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Abstract

As a new type of alloy system composed of five or more principal components, high-
entropy alloys demonstrate outstanding comprehensive performance in the field of friction
and wear through the synergistic effects of the high-entropy effect, lattice distortion effect,
hysteresis diffusion effect and cocktail effect. This paper systematically reviews the research
progress on the friction and wear properties of high-entropy alloys. The mechanisms of
metal elements such as Al, Ti, Cu and Nb through solid solution strengthening, second-
phase precipitation and oxide film formation were analyzed emphatically. And non-metallic
elements such as C, Si, and B form and strengthen the regulation laws of their tribological
properties. The influence of working conditions, such as high temperature, ocean, and
hydrogen peroxide on the friction and wear behavior of high-entropy alloys by altering
the wear mechanism, was discussed. The influence of test conditions such as load, sliding
velocity and friction pair matching on its friction coefficient and wear rate was expounded.
It is pointed out that high-entropy alloys have significant application potential in key
friction components, providing reference and guidance for the further development and
application of high-entropy alloys.

Keywords: high-entropy alloys; friction and wear; working conditions; wear mechanism

1. Introduction
Under the background of the continuous pursuit of performance breakthroughs in the

field of materials science, high-entropy alloys, as a new type of alloy system that subverted
the traditional design concept, are becoming a frontier hotspot in the research of metallic
materials with their unique multi-principal component structure and excellent compre-
hensive performance [1,2]. By virtue of the high-entropy effect, lattice distortion effect,
hysteresis diffusion effect and cocktail effect, high-entropy alloys not only demonstrate
multiple properties such as high hardness, high heat resistance, strong corrosion resistance,
excellent wear resistance and oxidation resistance, but also break the inherent limitations
of traditional alloys in performance balance [3,4].

In the field of mechanical engineering, wear is the primary form of material failure.
Approximately 80% of moving parts fail due to wear, which not only causes huge material
and energy losses but also may lead to serious safety hazards [5]. The development of
high-performance anti-wear and lubricating materials has always been a key issue that
materials science urgently needs to overcome. Although traditional alloys have optimized
their strength, hardness and toughness through alloying, heat treatment, deformation
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processing and other means, under extreme working conditions such as high temperature,
high pressure, strong corrosion and high-speed friction environment, their anti-wear and
lubrication performance are difficult to meet the strict requirements of modern industry for
reliability and durability.

The emergence of high-entropy alloys provides a new path to break through this
predicament. Its unconventional chemical structure and multiple synergistic effects make it
show significant advantages in the field of friction materials. On the one hand, through
the coordination of composition regulation and preparation process, the precise design
of the microstructure can be achieved, thereby optimizing the tribological properties.
On the other hand, its unique microstructure characteristics enable it to maintain stable
anti-wear performance in special functional requirements such as corrosion resistance,
radiation resistance, low temperature, and catalysis, effectively filling the application gap
of traditional alloys [6–8].

Based on this, this paper systematically reviews the research progress on the friction
and wear properties of high-entropy alloys. Firstly, this article explains the definition
and scope of high-entropy alloys and the synergistic mechanism of the four core effects.
Furthermore, from the perspective of alloying element regulation, the influence laws of
metal elements such as Al, Ti, and Cu through solid solution strengthening, second-phase
precipitation, and oxide film formation, as well as non-metal elements such as C, Si, and
B through strengthening phase formation on friction and wear performance are deeply
analyzed. Combining extreme working conditions such as high temperature, ocean, and
hydrogen peroxide, this paper explores its regulatory effect on tribological behavior by
altering the wear mechanism. At the same time, the paper elaborates on the significant
influences of test conditions such as load, sliding velocity, and friction pair matching on the
coefficient of friction and wear rate. Finally, the application potential of high-entropy alloys
in key friction components in fields such as aerospace, marine engineering, and mechanical
manufacturing is explored, providing theoretical references and technical support for the
wear-resistant design and engineering application of high-entropy alloys.

2. Concept of High-Entropy Alloys
2.1. Definition of High-Entropy Alloys

The initial definition of high-entropy alloys was based on the mixed entropy value of
the alloys. In statistical thermodynamics, entropy is a thermodynamic property related to
the degree of system chaos and is a measure of the degree of system chaos. Mixed entropy
is the change in the entropy value of the system caused by the different configurations of
atoms of different principal elements being mixed with each other [9]. The mixed entropy
reaches its maximum value when there is no concentration gradient in the alloy system,
which is known as the system reaching equilibrium. It is generally believed that if the
influence of other configurations on the entropy value of the alloy system is not considered,
the atomic arrangement configuration has the greatest impact on the entropy value of the
multi-principal high-entropy alloy system. Therefore, the mixed entropy caused by atomic
arrangement is the main contributor to the entropy value change of high-entropy alloy
systems [10].

The entropy value S of the system can be calculated by the Boltzmann equation, as
shown in Equation (1).

S = klnW (1)

where k represents the Boltzmann constant, and W indicates the total number of possible
microscopic states in the system.
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In a regular solid solution type alloy system, the expression of the mixing entropy
∆Smix of n principal element alloy systems can be as follows

∆Smix = − R∑xilnxi (2)

where R is the molar gas constant, and xi is the molar ratio of the i principal element in the
alloy system. According to Boltzmann’s assumption on entropy and chaos, when the ratio
of each principal element atom in the alloy system is equal in moles, the mixed entropy of
this n principal element alloy system reaches its maximum value, which can be specifically
expressed as

∆Smix = Rlnn (3)

From the above formula, it can be seen that as the number of principal components
in the alloy system increases, its mixing entropy keeps growing. When two principal
components are mixed in equal molar ratios to form an alloy, the mixing entropy of the
alloy system is 0.69R. When the five principal components are mixed in equal molar ratios
to form an alloy, the mixing entropy of the alloy system is 1.61R. When the number of alloy
components is greater than 13, the change of mixing entropy tends to level off. Initially,
based on the above-mentioned theory of mixed entropy, researchers classified alloys into
low-entropy alloys, medium-entropy alloys, and high-entropy alloys according to the
magnitude of mixed entropy [11,12]. When the mixing entropy of the alloy system is lower
than 0.69R, it is a low-entropy alloy. At this time, the corresponding alloy system is a solid
solution alloy with two principal components in equal molar ratios. When the mixing
entropy of the alloy system is higher than 1.61R, it is a high-entropy alloy. At this time,
the corresponding alloy system is a solid solution alloy with five principal components
in equal molar ratios. When the mixed entropy of the alloy system is between 0.69R and
1.61R, it is a medium-entropy alloy, and the number of principal elements is between two
and four principal elements. However, the above definition is only applicable to regular
solid solution alloy systems and can only serve as a rough classification range in practical
situations [13].

Professor Yeh believes that ∆Smix = 1.5R is a necessary condition for resisting the strong
interatomic bonding force at high temperatures, and the relatively low mixing entropy of
the alloy system is difficult to compete with the bonding energy. Therefore, based on the
magnitude of the mixed entropy that the alloy system possesses when it is in a random solid
solution state, the alloy world can be classified into the following three categories [14,15].

(1) Low-entropy alloys: alloys mainly composed of one or two components, such as
traditional alloys, ∆Smix is less than R.

(2) Medium-entropy alloys: alloys mainly binary to quaternary, the mixing entropy is
between R and 1.5R.

(3) High-entropy alloys: alloys mainly consisting of five to thirteen elements, when the
mixing entropy ∆Smix is greater than 1.5R.

This composition design of high-entropy alloys, which breaks away from the tradi-
tional “1 to 2 main elements as the base”, places them in the central area of the phase
diagram, offering nearly unlimited space for composition regulation and possibilities for
organizational structure [16]. The comparison between high-entropy alloys and traditional
alloys is shown in Table 1.

In recent years, with the continuous advancement of research on high-entropy alloys,
their definition scope has gradually expanded. When defining high-entropy alloys, re-
searchers no longer limit their evaluation criteria to the mixed entropy value of the alloy
system, but incorporate more alloys with excellent comprehensive performance into the
category of high-entropy alloys [17–23].
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Table 1. Performance comparison between traditional alloys and high-entropy alloys.

Dimension Traditional Alloys High-Entropy Alloys

Composition
design

Based on 1–2 elements
(proportion > 50%)

5 or more principal elements
(atomic ratio 5–35%)

Phase diagram
position

Biased towards endpoints
(dominated by a single

principal element)

Located in the central region
(mixed by multiple principal elements)

Microstructure Prone to form intermetallic
compounds or brittle phases

Tend to form simple solid solutions
(FCC/BCC, etc.)

Performance
characteristics

Single performance is prominent,
but it is difficult to coordinate

multiple performances

Balanced comprehensive performance,
breaking through traditional

performance bottlenecks

2.2. Characteristics of High-Entropy Alloys

As a new type of material, the unique properties of high-entropy alloys can be at-
tributed to four core effects: the high-entropy effect, the lattice distortion effect, the hys-
teresis diffusion effect and the cocktail effect [24]. These effects are mutually synergistic,
interrelated and have a synergistic effect, profoundly influencing the microstructure and
performance of the alloy, and endowing high-entropy alloys with excellent comprehensive
properties distinct from traditional alloys.

In traditional alloys, due to the scarcity of main elements, the probability of forming
intermetallic compounds or brittle phases is relatively high. The presence of these phases
often reduces the toughness and overall performance of the alloy. In high-entropy alloys,
when five or more main elements are uniformly mixed, the high-entropy effect acts like a
“structural stabilizer”, which makes the alloy system tend to form simple solid solution
structures with lower free energy, such as face-centered cubic FCC, body-centered cubic
BCC, and closely arranged hexagonal HCP. This is because in a high-entropy state, the
energy barriers that need to be overcome to form complex intermetallic compounds increase
significantly, and alloys are more likely to exist in the form of uniform solid solutions [25,26].
The high-entropy effect has been confirmed from many aspects [27–31]. The schematic
diagram of the high-entropy effect promoting the formation of solid solutions is shown in
Figure 1. Here, ∆Gmix represents the change in Gibbs free energy, and ∆Smix represents the
change in the mixed entropy.

Figure 1. Schematic diagram of the promotion of solid solution formation by high-entropy effect.
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The atomic radius, electronegativity and valence electron concentrations of each
principal element in high-entropy alloys are different, and these differences are the root
causes of the lattice distortion effect [32,33]. As shown in Figure 2, each atom may be
surrounded by different types of atoms, and the originally regularly arranged lattice
structure is disrupted, thereby causing lattice distortion. Lattice distortion makes the
stress field inside the lattice uneven, and this uneven stress field greatly increases the
resistance to dislocation movement. Dislocations, as common defects in crystals, and their
mobility directly affect the plastic deformation and strength of materials. In high-entropy
alloys with severe lattice distortion, dislocations are difficult to slip, thereby significantly
enhancing the strength and hardness of the alloy [34]. In addition, lattice distortion also
affects the diffusion path of atoms and has a significant impact on the subsequent phase
transformation and precipitation behavior of the alloy [35].

Figure 2. Schematic diagram of the lattice distortion effect: (a) BBC no lattice distortion; (b) BBC
severe lattice distortion.

The hysteresis diffusion effect of high-entropy alloys stems from the significant inhibi-
tion of atomic migration by their unique multi-principal component chemical composition
and complex crystal structure. In high-entropy alloys, the differences in atomic radii among
various metal elements lead to severe lattice distortion, forming a physical barrier that
hinders atomic migration [36–38]. Atomic diffusion needs to overcome a higher potential
energy barrier, and its diffusion activation energy is significantly higher than that of pure
metals [39–42]. Meanwhile, short-range ordered structures or complex electron clouds
formed among multiple principal elements overlap, creating “energy traps” in the lattice.
When atoms diffuse, they need to break the constraints of various chemical bonds, further
increasing the difficulty of diffusion. Furthermore, when multiple elements in an alloy
diffuse simultaneously, a competitive effect occurs due to their different diffusion rates,
similar to the “traffic congestion” where atoms interfere with each other in the lattice, re-
sulting in a significant reduction in the overall diffusion efficiency. This hysteresis diffusion
effect enables high-entropy alloys to effectively inhibit grain growth and the precipitation
of the second phase in high-temperature environments, thereby enhancing the thermal
stability of the material. During the process of corrosion and wear, it slows down the
medium penetration and material loss and enhances the corrosion resistance and wear
resistance [43,44].

The cocktail effect of high-entropy alloys was first proposed by Ranganthan’s team [45].
The cocktail effect stems from the performance advantages generated by the synergy of
multiple main elements. By analogy with cocktails, a unique flavor is formed by fusing
multiple components [46,47]. This effect refers to the fact that high-entropy alloys break
through the traditional alloy composition design model based on a single or dual main
element by uniformly mixing five or more main elements in a specific proportion, achieving
the collaborative optimization of multiple properties, as shown in Figure 3. In high-entropy
alloy systems, the different main elements each possess unique performance attributes,
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such as enhancing strength, improving corrosion resistance, and improving oxidation
resistance. When these elements coexist, they are not simply superimposed in terms of
performance, but rather, through complex physical and chemical interactions, they produce
mutually reinforcing or complementary synergistic effects. This effect enables high-entropy
alloys to break through the trade-off limitations of traditional alloys in terms of strength
and toughness, wear resistance and corrosion resistance, etc., and obtain comprehensive
properties such as high strength, high toughness, excellent corrosion resistance, and good
thermal stability simultaneously [48–50].

Figure 3. Schematic diagram of cocktail effect.

The above four major effects of high-entropy alloys are interdependent and synergistic,
jointly shaping their excellent comprehensive performance. Figure 4 describes the lattice
structure that leads to the four major effects of high-entropy alloys [51]. The high-entropy
effect, as the cornerstone of structural stability, promotes the formation of a uniform
solid solution in the alloy, laying the foundation for the exertion of other effects. The
lattice distortion effect significantly enhances the strength and hardness of the alloy by
disrupting the lattice structure. The hysteresis diffusion effect significantly reduces the
atomic diffusion rate through complex interactions among multiple components, effectively
enhancing the high-temperature stability, corrosion resistance and wear resistance of the
alloy. The cocktail effect breaks through the linear superposition limitation of traditional
alloy properties through the synergistic complementarity of multiple alloying elements,
achieving an optimized balance of various properties such as strength, toughness, and
oxidation resistance.

 

Figure 4. Lattice arrangement that leads to different core effects [51].
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The four major effects are deeply intertwined from multiple dimensions such as
thermodynamics, crystal structure, kinetics and composition synergy. They not only
subvert the performance boundaries of traditional alloys but also open up a brand-new
path for the innovative application of materials under extreme working conditions.

3. Influence of Alloying Elements on the Tribological Properties of
High-Entropy Alloys

This section mainly summarizes the influence of alloying elements on the friction and
wear properties of high-entropy alloys. The common metallic and non-metallic elements in
the high-entropy alloy system are shown in Table 2.

Table 2. Common metallic and non-metallic elements in high-entropy alloy systems.

Common Element Examples for Element Classification

Light metal elements Al, Li, Be, Mg, Ca

Transition metal elements Ti, Cu, Mn, Fe, Co

Refractory metal elements Nb, Mo, W, Hf

Non-metallic elements C, Si, B, N

The addition of each element in the above table will have a certain impact on the
performance of high-entropy alloys. Now, the elements that can have a significant impact
on the friction and wear performance of high-entropy alloys are analyzed in sequence.

3.1. Metal Elements
3.1.1. Light Metal Elements

The Al element can stabilize the BCC phase, cause lattice distortion, refine grains,
and thereby enhance the wear resistance of high-entropy alloys. Wu et al. [52] found
that in AlxCoCrCuFeNi, an increase in Al content could promote the transformation of
the alloy from a face-centered cubic structure to a body-centered cubic structure, thereby
enhancing the alloy’s hardness and reducing its wear rate. Li et al. [53] found that in
the CrFeNiAlxSi alloy, when x = 0.6, the wear resistance of the alloy was the best. Al
forms a solid solution for strengthening and simultaneously generates a dense oxide film,
enhancing the wear resistance of the alloy. Cheng et al. [54] investigated the influence of Al
content on the friction and wear properties of FeCoCrNiMnAlx high-entropy alloy over
a wide temperature range, revealing the mechanisms of solid solution strengthening and
oxide film formation. As shown in Figure 5, the study found that with an increase in Al
content, the friction coefficient of the FeCoCrNiMnAlx alloy decreased from 0.45 to 0.32.
Figure 6 compares the three-dimensional morphology of the worn surfaces of each alloy
at room temperature and 800 ◦C. As can be seen from the figure, the wear surface of the
Al1 alloy at 800 ◦C only has shallow grooves and a small amount of plastic deformation,
while the surface of the Al0 alloy has deep tear pits and material accumulation. The
three-dimensional morphology visually presents a significant decrease in the wear rate.
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Figure 5. Friction coefficient curves of (a) Al0, (b) Al0.5, (c) Al1 alloys, (d) average friction coeffi-
cient [54].

Figure 6. Three-dimensional morphologies of the worn surfaces of (a,b) Al0, (c,d) Al0.5 and (e,f) Al1
alloys: (a,c,e) room temperature and (b,d,f) 800 ◦C [54].

3.1.2. Transition Metal Elements

The addition of the Ti element has also been confirmed to enhance the hardness and
wear resistance of high-entropy alloys. Wang et al. [55] added Ti to the CoCrFeMnNi
high-entropy alloy coating and found that the room-temperature wear mechanism of the
CoCrFeMnNi high-entropy alloy coating was abrasive wear, while the wear mechanism
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of the (CoCrFeMnNi)85Ti15 high-entropy alloy coating at room temperature was mainly
oxidation wear and contact fatigue. The formed (CoCrFeMnNi)85Ti15 coating, due to the
addition of Ti, promotes the precipitation of the second phase, and has a high-temperature
wear resistance 5.5 times that of the CoCrFeMnNi high-entropy alloy coating. Ye et al. [56]
investigated the influence of Ti content on the wear resistance of CoCu0.5FeNiVTix using a
disc-type wear testing machine. The research found that the wear forms of the high-entropy
alloys were adhesive wear and abrasive wear, and the precipitation of the second phase at
x = 1 brought the wear resistance to the best state. Xu et al. [57] investigated the properties
of AlCoCrFeNi alloy and Ti-containing alloy AlCoCrFeNiTi0.5 during unidirectional and
bidirectional sliding wear processes. The results show that the addition of Ti increases the
hardness of the alloy and enhances the wear resistance of the high-entropy alloys.

Cu, as a relatively common transition metal element, can also affect the performance
of high-entropy alloys to a certain extent. Mukanov et al. [58] studied the influence of the
introduction of the Cu element on high-entropy alloys. As shown in Figure 7, Figure 7a
presents the dynamic variation of the friction coefficient with the number of cycles of
CoCrCuxFeNi alloys with different Cu contents during the friction test. Figure 7b compares
the depth and width of the wear trajectories of alloys with different Cu contents. It can be
seen that the results show that the wear grooves of CoCrCu0.25FeNi (5 at. % Cu) are the
shallowest. Figure 7c presents the microscopic characteristics of the worn surface from a 3D
perspective. The oxide layer on the surface of the sample with a low Cu content (≤5 at. %)
is continuous, with only shallow grooves existing. Verma et al. [59] also investigated the
influence of Cu on the wear resistance of CoCrFeNi and found that after adding Cu to
CoCrFeNi, the wear rate of the obtained CoCrFeNiCu decreased at both room temperature
and high temperature, and the hardness of the alloy increased.

Figure 7. (a) Coefficient of friction as a function of the number of cycles; (b) wear trajectories of alloys
with different Cu contents; (c) 3D images of the wear tracks [58].

The Fe element, as one of the commonly used elements in high-entropy alloys, has
the function of stabilizing the FCC phase. Hsu et al. [60] studied the influence of the
variation of Fe content in AlCoCrFexMo0.5Ni on the wear resistance. It was found that the
microstructure of the alloy with Fe content increasing from x = 0.6 to x = 2.0 changed from
“dendritic” to “polycrystalline”, and the wear resistance decreased. High-entropy alloys
with low iron content showed better wear resistance.
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Shu et al. [61] investigated the use of Co instead of Fe to enhance the amorphous for-
mation ability of laser cladding FeCoCrBNiSi high-entropy alloy coatings. They found that
an increase in the iron–cobalt ratio would reduce the proportion of amorphous phases in
the coating, intensify oxidative wear at high temperatures, and lower the high-temperature
wear resistance of the alloy. Kumar et al. [62] investigated the frictional behavior of
the Al0.4FeCrNiCox high-entropy alloy (with x being 0, 0.25, 0.5, and 1.0, respectively).
As shown in Figure 8, it is the optical microscopic image of the worn surface of the
Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) high-entropy alloy under a sliding speed of 2 m/s,
a sliding distance of 1000 m and a normal load of 10 N. Here, the influence of Co content
on the morphology of the worn surface can be intuitively reflected. In Figure 8a, there is
no Co addition. At this time, shallow scratches and micro-grooves parallel to the sliding
direction can be seen on the worn surface. There is a small amount of plastic deformation
of the material locally, but the overall wear marks are uniform, with no obvious oxide layer
peeling or deep damage areas. In Figure 8b, when a small amount of Co is added, the
scratch depth increases, local deep grooves appear, and material flow traces can be seen in
some areas. The roughness of the worn surface is significantly higher than that in Figure 8a.
When the Co content is further increased, as shown in Figure 8c, the worn surface presents
irregular grooves and microcracks at this time. In some areas, material spalling pits appear,
and the scratch directions are disordered, showing obvious fatigue wear characteristics. In
Figure 8d, a large amount of Co addition leads to deep grooves, severe plastic deformation
and large-scale spalling on the worn surface. Obvious material accumulation can be seen
at the scratch edge, and the metal substrate is exposed in some local areas.

Figure 8. Micrographs of worn surfaces of Al0.4FeCrNiCox (a) Co = 0; (b) Co = 0.25; (c) Co = 0.25;
(d) Co = 1 [62].

3.1.3. Refractory Metal Elements

Refractory metal elements are also important elements that affect the phase formation
and microstructure of high-entropy alloys. Adding Nb element to high-entropy alloys
can usually improve their wear resistance. Cheng et al. [63] prepared CoNiCuFeCr and
CoNiCuFeCrNb coatings by plasma transfer arc melting and found that under the same
wear test conditions, the addition of Nb could improve the wear resistance of the coatings by
approximately 1.5 times. The research results of Yu et al. [64] indicated that Nb can enhance
the hardness of CoCrFeNiNbx high-entropy alloy, making the wear at room temperature
mainly abrasive wear. At a high temperature of 800 ◦C, due to the formation of a dense
oxide layer, the wear rate is nearly zero. An increase in Nb content will intensify adhesive
wear at 400 ◦C, and oxidative wear and mechanical wear above 600 ◦C will become the
main mechanisms. Liu et al. [65] pointed out that in the CoCrNiNbx medium-entropy
alloys, Nb promotes the formation of the BCC phase, refines the grains and increases the
hardness. When x is within the appropriate range, the friction coefficient of the alloy
decreases and the wear rate also drops, enhancing the wear resistance of the alloy. Figure 9
presents the SEM image of the worn surface of Nbx. Among them, the a1–d1 image on
the right is the enlarged image corresponding to the marked yellow square area in the
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a–d image on the left. In Figure 9a, when x = 0, that is, when Nb is not added, there are
deep furrows and a large amount of adhered wear debris on the alloy surface, forming
a hilly accumulation. The wear mechanism is mainly characterized by severe adhesive
wear and plastic deformation. At this time, the hardness of the alloy is low, and the FCC
phase is prone to plastic flow. When x = 0.385, as shown in Figure 9c, the worn surface is
smooth at this time, with only shallow grooves and a small amount of oxide layer. The
layered eutectic structure suppresses local plastic deformation and debris accumulation
by evenly sharing frictional stress. When x = 0.5, as shown in Figure 9d, cracks, spalling
pits and coarse wear debris appear on the surface at this time, and the wear mechanism
changes to fatigue wear and abrasive wear. Excessive brittleness of the laves phase leads
to the propagation of microcracks on the wear surface, and the rupture of the oxide film
intensifies the material loss.

 
Figure 9. Micrographs of worn surfaces of Al0.4FeCrNiCox (a) Co = 0; (b) Co = 0.25; (c) Co = 0.25;
(d) Co = 1; (a1–d1) enlarged image corresponding to the yellow square area in the left a-d image [65].

Adding a Mo element can effectively inhibit grain coarsening in the intermediate
transition zone and has a significant effect on the cross-sectional microstructure after
sliding wear. Deng et al. [66] increased the content of the Mo element in the CoCrFeNiMox
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alloy under dry conditions at room temperature. The research finds that the addition of
Mo increases the hardness of the alloy matrix, inhibits grain coarsening caused by surface
frictional heat, and improves wear resistance. The research results of Chen et al. [67] show
that the wear rate and friction coefficient of CrFeNbTiMox refractory high-entropy alloy
increase with the increase in Mo content, and the CrFeNbTiMo1.0 sample doped with Mo
exhibits the lowest wear rate and friction coefficient.

Some scholars have also conducted research on the influence of the addition of the
W element on the wear resistance of alloys. The research results show that the addition of
the W element can improve the room-temperature wear resistance of CoCrFeNiWx alloy.
When conducting friction tests at 900 ◦C, the multi-component composite oxide friction
glaze layer formed on the friction surface has a good anti-friction and anti-wear effect. In
particular, the WO3 produced by the oxidation of the W element significantly reduces the
friction coefficient, thereby enhancing the high-temperature friction and wear performance
of the alloy [68].

Table 3 presents a comparison of the influence of some metal elements on the tribolog-
ical properties of high-entropy alloys.

Table 3. Comparison of the influence of metal elements on the tribological properties of high-
entropy alloys.

Elements
Added

Preparation
Method

Material
Composition

Experimental
Parameter Conditions Influence on Friction and Wear References

Al Laser sintering CrFeNiAlxSi Load 20 N, abrasive
grain 40 µm, time 5 min

Wear resistance is optimal when Al
content reaches x = 0.6, in line with the
positive correlation between hardness

and wear resistance

[53]

Ti Plasma cladding (CoCrFeMnNi)85Ti15
coating

Load 25 N, room
temperature 800 ◦C,

rotating speed 300 rpm,
time 20 min

Ti increases hardness by 6 times, and
wear resistance is optimal at 400 ◦C [55]

Cu Arc melting CoCrFeNiCux

Load 100 N, room
temperature 600 ◦C,

rotating speed 95 rpm,
time 1000 s

Cu forms an oxide glaze layer, and
high-temperature self-lubrication

improves wear resistance
[59]

Fe Arc melting AlCoCrFexMo0.5Ni Load 29.4 N, speed
0.5 m/s, time 24 h

Increase in Fe reduces σ phase, wear
resistance decreases, mainly

abrasive wear
[60]

Co Arc melting Al0.4FeCrNiCox

Load 5–20 N, sliding
speed 0.5–2 m/s,

room temperature

Increase in Co content reduces BCC
phase and hardness, leading to

decreased wear resistance
[62]

Nb Arc melting CoCrFeNiNbx

Load 5 N, room
temperature 800 ◦C,

speed 0.188 m/s

A dense oxide layer forms at high
temperatures, significantly reducing

wear rate, at 800 ◦C, the oxide layer is
glaze-like, and wear resistance

is optimal

[64]

Mo
Spark plasma

sintering + cold
rolling

CoCrFeNiMox
Load 5 N/50 N, speed

6 mm/s

Mo solid solution strengthening
improves hardness, inhibits grain

coarsening, and reduces abrasive wear
[66]

W Vacuum arc
melting CoCrFeNiWx

Load 10 N, room
temperature and 900 ◦C,

speed 0.3 m/s

W addition increases high-temperature
hardness, and high-temperature

oxidation generates WO3 to reduce
friction coefficient

[68]

3.2. Non-Metallic Elements

In addition to metallic elements, some non-metallic elements will also be added to the
ranks of improving the performance of high-entropy alloys. Xiao et al. [69] conducted a
study on the situation of the C element in the CoCrFeMnNiCx alloy. Figure 10a visually
presents the wear surface states of high-entropy alloys under different C contents. The
wear trajectory of the CoCrFeMnNi alloy without C addition is the deepest. When x = 0.6,
the wear trajectory of the CoCrFeMnNiC0.6 alloy is the shallowest, with a uniform surface
and no obvious accumulation of plastic deformation. It can be seen that the addition of the
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C element can significantly reduce the degree of damage to the worn surface. Figure 10b
visually reveals the correlation between C content and wear rate. As the C content increased
from x = 0 to x = 0.6, the wear rate of the alloy decreased by an order of magnitude. When the
C content continued to increase (x = 0.9, 1.2), the wear rate slightly rebounded but was still
lower than that of the carbon-free alloy. This trend indicates that an appropriate proportion
of C can enhance wear resistance, while the increase in porosity caused by excessive C will
weaken this effect. Figure 10c summarizes the wear rate–hardness relationship between
this system and other high-entropy alloys.

The Si element is also frequently used in the research of high-entropy alloys because it
can form silicide strengthening phases or change the composition structure of the matrix.
Jin et al. [70] studied the AlCoCrFeNiSix high-entropy alloy and found that the addition
of Si could enhance the hardness, compressive strength and wear resistance of the alloy,
and the main wear mechanism was abrasive wear. Kumar et al. [71] found that an increase
in Si content could improve the wear resistance of CoCrCuFeNiSix, mainly due to the
solid solution strengthening effect caused by the atomic radius mismatch between Si and
other elements. Xin et al. [72] also conducted a study on the doping of Si in high-entropy
alloys, and the corresponding research results are shown in Figure 10. Figure 10a shows
the changes in the friction coefficients of various materials at different temperatures. The
friction coefficient of high-entropy alloys doped with Si is more stable, and it shows a
downward trend with the increase in Si content and the rise in temperature. Figure 10b
quantifies the differences in wear rates at different temperatures. With the increase in
temperature, the wear of Stellite-6 first increases and then decreases. Among the Si-
doped high-entropy alloys, the wear rate of Al02Si01 is the lowest at all temperatures. This
intuitively demonstrates that an appropriate amount of Si (x = 0.1) can significantly enhance
high-temperature wear resistance, while excessive Si (x = 0.5) will lead to an increase in
the wear rate. In Figure 10c–f, the data of high-entropy alloys are circled with colored
backgrounds to distinguish and compare their properties with those of Stellite-6 alloy.

Some scholars have also conducted relevant research on the addition of high-entropy
alloys to element B. Liu et al. [73] studied the frictional properties of the Al0.5CoCrCuFeNiBx

high-entropy alloy. The research found that the addition of element B enhanced the
hardness of the alloy, thereby improving its wear resistance accordingly. When the content
of element B is relatively low (x ≤ 0.4), the differences in frictional properties between
alloy systems are relatively small. When the B content is relatively high (x ≥ 0.6), the wear
resistance of the alloy is significantly enhanced. Lin et al. [74] investigated the influence of
the B content on the microstructure and properties of the FeCoCrNiAlB high-entropy alloy
coating. The results show that with the increase in B content, the content of the BCC phase
increases, the content of the eutectic structure decreases, and the wear resistance of the
high-entropy alloy coating also increases. When the B content is 0.75, the wear resistance of
the high-entropy alloy coating is the best.

This section systematically reviews the influence of laws and mechanisms of metallic
and non-metallic elements on the friction and wear properties of high-entropy alloys. The
research shows that among the metallic elements, Al significantly enhances the hardness
and wear resistance of the alloys by stabilizing the BCC phase, causing lattice distortion
and promoting the formation of dense oxide films, and there exists an optimal content
range. Ti enhances high-temperature wear resistance by promoting the precipitation of the
second phase. When Cu is added in appropriate amounts, it can form a continuous oxide
layer to improve wear resistance. Excessive Fe content will reduce wear resistance due to
microstructure transformation. Excessive addition of Co can easily lead to intensified fa-
tigue wear. Nb optimizes wear resistance by refining grains and regulating phase structure.
Mo can inhibit grain coarsening, but excessive amounts may deteriorate performance. W
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exerts anti-friction effects by forming a WO3 enamel layer at high temperatures. Among
non-metallic elements, C reduces the wear rate by increasing hardness, but its content
needs to be controlled to avoid an increase in porosity. Si enhances wear resistance through
solid solution strengthening and the formation of silicides. B enhances wear resistance
by increasing the content of the BCC phase and regulating the eutectic structure. Overall,
various elements mainly regulate the friction and wear performance of high-entropy alloys
by influencing phase composition, microstructure, mechanical properties and surface oxi-
dation behavior. Moreover, most elements have an optimal addition range. Excessive or
insufficient addition may lead to a decrease in wear resistance. This section provides an
important reference for the composition design and tribological property optimization of
high-entropy alloys.

Figure 10. Comparison of tribological properties of different alloys from 25 ◦C to 800 ◦C: (a,b) the
average friction coefficient and wear rate; (c–f) mechanical properties–wear rate relationship [72].

4. Influence of Friction Environment on Tribological Properties of
High-Entropy Alloys

In practical engineering applications, the friction environment is one of the key fac-
tors determining the main wear mechanism of materials, which in turn affects the wear
resistance of materials [75,76]. Analyzing the typical characteristics of high-entropy alloys
under different friction environments, optimizing the alloying elements that promote the
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occurrence of friction chemical reactions, and constructing high-entropy alloys that can
meet the required performance under harsh working conditions by using the preferred
alloying elements is conducive to the advantages and disadvantages of high-entropy alloys
in engineering applications [77,78].

4.1. High-Temperature Environment

Liu et al. [79] investigated the wear resistance of (CrMnFeHf)7.14(TiTaV)23.81 high-
entropy alloy at high temperatures. Figure 11 shows the 3D optical profile of the worn
surface after the high-temperature dry sliding wear test, presenting the three-dimensional
morphological characteristics of the wear trajectory of high-entropy alloys composites at
different temperatures (room temperature, 200 ◦C, 400 ◦C, 600 ◦C). The figure visually
presents the differences in depth and width of the wear trajectory at different temperatures
through three-dimensional contours. It can be clearly observed from the figure that the
shape of the wear trajectory changes significantly with the variation of temperature. At
200 ◦C, the wear trajectory is the deepest. As the temperature rises, the depth of the wear
trajectory gradually decreases. At 600 ◦C, the wear trajectory is the shallowest, indicating
that the material has the best wear resistance at this temperature. This is closely related to
the effect of the oxide layer formed at high temperatures.

 
Figure 11. Surface profile of the worn surface at different temperatures: (a) room temperature;
(b) 200 ◦C; (c) 400 ◦C; (d) 600 ◦C [79].

Jin et al. [80] investigated the high-temperature performance of laser cladding FeNi-
CoAlCu high-entropy alloy coatings. Figure 12 reflects the influence of high temperature
on the tribological properties of high-entropy alloys. The results show that the coefficient
of friction is stable at 0.8–0.9 at room temperature, 200 ◦C and 400 ◦C. At 600 ◦C and 800 ◦C,
the coefficient of friction significantly drops to around 0.3. This trend directly reflects the



Lubricants 2025, 13, 342 16 of 25

regulation of alloy friction behavior by high-temperature environments, promoting the
formation of oxide films and significantly reducing the coefficient of friction. In addition,
Du et al. [81] also prepared an Al0.25CoCrFeNi high-entropy alloy and conducted friction
tests within the temperature range of 20 ◦C to 600 ◦C. The results show that due to high-
temperature softening, the wear rate increases with the rise in temperature. However, due
to the formation of the oxide film and the decrease in adhesion as the temperature rises, the
coefficient of friction also decreases with the increase in temperature.

Figure 12. Friction coefficient at different temperatures [80].

4.2. Marine Environment

Most traditional alloys are prone to corrosion in seawater environments. Corrosion
can deteriorate the worn surface and accelerate wear. Traditional corrosion-resistant alloys
have relatively low hardness and strength, making it difficult to meet the requirements
of wear resistance. Research has found that some metal elements, after corroding in
seawater, can form self-lubricating oxides and hydroxides. Reference [82] describes the
influence of the Marine environment on the high-entropy alloy coating of AlCrFeNiW0.2

Ti0.5. The tribological properties of this coating are superior to those of Q235 steel and
SUS304 stainless steel. The friction and wear of this coating are the least in seawater.
This is because Ca2+, Mg2+ and other substances in seawater form a protective friction
film containing CaCO3 and Mg(OH)2, thereby isolating and reducing wear and friction,
resulting in a decrease in the coefficient of friction and wear rate. Figure 13 shows the wear
mechanism of the AICrFe2Ni2W0.2Mo0.75 high-entropy alloy coating in seawater [83]. It
clearly demonstrates the regulatory mechanism of the chemical changes and wear processes
occurring on the surface of high-entropy alloys in the Marine environment. Seawater ions
react with alloys to form products such as Mg(OH)2 and CaCO3, creating a friction film.
Through isolation contact, lubrication and corrosion resistance, friction and wear are
reduced. At the same time, alloying elements form metal oxides and hydroxides, and these
products jointly form a friction film on the worn surface. This membrane isolation coating
is in direct contact with the paired balls, providing lubrication and preventing Cl− erosion,
thereby reducing the coefficient of friction and wear rate.
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Figure 13. Schematic diagram of the wear mechanism in seawater [83].

4.3. H2O2 Environment

High-concentration hydrogen peroxide, as a green accelerator in the aerospace field,
has compatibility issues with most metals due to its strong oxidizing and easily decom-
posable properties. It not only leads to severe oxidation and wear of compatible metals
but may also cause serious friction and seizing under low-load and low-speed conditions.
High-entropy alloys, with their unique performance advantages, have shown application
potential in aerospace fields such as rocket engines containing hydrogen peroxide solutions,
and are expected to solve the compatibility and wear problems between metals and hydro-
gen peroxide. Yu et al. [84] investigated the influence of hydrogen peroxide concentration
on the tribological properties of the AlCoCrFeNiTi0.5 high-entropy alloy. As the concen-
tration of H2O2 increases, the friction and wear of the alloy improve, and there are no
obvious wear marks on the surface. This is because a lubricating colloid film was formed,
effectively inhibiting mechanical wear. Reference [85] investigated the friction properties
of the AlCoCrFeNiTi0.5 high-entropy alloy under different loads and sliding speeds. In a
90 wt% H2O2 environment, the coefficient of friction can be as low as 0.005–0.04, and the
wear amount also decreases with the increase in sliding speed and the decrease in load,
demonstrating the low wear characteristics of high-entropy alloys in an H2O2 environment.
Duan et al. [86] analyzed the reasons for the reduced friction coefficient and smooth surface
of the AlCoCrFeNiCu high-entropy alloy in a hydrogen peroxide environment, which were
attributed to the combined effect of the protective film formed by oxidation products and
the colloidal film. Luo et al. [87] analyzed the mechanism by which the tribological prop-
erties of the AlCoCrCuFeNi high-entropy alloy were affected at different heat treatment
temperatures in a 90% hydrogen peroxide environment. As shown in Figure 14, with the
increase in heat treatment temperature, the white flaky structure in the dendrite region
(DR) of the high-entropy alloys increases, while the BCC phase decreases, resulting in a
decrease in hardness. The decrease in hardness makes the material more easily penetrated
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by abrasive particles in a hydrogen peroxide environment, and the coefficient of friction
and wear increase accordingly. It indicates that in a strong oxidizing environment, material
hardness is the key to resisting wear, and heat treatment affects hardness by changing the
structure, thereby regulating the friction and wear performance.

Figure 14. Mechanism analysis of tribological properties at different heat treatment temperatures [87].

This section systematically reviews the influence mechanisms of different friction en-
vironments on the friction and wear properties of high-entropy alloys. In high-temperature
environments, the influence of temperature is complex. The wear resistance of some alloys
increases with rising temperature. For instance, at 600 ◦C, (CrMnFeHf)7.14(TiTaV)23.81 has
the best wear resistance. The friction coefficients of the laser cladding FeNiCoAlCu coating
and the Al0.25CoCrFeNi alloy both decrease with the increase in temperature. The lubrica-
tion and protection of the oxide film are key. In Marine environments, high-entropy alloys
perform better than traditional alloys. Coatings such as AlCrFeNiW0.2Ti0.5 in seawater
form a friction film containing CaCO3 and Mg (OH)2 through Ca2+ and Mg2+, and combine
with oxides generated by alloy elements to reduce friction and wear, demonstrating the
composite protective mechanism of the friction film. In an H2O2 environment, high-entropy
alloys can solve the compatibility problems of traditional metals. The friction and wear of
AlCoCrFeNiTi0.5, etc., improve with the increase in H2O2 concentration, and the colloid
film and protective film play a key role. Heat treatment regulates performance by altering
the structure and influencing hardness. The synergistic effect of material hardness and
surface film is the core of optimization.

5. Influence of Test Conditions on the Tribological Properties of
High-Entropy Alloys

High-entropy alloys exhibit broad application potential under diverse loading condi-
tions, and their tribological properties show significant sensitivity to matching materials
and the duration of wear tests. Different stress states (such as load magnitude and slid-
ing rate) will change the frictional force between the friction pair and the alloy surface,
thereby forming complex and variable wear surface morphologies, leading to correspond-
ing changes in the friction coefficient and wear rate, and ultimately causing a transformation
in the wear mechanism [88].
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5.1. Load

Research shows that different loads will have a certain impact on the friction and
wear of high-entropy alloys [89–91]. Joseph et al. [92] found that when studying the
CoCrFeMnNi high-entropy alloy, there were significant differences in wear rates at room
temperature, 600 ◦C, and 800 ◦C, with loads of 5 N and 10 N, respectively. At 600 ◦C, the
lowest wear rate was observed under a 5 N load. This is attributed to the inhibitory effect
of the subsurface ultrafine grain structure and σ relative grain boundary migration. In
addition, the comparative tests of (CoCrFeMnNi)85Ti15 and CoCrFeMnNi under a load of
25 N and a rotational speed of 300 rpm show that the wear rate of the former is significantly
lower than that of the latter due to its higher hardness. Deng et al.’s [93] research on
the CoCrFeNiMo0.2 high-entropy alloy shows that both the coefficient of friction and the
wear rate decrease with the increase in normal load. This is because higher loads will
promote the formation of a large amount of wear debris and oxide friction films on the
surface. These substances hinder the direct contact of the friction pairs and, at the same
time, reduce the interfacial contact stress. Tri et al. [94] found that at 500–600 ◦C, an
increase in load from 10 N to 30 N led to an intensification of abrasive wear. Under a
30 N load, deeper furrows and more grinding debris appear, forming “three-body wear”.
The furrow phenomenon becomes more severe, and both the wear rate and the friction
coefficient increase. Kumar et al. [95] conducted a study on Al0.4FeCrNiCox. The results
show that when the normal load increases from 5 N to 20 N, both the coefficient of friction
and the specific wear rate gradually increase. This is because a higher load increases the
direct contact area between metals, resulting in more wear chips and exacerbating surface
damage. Lan et al. [96] investigated the tribological properties of Ni45(FeCoCr)40(AlTi)15

high-entropy alloy under different normal loads. The research finds that the coefficient
of friction decreases with the increase in load, and the coefficient of friction reaches the
lowest value of 0.58 when the maximum load is 12 N. This is because the frictional heat
generated in sliding contact increases with the increase in load, forming a thicker oxide
layer. This oxide layer acts as an interfacial lubricant, reducing the shear strength and
thereby reducing friction.

5.2. Sliding Velocity

The research shows that different sliding speeds also have a certain impact on the
friction and wear of high-entropy alloys [97–102]. Studies have shown that the friction
coefficient of CoCrFeNiMo0.2 high-entropy alloy decreases with the increase in sliding
speed, but the wear rate increases accordingly [93]. This is because when the sliding
speed increases, the wear debris and oxide film formed on the surface decrease, which
cannot effectively protect the surface, resulting in more furrows and plastic deformation
during the friction process. Kumar et al.’s [95] study on Al0.4FeCrNiCox indicated that
the wear rate decreased when the sliding speed increased from 0.5 m/s to 2 m/s. This
is because the higher sliding speed causes the lubricating oil film to thicken, reducing
direct metal contact. Kumar et al. [62] also studied the problems of Al0.4FeCrNiCox high-
entropy alloy under dry friction conditions. The results show that the friction coefficient
of the Al0.4FeCrNiCox high-entropy alloy decreases with the increase in speed. This is
because high temperatures promote the formation of an oxide film, making the surface
smoother. However, the specific wear rate increases with the increase in speed, as the
high temperature without lubrication causes the material to soften, intensifying plastic
deformation. Wu et al. [103] simulated and studied the influence of sliding speed on the
friction behavior of the FeNiCrCoCu high-entropy alloy through nanomolecular dynamics
software and found that sliding speed significantly affected the frictional force. There is
an insignificant positive correlation between the two. However, as the speed increases,
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the fluctuation range of the frictional force expands, which is related to the fact that the
alloy releases more strain energy under a specific pressure. Qiu et al. [104] also studied
the friction and wear properties of the FeNiCrCoCu high-entropy alloy using the same
molecular dynamics method. The influence of cutting speed is explored by analyzing the
coefficient of friction, stress distribution and dislocations. It was found that an increase in
speed would increase the tangential force, but had a small effect on the normal force, and
made the high-temperature area more obvious during the friction process.

5.3. Friction Pair

The friction pair can also have a certain impact on the friction and wear of high-entropy
alloys [105–107]. Miao et al. [108] investigated the friction behavior of the AlCoCrFeNi2.1

high-entropy alloy with different friction pairs. The results show that the friction coefficient
and wear rate vary significantly due to different friction pairs. When paired with SiC,
AlCoCrFeNi2.1 has the lowest coefficient of friction and the smallest wear rate. When
AlCoCrFeNi2.1 is paired with Al2O3, it has the highest coefficient of friction and the most
severe wear. The research shows [109] that when CrFeCo1.5Ni1.5Ti0.5 is paired with Al2O3

balls, severe delamination wear occurs due to the high hardness of the ceramics. When
CrFeCo1.5Ni1.5Ti0.5 is paired with 100Cr6 steel balls, the oxide film on the surface of the
steel balls reduces friction, and the amount of wear is significantly reduced. At this point,
slight oxidation wear is predominant. A comparison between CrFeCo1.5Ni1.5Ti0.5 and
Inconel 718 reveals that the wear rate of high-entropy alloys when paired with steel balls
is lower. This indicates that it has more advantages in the balance between lightweight
and wear resistance. When AlxCoCrFeNi is paired with Inconel 718 friction pairs, at a high
temperature of 800 ◦C, due to the formation of an oxide layer on the surface of Inconel
718, the friction coefficient drops to 0.35, and the wear mechanism is mainly oxidative
wear [110]. When CoCrFeMnNi is paired with Si3N4 balls, the SiO2 layer formed by
Si3N4 during sliding acts as a lubricant, reducing the wear rate by approximately 30% [72].
Poulia et al. found [111] that the wear rate of the MoTaNbZrTi high-entropy alloy when
paired with 100Cr6 steel balls was lower than that when paired with Al2O3 ceramic balls.
This is because the oxide film formed on the surface of the steel ball during friction can play
a lubricating role, while the high hardness of ceramics will have a more severe ploughing
effect on the surface of the alloy.

In the test conditions, the load, sliding speed and friction pair have a significant impact
on the friction and wear performance of high-entropy alloys. In terms of load, different
alloys respond differently. For some, due to the reduced contact caused by the surface
oxide film, the friction coefficient and wear rate decrease with the increase in load. Some
others increase due to the increase in contact area and the intensification of abrasive wear,
both of which rise with the increase in load. The influence of sliding speed is complex. By
altering the oxide film, oil film and the degree of material softening, it leads to changes in
the coefficient of friction and wear rate, and also affects the fluctuation of frictional force.
The compatibility of the friction pair has a significant impact. When paired with different
materials, the friction coefficient and wear rate vary significantly, which is related to the
hardness of the friction pair, the oxide film and the lubrication effect. Reasonable selection
can optimize wear resistance.

6. Conclusions
High-entropy alloys have demonstrated significant advantages in the field of friction

and wear due to the synergistic effect of the four core effects. The research shows that
metallic elements (such as Al, Ti, Cu, etc.) can effectively regulate their friction and wear
properties through solid solution strengthening, second-phase precipitation and oxide film
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formation, while non-metallic elements (such as C, Si, etc.) can form strengthening phases.
High temperature, marine conditions, hydrogen peroxide and other working environments
affect its tribological behavior by altering the wear mechanism. Friction schemes such as
load, sliding velocity and friction pair have an impact on the performance of high-entropy
alloys. The coefficient of friction and wear rate vary under different conditions. Reasonable
matching can optimize wear resistance. Based on this, high-entropy alloys have application
potential in specific components such as engine blades and bearings in the aerospace field,
impellers of seawater pumps and ship propellers in the Marine engineering field, as well
as brake discs of high-speed trains and piston rings of automobiles in the mechanical
manufacturing field.
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