with a thickness of ~ 6 nm parallel to the
sliding direction, indicating the structure refinement in the sub-layer

being similar with VCoNi. Moreover, strip structures consisting of
multiple stacking faults are frequently observed within these deformed
grains, as shown by the HRTEM and FFT in Fig. 10f. Owing to its low
SFE, the propensity for stacking faults and FCC→HCP phase trans-
formation is increased in CrCoNi under severe loading conditions [67].
The occurrence of stacking faults and phase transformations during
sliding in CrCoNi has also been confirmed through MD simulation.
Simulations conducted over the same sliding distance for both CrCoNi
and VCoNi reveal significant HCP phase transformations in the subsur-
face of CrCoNi, whereas only minor slip events are observed in VCoNi, as
shown in Fig. 10g and h. Fig. 10i presents the Generalized Stacking Fault
Energy (GSFE) calculated for both CrCoNi and VCoNi systems. The GSFE
values obtained from the MD simulations are − 4.2 mJ/m2 for CrCoNi
and 20.9 mJ/m2 for VCoNi. Owing to its negative SFE, the propensity for
stacking faults and FCC→HCP phase transformation is increased in
CrCoNi under severe loading conditions [67]. Accordingly, the
congruence between molecular dynamics (MD) simulations and exper-
imental outcomes delivers compelling evidence, thereby reinforcing our
conclusions concerning the structural behavior of CrCoNi during sliding
process.

4. Discussion

The present study systematically investigated the dry sliding wear
behaviors of MPEA films with nanograined structure against GCr15
friction pair at room temperature, specifically focusing on elucidating
the wear mechanism, sliding-induced element redistribution, and oxide
layer formation. The study yielded several intriguing findings: (i) Sliding
wear induces the redistribution of nickel within the surface region of
CrCoNi at room temperature; (ii) A nanocomposite with an amorphous-
crystalline structure forms on the surface of CrCoNi, whereas a purely
amorphous surface is generated on the surface of VCoNi; (iii) The
dynamically formed amorphous-crystalline oxidative surface endows
superior wear resistance to CrCoNi compared to most MPEA films. Thus,
the following discussion will focus on the factors governing these phe-
nomena in CrCoNi films during sliding wear at room temperature.

4.1. Element redistribution upon friction

Element redistribution is a well-documented phenomenon during
prolonged aging treatments [68,69], while reports on element redistri-
bution induced by friction are scarce. Previous studies have also iden-
tified shear-induced Y segregation in Fe-based bulk metallic glass at
room temperature during wear tests [70]. The above study, supported
by first-principles calculations and classical molecular dynamics simu-
lations, elucidate that the segregation is triggered by significant atomic

Fig. 4. Nanoindentation behaviors of MPEA films: (a) Typical load-depth curves for VCoNi and CrCoNi; (b) Measured hardness and Young’s modulus of VCoNi
and CrCoNi.

Table 1
Summary of mechanical properties of MPEA films.

Sample Hardness (GPa) Young’s modulus (GPa) H/E H3/E2 (GPa)

VCoNi 8.31 ± 0.20 164.55 ± 2.26 0.0505 0.0212
CrCoNi 10.73 ± 0.32 175.50 ± 2.84 0.0611 0.0409
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size differences in bulk metallic glass systems. However, in our CrCoNi
system, the atomic sizes are quite similar, differing by only a few
percent, compared to the ~10% difference observed in the bulk metallic
glass systems from the study [70]. Therefore, the size segregation
mechanism identified in those systems does not apply to our work. In
addition, it’s noteworthy that the structure in the referenced study was
amorphous, whereas our research focuses on crystalline CrCoNi films.
Our research aims to further investigate element redistribution induced
by friction in crystalline systems with the similar atomic sizes, thereby
broadening the understanding of different segregation mechanisms
across various material systems. Revealing the intrinsic factors respon-
sible for element redistribution and segregation of nickel on the surface

after sliding is crucial for comprehending the structural characteristics
of the worn surface. Intrinsically, it is widely acknowledged that Ni-Ni
short-range order (SRO) represents the favored bonding between adja-
cent atomic pairs in a CrCoNi solid solution system. Heretofore, pre-
dicted simulation and direct observation of SRO in Ni-based FCC MPEA
were achieved and the preliminary origin for local SRO has been
attributed to multiple sources, including enthalpy-driven bonding as
well as magnetic and/or electronic interactions between components
[71]. Currently, the enthalpy of mixing between atomic pairs serves as a
quantitative indicator of SRO, reflecting the bonding energy (i.e.,
stronger interaction corresponds to more negative mixing enthalpy). In
current research, it is considered that VCoNi has a stronger tendency for

Fig. 5. Tribological properties of MPEA at room temperature: (a) Coefficient of friction versus sliding time; (b) Specifical wear rate of VCoNi and CrCoNi; (c, d) 2D
cross-sectional profiles of the wear tracks; (e) Comparison of wear rate between CrCoNi alloys prepared by different techniques. Data are selected for CrCoNi under
dry friction at room temperature from Refs. [8,41-54]; (f) Comparison of wear rate between MPEA films. Data are selected for films prepared by
magnetron-sputtering under dry friction condition from Refs. [20,55-65].
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SRO [72], partly due to the negative mixing enthalpy of VCoNi system
compared with CrCoNi. Specifically, the more negative mixing enthalpy
of V-Ni pairs (− 18.0 kJ/mol) than Cr-Ni pairs (− 6.7 kJ/mol) leads to the
preferential bonding of V-Ni towards a thermodynamically stable
structure in VCoNi [73,74]. It is also known that the presence of elec-
tronic transference is conducive to chemical bonding. Nutor et.al [75]
demonstrated that V in VCoNi donates an average of 0.63

electrons/atom, with Ni accepting 0.34 electrons/atom and Co accept-
ing 0.29 electrons/atom. In CrCoNi, Cr donates an average of 0.41
electrons/atom, fromwhich 0.25 electrons/atom are accepted by Ni and
0.16 electrons/atom by Co. The enhanced charge transference in V-Ni
pairs is evidently responsible for the stronger bonds and increased
structural stability, thereby preventing potential Ni segregation during
sliding.

On the other hand, the mechanism underlying sliding-induced sur-
face Ni segregation of CrCoNi during deformation is comprehended
through MD simulation. The compositional distribution of the contact
region is quantified before and after sliding in both models. The atom in
direct contact was defined as the one exclusively expelled by the tip,
while the remaining atoms attracted by the tip formed an adhesive re-
gion at subsurface [76,77]. Typically, the contacting atoms are
commonly removed and squeezed out of the worn scar during sliding,
while the atoms in adhesive regions participate in subsurface composi-
tional reconstruction. According to previous studies, a critical distance

Fig. 6. Surface morphologies and composition of wear tracks: (a, b) SEM images of worn surface of VCoNi; (d, e) SEM images of worn tracks of CrCoNi; (c, f)
Corresponding EDS mapping of the worn region.

Table 2
Quantitative EDS analysis of the wear tracks.

V (at.%) Cr (at.%) Co (at.%) Ni (at.%) O (at.%)

Spot
1

27.23 ±

0.27
— 29.20 ±

0.36
30.07 ±

0.38
13.49 ±

0.30
Spot
2

— 27.01 ±

0.29
26.65 ±

0.37
27.70 ±

0.40
18.64 ±

0.15
Spot
3

— 19.80 ±

0.33
16.50 ±

0.43
17.31 ±

0.45
46.39 ±

0.26

Fig. 7. XPS spectra from wear tracks after sliding tests: (a-d) VCoNi; (e-h) CrCoNi.
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of 21/6σ was defined to distinguish the contact and adhesive regions
beneath the tip, where σ is the distance scale used to describe the
interaction between the metallic surface and tip [76,77]. It is noticed
here that σNi-Fe was selected as a reference due to its minimal interatomic
distance and convenience for the analysis for Ni reconstruction. The
atoms whose distances are <21/6σNi-Fe away from the tip are often
removed and squeezed out of the worn scar during sliding, while the
adhesive atoms whose distances range from 21/6σNi-Fe to cutoff radius
formed adhesive regions. Subsequently, we partition the adhesive atoms
interacting with the indenter into several layers to discern the specific
elemental distribution based on the following definition, wherein the
distance between layer N of adhesive atoms and indenter is obtained as
dN=21/6σNi-Fe+(N-1) Ra, where Ra is the average diameter of constituent
atoms (Fig. 11a). The presence of slight nickel segregation can be clearly
observed in the first layer after indentation contact (Fig. 11b), while the
composition fluctuated around the equal-atomic ratio in the remaining
adhesive layers located further away from the indenter. The segregation
became significant after friction with a proportion of ~45%Ni observed
in the first adhesive layer (Fig. 11c). Meanwhile, the atomic proportions
in the rest adhesive layers were close to the initial state. Such phe-
nomena, however, were not observed in the VCoNi system (Fig. 11d, e).

The underlying mechanism governing the elemental redistribution
was further elucidated. Firstly, the difference in the pairwise in-
teractions for Cr-Fe, Co-Fe, V-Fe and Ni-Fe came into mind. Considering

the possible effect of adopted potential function between tip and MPEA,
we conducted an additional simulation to use a diamond C tip, in which
the energy and distance parameters of the LJ potential were changed to
Cr-C, Co-C, V-C and Ni-C [78]. The atomic proportions, as shown in
Fig. S1 and Table S1, are very close to the results presented in Fig. 11
(a)-(d), suggesting that any disparity in pairwise interactions between
the substrate and indenter atoms is negligible.

Furthermore, the ambient sliding experiments in the nitrogen at-
mosphere were conducted to confirm the unique friction-induced Ni
segregation and exclude the oxidation effect. The cross-sectional
HAADF-EDS analysis after sliding in a nitrogen atmosphere (Fig. S2)
shows that the deformed layer (~50 nm) exhibits significant structural
evolution and elemental segregation. Obviously, there is a Ni segrega-
tion layer (~30 nm) at the topmost surface, while the underlying
deformation layer is a segregation-free layer (~20 nm). However, there
is an unavoidable introduction of oxygen in a nitrogen atmosphere, as
shown by EDS elemental mapping (Fig. S2). Oxygen in CrCoNi films
during sliding likely originates from target material oxidation, residual
oxygen in the deposition chamber, air exposure during sample handling,
and measurement inaccuracies. Despite these sources, the oxygen con-
tent was low (~10 %), with minimal impact on tribological perfor-
mance. The significant increase in oxygen content in the friction-
induced oxide layer (~40 %) during wear tests highlights oxygen’s
role in modifying friction layer properties. Nitrogen’s low reactivity

Fig. 8. ND-SD cross-sectional TEM characterizations of VCoNi after sliding: (a) Bright field TEM image of subsurface microstructure, with the inset showing the
corresponding HAADF image of the plastic deformation region; (b) Typical HAADF-STEM image and corresponding EDS elemental distribution in the subsurface. (c)
HRTEM image of the subsurface; (d) HRTEM image of the amorphous structure in oxide layer with the inset showing the FFT pattern; (e) HRTEM image of nanograins
in sub-layer with the inset showing the FFT pattern.
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under test conditions accounts for its absence in the measurements.
Therefore, minor oxygen contamination has an insignificant impact on
friction-induced oxide layers and Ni segregation during wear perfor-
mance. Therefore, we believe that the chemical evolution may be closely
related to the frictional-induced gradient strain, similar to the structural
stratification caused by cycling friction [79,80]. The abundant defects
introduced at the topmost surface will expedite the atomic dif-
fusion/rearrangement and surface segregation behavior of Ni. These
experimental results coincide with the atomic simulation, thereby ruling

out the influence of oxidation on Ni segregation. It is noteworthy that
the Ni-rich layer in air is thicker than that in nitrogen, attributed to the
fact that the introduced abundant defects provide diffusion pathways for
the environmental O to contribute to the formation of a thicker oxide
layer. To identify the role of nanograins on Ni segregation during fric-
tion process, CrCoNi with coarse grains were fabricated (Fig. S3) and
then slided in a nitrogen atmosphere. The corresponding cross-sectional
HAADF-EDS mappings (Fig. S4) reveal that elemental segregation is
absent in the deformed layer after sliding tests. Therefore, it is confirmed

Fig. 9. ND-SD cross-sectional TEM characterizations of CrCoNi after sliding: (a) Bright field TEM image of the worn subsurface microstructure; (b) Typical HAADF-
STEM image and corresponding EDS elemental distribution of the subsurface; (c) HRTEM image of the topmost oxide layer; (d) HRTEM image of amorphous-
crystalline nanocomposites structure with the FFT pattern of amorphous and nanograin regions; (e) Statistical distribution of nanograin size in oxide layer; (g) A
HAADF-STEM image and corresponding EDS elemental mapping of the oxide layer; (f) Line profiles of element distribution along the white arrow in (g).
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that nanograins play an essential role in promoting Ni segregation, due
to its metastable microstructure with massive grain boundaries and
defects induced by non-equilibrium magnetron sputtering.

Based on above analysis, we believe that the Ni segregation is driven
by the thermodynamic force rather than the tip and environment effects.
We then calculated the potential energy of the reconstructed system
with surface segregation. Taking CrCoNi as an example (Fig. 12a), new
models with surface composition in the first and second layers that
exactly match those obtained after indentation and scratching are con-
structed. The models have a size of 58 × 50 × 30 Å3 and the specific
surface element proportion is presented in Table 3. The configurations
were subjected to periodic boundary conditions in the X and Y di-
rections, while the Z direction was kept fixed. Then, the potential energy
was determined through energy minimization for both the CrCoNi and

VCoNi systems (Fig. 12b, c). The sequential decrease in potential energy
observed after indentation and scratching for CrCoNi clearly indicates a
more stable configuration with surface nickel redistribution. Instead,
inconspicuous changes in potential energy are observed in VCoNi
without any distinct redistribution of elements. In addition, as noted in
Fig. S5 (Supplementary materials), during the sliding process, the tem-
perature in front of the sliding indenter increases significantly. It can be
speculated that this thermal effect also promotes the elemental redis-
tribution during sliding friction.

The above thermodynamic analysis indicates that the redistribution
behavior of elements in CrCoNi may be attributed to the disparities in
surface energy among Cr, Co, and Ni, as displayed in Table 4. It is worth
noting that the surface energy of Ni is comparatively lower than that of
Co and Cr, leading to a tendency for Ni segregation at the surface. It is

Fig. 10. TEM observation and MD simulation for the phase transformation of CrCoNi after sliding: (a) A high-magnification TEM image showing the structure of
deformed sub-layer; Corresponding (b) FFT and (c) IFFT images for the red-boxed region in (a); (d) A local TEM image taken from the sub-layer, showing the cyclic
sliding-induced structure refinement and defects; (e-f) HRTEM images of the selected area marked in (d) with the corresponding FFT images shown inset; The
evolution of atomic structure for (g) CrCoNi and (h) VCoNi during friction; (i) The generalized stacking fault energy (GSFE) of both models at 273 K. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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also noted that the observed friction-driven surface rearrangement is
distinct from the long-range diffusion that occurs during high temper-
ature oxidation of CrCoNi, where surface segregation and oxidation of
Cr atoms are evident due to its higher diffusion coefficient [68,69,81]. In
general, friction tends to generate heat and may contribute to elemental
diffusion. The local flash temperature on the worn surface was estimated
to be 640 K (the calculation details can be found in the Supplementary
note). It can be seen that in the present work, the reciprocating sliding
with low transient flash heating and short time is not sufficient to pro-
vide an effective driving force for elemental diffusion compared to
high-temperature aging. Flash heating may not be the dominant factor
for the elemental segregation on the worn surface during the sliding.

On the other hand, upon tribological loading, the contacting asperity
will introduce tensile stress at its trailing edge [82], which may enhance

the atomic displacement for composition change. Obviously, as the worn
surface undergoes repeated sliding, this cyclic stress will lead to the
accumulation of shear strain at the surface, thereby promoting atomic
motion or shuffling that is necessary for reducing the overall potential
energy. From a kinetic perspective, it is believed that frictional stress
plays a pivotal role in the elemental redistribution of Ni in the CrCoNi
alloy.

4.2. Formation of an amorphous-crystalline oxide surface

Overall, we adopted molecular dynamics simulation to analyze the
surface elemental redistribution behavior of MPEA during sliding fric-
tion, revealing a significant reduction in potential energy. Here, we
further elucidated the formation of an oxidative surface on the basis of

Fig. 11. The element distribution of MPEA after indentation and scratching: (a) Schematic diagram showing the definition of adhesive atoms; The atom ratio in
CrCoNi (b) before and (c) after sliding; The atom ratio in VCoNi (d) before and (e) after sliding.
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this elemental redistribution.
After friction, a composited structure with an amorphous-crystalline

oxide layer was observed on the surface of CrCoNi, whereas VCoNi
exhibited a distinctively pure amorphous structure. In this study, the
occurrence of a crystalline-to-amorphous transition during friction for
MPEA is ascribed to the synergistic effects of mechanical deformation
and oxidation. Solid-state amorphization can be generally achieved
through high-strain mechanical deformation [84,85]. Upon sustained

sliding, the nanocrystalline structure of the MPEA film undergoes
further refinement as a result of dislocation and defect accumulation at
the surface, leading to an increase in the system’s free energy. Once the
critical value of free energy is reached, the crystal would collapse into an
amorphous structure [9,86]. This process should be promoted in VCoNi
with a complex composition and significant lattice distortion [87]. Be-
sides, the local friction heat can boost the oxidation behavior on the film
[88], wherein the abundant grain boundaries serve as pathways for the
ingress of oxygen. According to the empirical law of glass forming
ability, a mixture of small O atoms into alloys leads to a modification in
atomic coordination with significant differences in atomic size and a
more negative mixing enthalpy of the system. This leads to the forma-
tion of amorphous oxides on the surface [26,89].

As for CrCoNi, the segregation of Ni elements occurs on the surface,
wherein the Ni will be oxidized preferentially, forming NiO nano-oxide.
This depends on the fact that the oxidation activation energy of Ni is
lower than that of MPEA alloy, (i.e., pure Ni:100 kJ/mol, CrCoNi: 277.9
kJ/mol) [81,90]. Given the sluggish diffusion effect in MPEA, it is

Fig. 12. Potential energy of MPEA with surface segregation: (a) Schematic diagram of potential configuration of CrCoNi; (b, c) Average potential energy of CrCoNi
and VCoNi with initial, indented and scratched surface composition.

Table 3
The specific surface element proportions of each configuration and the calcu-
lated potential energy.

CrCoNi Potential energy
(eV)

State Cr (at.
%)

Co (at.
%)

Ni (at.
%)

Initial Layer 1 33.3 33.3 33.3 − 35,803.5
Layer 2 33.3 33.3 33.3

Indented Layer 1 29.2 34.0 36.7 − 35,825.7
Layer 2 35.8 33.5 30.7

Scratched Layer 1 20.5 32.6 46.8 − 35,854.9
Layer 2 40.1 31.3 28.6

VCoNi Potential energy (eV)

State V (at.%) Co (at.%) Ni (at.%)

Initial Layer 1 33.3 33.3 33.3 − 39,189.3
Layer 2 33.3 33.3 33.3

Indented Layer 1 33.9 32.6 33.5 − 39,188.1
Layer 2 35.3 34.6 30.1

Scratched Layer 1 36.2 31.0 32.8 − 39,201.1
Layer 2 33.3 35.1 31.5

Table 4
Comparison of surface energy for Cr, Co, V and Ni elements [83].

Element lattice structure Surface Surface energy (J/m2)

Cr BCC (100) 3.98
BCC (110) 3.51

Co HCP (0001) 2.78
V BCC (100) 3.03

BCC (110) 3.26
Ni FCC (100) 2.43

FCC (111) 2.01
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expected that the thickness of the oxide layer on the VCoNi surface with
multi-principal elements should be significantly smaller compared to
CrCoNi (Fig. 9). This can be attributed to the enrichment of single Ni
principle element in the surface layer of CrCoNi. On the other hand, the
presence of this Ni-rich surface layer would simplify the complex
composition initially featured by CrCoNi, thereby weakening the sus-
ceptibility to friction-induced amorphization in CrCoNi when compared
with VCoNi. As a result, an amorphous-crystalline composited structure
is formed on the surface of CrCoNi. In contrast, the surface of VCoNi
with an equiatomic state exhibits complete oxidation and forms a pure
amorphous structure. In summary, compared to VCoNi, the surface
segregation of nickel in CrCoNi results in the formation of a distinctive
protective layer consisting of amorphous-crystalline oxides.

4.3. Effects of oxide nanocomposite on wear-resistance

The significantly enhanced wear resistance of the CrCoNi film is
attributed to the in-situ formation of the dense oxide amorphous-
crystalline nanocomposite surface layer. It is noted that the hardness
played a pivotal role in the improvement of wear resistance of CrCoNi,
which should be attributed to the rather large nano-scale planar defects
introduced during the unbalanced magnetron sputtering. On the other
hand, according to an approximate evaluation (Supplementary mate-
rials), it showed that the formation of tribo-oxide layer made a more
contribution to the enhancement in antiwear performance of CrCoNi
over VCoNi. The plastic deformation of single phase metallic glass is
commonly achieved through the activation and motion of shear bands,
which propagate rapidly and lead to catastrophic damage [25,26].
Instead, previous studies have revealed that amorphous-crystalline
nanocomposite alloys with nanocrystalline embedded in the amor-
phous matrix show an outstanding combination of high strength and
excellent ductility, attributed to the mutually compatible flow behavior
between amorphous and crystalline phase [25]. The incorporation of an
embedded nanocrystalline phase could effectively impede the propa-
gation of localized shear bands by means of the division and rotation of
nanograins [91]. Evidently, the unique amorphous-crystalline structure
mitigates friction-induced strain localization, thereby promoting uni-
form co-deformation and avoiding cracking at the surface, which plays a
pivotal role in enhancing wear resistance. It’s also noted that the equi-
axed morphology and uniform distribution of nanograins within the

amorphous surface is beneficial for a co-deformation, as they prevent
micro-cracks commonly observed between phases in a tribo-layer with
irregularly shaped and unevenly distributed grains [22]. Finally, the
fully amorphous layer with a thickness of only 10 nm, instead of a
nano-composited structure, fails to effectively accommodate the
wear-induced plastic deformation in the VCoNi film. The lower wear
rate in the CrCoNi film compared to the VCoNi film primarily stems from
the contribution of the amorphous-crystalline oxide layer in addition to
the film hardness. It can be seen that during frictional deformation, the
oxide layer plays a more significant role in enhancing wear resistance by
accommodating most of the wear-induced plastic deformation, resulting
in a thinner deformed sub-layer. The observed difference in the thick-
ness of the deformed sub-layer between the CrCoNi film (~15 nm) and
the VCoNi film (~70 nm) further supports this conclusion. Therefore,
the VCoNi film exhibits a thicker deformed sub-layer (~70 nm) pri-
marily due to its thinner oxide layer (~10 nm), which provides less
protection against wear-induced stresses. Additionally, the intrinsic
hardness of VCoNi is lower than that of CrCoNi, making it less resistant
to plastic deformation under the same wear conditions.

5. Conclusions

In summary, the dry wear behavior of ternary MPEAs with mono-
phase and nano-grains has been investigated at room temperature.
The wear resistance of CrCoNi exceeds that of VCoNi by more than two
times. This can be attributed to the occurrence of Ni segregation on the
surface. This friction-induced surface segregation is closely related to
the weak Cr-Ni bonding, where Ni tends to redistribute towards the
surface, reducing the overall potential energy of the system. This Ni-rich
surface then undergoes preferential oxidation upon sliding, resulting in
the formation of a unique amorphous-crystalline nanocomposite oxide
layer. Wear on VCoNi, however, exclusively results in the formation of a
thin amorphous layer (Fig. 13). The in-situ-formed amorphous-crystal-
line nanocomposite layer during wear promotes uniform plastic flow,
thereby significantly enhancing the wear resistance of the CrCoNi film.
The present study offers a guideline for alloy design in MPEA films to
effectively control the formation of nanocomposite oxide layers during
friction for excellent wear-resistance.

Fig. 13. Schematic of microstructural and chemical evolution for MPEA films.
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