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Abstract: High-entropy alloy (HEA) is currently regarded as materials with the most superior comprehensive
properties, possessing capabilities not found in traditional alloys. This is particularly attributed to the characteristic
presence of multiple principal elements, endowing the alloys with exceptional performance across various aspects,
thus becoming a focal point of both current and future research endeavors. The performance of HEA is derived from
phase transition. This review summarizes the intrinsic phase transition of HEA itself and the enhancement of HEA
performance through the addition of particulate phases. Starting from the definition of HEA, the common definitions
are introduced, leading to the design principles of HEA and the prediction of solid solution phases. The influence
of different elements on the structural changes of HEA solid solution phases is explained through lattice distortion
phase transition and segregation phase transition methods. The patterns of phase transition induced by large atomic
elements are summarized, and the development process of segregation phase transition by small atomic elements is
presented, offering references for future research on HEA. Furthermore, the concept of solubility of elements in HEA
is introduced, based on the phase transition caused by large and small atomic elements, providing a more accurate
basis for the design and preparation of HEA. The common hard particles used to enhance the performance of HEA
are discussed, revealing how direct addition of particles can lead to decomposition and the uncertainty of the effects
of elements on HEA performance. The significance of encapsulation techniques in enhancing the performance of
high-quality HEA is proposed.
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1 Introduction

Traditional alloy materials are predominantly composed of iron, cobalt, nickel, titanium, and similar metals [1–4].
The practice of enhancing alloy performance by adding a small amount of other elements to one or two principal
elements, although superior to coatings made from a single metal, is not without its challenges. Research has shown
that intermetallic compounds, which can form between different metals, are prevalent in these alloys, leading to
a multitude of complex intermetallic compounds. Greer [5] defined this phenomenon as the confusion principle.
Furthermore, according to Gibbs’ phase rule, the presence of n elements in an alloy, whether in equilibrium or not,
will result in at least n+1 compound phases, with an increase in compound phases inevitably leading to a deterioration
in alloy performance [6, 7]. The introduction of the confusion principle and the calculations based on Gibbs’ phase
rule brought research on alloy elements to a standstill until Yeh et al. [8] and Cantor et al. [9] proposed the concept
of HEA. HEA, characterized by its composition of five or more elements in equiatomic ratios, represents a novel
alloy theory. Predominantly featuring a solid solution structure, HEA breaks away from the chaos of intermetallic
compounds. The concurrent presence of multiple principal elements enhances the coating’s strength, hardness, and
corrosion resistance [10–12].

1.1 Definition of HEA

Currently, the definition of HEA is categorized into three types: definitions based on atomic ratio, entropy value,
and phase. The definition based on atomic ratio, proposed by Professor Ye Junwei, categorizes the alloy containing
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five or more elements, with each element’s atomic ratio ranging from 5% to 35%, as HEA. This initial definition
merely outlines the element proportion and has been expanded upon with increased usage and research on HEA,
with the requirements for the atomic ratios of elements not strictly limited to within 5% to 35%.

The definition based on entropy value stems from Boltzmann’s hypothesis, introducing the concept of entropy
∆Smix into the alloy. The calculation is shown in Eq. (1) [13], where R represents the Boltzmann gas constant,
valued at 8.31 J/ (k∗ mol) , n is the number of principal elements in the alloy, and Ci is the atomic percentage of
the i-th element in the alloy system.

∆Smix = −R

n∑
i=1

(Ci lnCi) (1)

When the entropy exceeds 1.5R, the alloy system tends to form a disordered arrangement of solid solution
structures rather than complex intermetallic compounds [14]. The entropy of HEA is directly proportional to
the number of principal elements; the higher the entropy, the more inclined the system is to form solid solution
structures. The alloy is classified based on its entropy value into HEA (△ Smix ≥ 1.5R), medium-entropy
alloy (1R ≤ △Smix < 1.5R ), and low-entropy alloy (△Smix < 1R). However, studies have found that when the
number of principal elements reaches thirteen, the impact of additional elements on the properties of HEA becomes
increasingly negligible. Thus, the number of principal elements in HEA is controlled to be between five and
thirteen [15].

Designing HEA solely based on the concepts of entropy and atomic ratio has proven insufficient for the successful
synthesis of HEA. For instance, Xian’s attempt to fabricate VTiFeCrZr HEA, adhering to the atomic ratio concept
with each element’s atomic ratio meeting the 5% to 35% criterion (entropy ∆Smix ≈ 1.6R) and the entropy aligning
with the concept of HEA, should theoretically result in the formation of HEA. However, the alloy experienced
brittleness and fracturing after synthesis, failing to become HEA with superior properties [16].

Currently, the most accurate approach to determining HEA is through phase determination. The emergence of
HEA is mainly attributed to the mixture of multiple elements not resulting in a multitude of intermetallic compound
phases as predicted by the confusion principle, which would lead to alloy brittleness. Instead, there is a tendency to
form solid solution structures. Therefore, it is commonly accepted that any alloy composed of five or more elements
that can form a solid solution structure may be classified as a HEA, thus relaxing the requirements for atomic ratio
and entropy value. However, the formation of a solid solution structure remains a stringent condition for HEA,
prompting numerous researchers to investigate design principles for HEA to successfully achieve the required solid
solution structure.

2 Design Basis of HEA

The current basis for HEA design is divided into three categories: atomic radius difference δ and mixing enthalpy
∆Hmix, atomic radius difference δ and entropy enthalpy Ω, and the improved atomic radius difference γ.

2.1 Design Basis of Atomic Radius Difference and Mixing Enthalpy

Zhang et al. [17] inferred two criteria for the formation of solid solutions in HEA using the HumeRothery rules:
the difference in atomic radius (δ) and mixing enthalpy (△Hmix).

In HEA, the traditional distinction between solute and solvent does not apply, as each element serves as both
solute and solvent for the others. A significant difference in atomic radius can exacerbate lattice distortion, increase
strain energy, and raise the alloy’s free energy, leading to reduced stability of the solid solution. Additionally, the
difference in atomic radius can slow down diffusion rates, reduce the rate of phase transition, and lead to segregation
of atoms within the alloy. Therefore, the impact of atomic size must be considered in the design of HEA, where the
atomic radii should be maintained at similar levels. The formula for calculating atomic radius difference is shown in
Eq. (2) [17].

δ =

√√√√ n∑
i=1

Ci

(
1− ri

r

)2

(2)

where, Ci is the atomic percentage of the i-th element, ri is the atomic radius of the i-th element, and r̄ is the average
atomic radius of

∑n
i=1 Ciri.

Enthalpy △Hmix indicates the strength of the atomic bonds. In HEA, the closer △Hmix is to zero, the easier it is
to form a solid solution without causing segregation or forming intermetallic compounds. The calculation formula
for ∆Hmix is shown in Eq. (4) [18].
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∆Hmix =

n∑
i=1,j̸=i

ΩijCiCj (3)

Ωij = 4∆Hmix
AB (4)

△Hmix
AB can be found in the study of Takeuchi and Inoue [19]. In Zhang et al. [17]’s criteria for forming stable

solid solutions, as illustrated in Figure 1, alloys tend to form stable solid solution structures when the atomic radius
difference δ ≤ 6.6% and mixing enthalpy −20 ≤ △Hmix ≤ 5kj/mol.

Figure 1. Relationship between δ,△Hmix
AB and HEA phase [17]

2.2 Design Basis of Atomic Radius Difference and Entropy-Enthalpy

Mixing enthalpy is used to calculate the state of disorder in HEA, with a larger magnitude of |△Hmix | indicating
greater disorder and a lower likelihood of forming a solid solution structure [20, 21]. Entropy △Smix plays a role
in inhibiting the formation of intermetallic compounds in HEA; the greater the entropy, the more stable the HEA.
Given the simultaneous presence of entropy and enthalpy in HEA, it is insufficient to consider mixing enthalpy alone
as the basis for forming solid solution structures; both entropy and enthalpy should be taken into account. Hence,
Yang and Zhang [22] proposed the entropy-enthalpy basis, suggesting that entropy and enthalpy exhibit a competing
relationship in HEA. If entropy exceeds enthalpy, the formation of a solid solution is favored; if enthalpy exceeds
entropy, segregation or an increase in intermetallic compounds occurs, hindering the formation of solid solution
structures, as indicated in Eqs. (5) and (6) [22].

Ω =
Tm∆Smix

|∆Hmix|
(5)

Tm =

n∑
i=1

Ci (Tm)i (6)

where, (Tm)i represents the melting point of the i-th alloy.
Yang and Zhang [22] established a relationship diagram between δ and Ω through extensive data, as shown in

Figure 2. From this diagram, one can intuitively understand the effects of δ and Ω on HEA. The S region indicates
the presence of only solid solutions, the I region indicates only intermetallic compounds, the S+I region indicates
the coexistence of solid solutions and intermetallic compounds, and the B region is where amorphous phases form.
Analysis reveals that to form a solid solution phase in HEA, specific criteria must be met, i.e., Ω ≥ 1.1, and δ ≤ 6.6%.
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Figure 2. Relationship between δ,Ω and phase structure of HEA [22]

2.3 Design Basis of Improved Atomic Radius Difference

Yang and Zhang [22] introduced the concept of simultaneous entropy-enthalpy influence for determining the
formation of alloy solid solutions, without suggesting improvements to the atomic radius difference, considering it
suitable. However, Guo et al.’s [23] research identified shortcomings in the formula for atomic radius difference for
some HEA. As shown in Figure 3, δ ≤ 6.6%, and −20 ≤ △Hmix ≤ 5kj/mol proposed [23] are the blue shaded
area in the diagram, which do not exclusively contain solid solution structures but also intermetallic compounds.

Figure 3. δ −△H [23]

Addressing this phenomenon, Wang et al. [24] proposed a modification to the atomic radius difference criterion,
as demonstrated in Eq. (7):

γ =
1−

√
(rS+r̄)2−r̄2

(rS+r̄)2

1−
√

(rL+r̄)2−r̄2

(rL+r̄)2

(7)

where, rs is the maximum atomic radius, and rL is the minimum atomic radius.
The comparison between the new atomic radius criterion formula and the original atomic radius criterion formula

is illustrated in Figure 4.
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Figure 4. δ − γ phase division comparison diagram [24]

Analysis of the δ − γ diagram indicates that the division using γ < 1.175 is significantly more accurate and
results in smaller errors compared to that using δ ≤ 6.6%.

2.4 Prediction of HEA Phase Structure

Regardless of the criteria used, they only ensure the formation of a solid solution in HEA but do not determine
the type of solid solution. For predicting the solid solution structure of HEA, Guo et al. [25] introduced the concept
of valence electron concentration (VEC) to predict face-centered cubic lattice (FCC) and body-centered cubic lattice
(BCC) phases.

The calculation of VEC proposed by Guo et al. [25] is shown in Eq. (8):

V EC =

n∑
i=1

Ci(V EC)i (8)

(V EC)i represents the VEC of element i. Through calculations and extensive experimental data, it has been
determined that HEA tends to form FCC phases when V EC ≥ 8, and BCC phases when V EC < 6.87. However,
VEC is not suitable for predicting HEA containing Mn.

Table 1 presents the currently used data ranges for designing HEA to form solid solution structures and the basis
for dividing HEA solid solution phases.

Table 1. Common solid solution basis and phase prediction

Solution Basis δ ≤ 6.6% δ ≤ 6.6% γ < 1.175
−20 ≤ △Hmix ≤ 5 kj/mol Ω ≥ 1.1 −20 ≤ △Hmix ≤ 5 kj/mol

Phase Prediction VEC < 6.87 forms BCC phases, and 8 ≤ VEC forms FCC phases

3 Influence of Elements on HEA Phases

HEA is predominantly composed of solid solution phases. These solid solution phases are classified into three
main types: FCC, BCC, and hexagonal close-packed structure (HCP). Research has indicated that in HEA, FCC and
BCC phases constitute the majority of phase types; hence, studies primarily focus on these two phases.

The BCC phase, characterized by a body-centered cubic lattice, exhibits a structure where a cube encases a
central atom, resulting in materials with higher hardness due to this configuration. Conversely, the FCC phase,
featuring a face-centered cubic lattice, includes an atom embedded in each face of the cube, thereby providing more
slip planes and directions, and consequently, better plasticity [26, 27].

To balance the toughness and hardness of HEA and enhance their overall performance, phase transition is
often required. The elements that most significantly induce phase transition in HEA are categorized into two main
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types: distortion phase transition and segregation phase transition. Distortion phase transition occurs with larger
atomic radius elements, causing phase structure changes through lattice distortion driven by atomic compression.
Segregation phase transition utilizes the concept of mixing enthalpy, adding elements with higher mixing enthalpy
values with the alloy’s elements to form new phases through segregation [28]. As shown in Table 2, common
elements are listed with their atomic radii, VEC, and lattice structures.

Table 2. Radius, VEC and lattice structure of common elements [13, 29, 30]

Element Symbol Atomic No. Radius /Å VEC Lattice Structure
Aluminum Al 13 1.432 3 -

Silicon Si 14 1.153 4 -
Titanium Ti 22 1.462 4 HCP

Chromium Cr 24 1.249 6 BCC
Manganese Mn 25 1.350 7 BCC

Iron Fe 26 1.241 8 BCC/FCC
Cobalt Co 27 1.251 9 HCP
Nickel Ni 28 1.246 10 FCC
Copper Cu 29 1.278 11 BCC

3.1 Distortion Phase Transition

It is generally considered that Al is a common element promoting the formation of BCC structures. In the
FeCoCrNiMnAlx HEA, the structure remains a single-phase FCC solid solution when the Al content ranges from
0 to 8. With the addition of Al, the FCC phase gradually transition to the BCC phase, resulting in a dual-phase
structure. When the content exceeds 16, a complete transition to the BCC phase structure occurs. In the dual-phase
structure, the strength is higher than that of the single FCC phase, and the plasticity surpasses that of the single BCC
phase [31]. In the lightweight FeCrNiTi0.25Alx, when x > 0.5, the HEA transition from an FCC+BCC phase to a
dual BCC phase, one of which is the common disordered BCC phase found in HEA, and the other is an ordered BCC
phase similar to NiAl. As shown in Figure 5, with the emergence of two BCC phases, the coating structure becomes
denser, and the grains are progressively refined, with the two different BCC phases contributing to precipitation
strengthening and nano-composite strengthening effects [32].

Figure 5. SEM pictures of AlxCrFeNiTiT0.25 alloys [32], (a) Al0 (b) Al0.25 (c) Al0.5 (d) Al0.75 (e) Al1.0
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The addition of Al is believed to facilitate the increase of the BCC phase primarily because the FCC phase has a
higher structural density. When Al is added, lattice distortion occurs, energy increases, and the FCC phase becomes
unstable, thus favoring the formation of the stable BCC phase to conserve energy [33].

In the phase transition diagram of FeCoNiCrCuAlx HEA shown in Figure 6, the presence of Ni and Al
simultaneously, with Al content exceeding 0.5, invariably leads to the formation of an ordered Ni-Al BCC phase.
When Al is further increased beyond its solubility in the BCC matrix, excess Al forms a rich-Al FCC phase [34–38].

(a) (b)

(c)

Figure 6. XRD spectra of FeCoNiCrCuAlx coatings (a) low-aluminum coatings (b) medium-aluminum coatings
(c) high-aluminum coatings [34]

As indicated in Table 2, the atomic radius of Ti is larger than that of Al, increasing the likelihood of distortion
phase transition. Research on the influence of Ti on HEA revealed that Ti promotes the formation of BCC structures.
In the study of AlCoCrFeNiTix HEA by Liu et al. [39], AlCoCrFeNi was solely a BCC phase without Ti. Upon
reaching a Ti content of 0.4, a new BCC phase emerges, resulting in a dual-BCC phase structure [35]. However,
Ti’s ability to promote BCC formation was not observed in the FCC phase HEA of CoCrFeNiTi, with no BCC phase
appearance even when x reached 0.7 in CoCrFeNiTix [36]. Figure 7 illustrates the phase transition diagram in
CoCr2.5FeNi2Tix HEA with BCC phases, showing the BCC phase of HEA diminishing with the addition of Ti, the
emergence of the FCC phase, and gradually becoming the dominant phase structure. At an addition level of 1.5, the
FCC phase transition back to the BCC phase, making it the primary phase structure once more [37].
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Figure 7. Phase transition diagram of with varying Ti content in HEA [37]

As indicated in Table 2 and Table 3 [38–46], the addition of large atomic elements to HEA follows a distinct
phase transition pattern. When large atomic elements are added to HEA with an FCC phase, the FCC phase of the
HEA transition to a structurally stable BCC phase as the amount of the element increases. Conversely, when large
atomic elements are added to HEA with a structurally stable BCC phase, the large atomic elements first dissolve,
filling the spaces within the BCC structure to form a dense FCC phase. With further increases in element content,
the FCC phase, due to the increase in energy, again distorts into the BCC phase.

Table 3. Influence of elements on phase transition in HEA

HEA Content Phase Reference

FeCoCrNiMnAlx

< 8 FCC
[23]8 ∼ 16 FCC + BCC

> 16 BCC

FeCrNiTi0.25Alx
< 0.5 FCC + BCC [24]
> 0.5 BCC + BCC

FeCoNiCrCuAlx

< 0.5 FCC
[26]0.5 ∼ 1 FCC + BCC

> 1 FCC + BCC+ FCC1

CoCr2.5FeNi2Tix

0 BCC

[35]0.5 BCC+ FCC
1 BCC < FCC

1.5 BCC > FCC

FeNiCrCoSix

0 FCC
[39, 40]0.5 BCC > FCC

2 BCC

MoFeCrTiWSix
< 0.2 BCC [41]
> 0.4 BCC+Laves

AlCoCrFeNiMnCux

< 0.6 BCC
[43]0.6 ∼ 0.8 BCC + FCC1

0.8 BCC+ FCC1 + FCC2

AlCoCrFeNiCux

< 0.5 BCC
[44]0.5 ∼ 1 BCC + FCC1

> 1 BCC + FCC1 + FCC2
CoCrFeNiCux 0− 1 FCC [45, 46]

3.2 Segregation Phase Transition

Hedya et al. [35], while studying the impact of Si content on the properties of FeNiCrCo, discovered that
CoCrFeNi presents an FCC phase structure. Upon the addition of Si to a concentration of 0.9, a small amount of
BCC phase appears without significant changes to the FCC phase. As depicted in Figure 8, Hao et al. [36], extending
previous research on Si addition, conducted further studies on phase transition in CoCrFeNi HEA. With increasing
Si content, the FCC phase gradually diminishes, and the BCC phase becomes more prevalent, until at x=2, only the
BCC phase exists, indicating that Si can transform the FCC phase into the BCC phase. Zhou et al. [37] investigated
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the impact of Si on the properties of BCC phase structure HEA. In MoFeCrTiW with added Si, the primary structure
of the HEA remains BCC. Due to the small mixing enthalpy between Si and other elements, which facilitates reaction,
the addition of and more than 0.4 leads to the formation of intermetallic compounds. Although the MoFeCrTiWSi
HEA is BCC, there is a significant presence of intermetallic compounds. However, the addition of Al reduces these
compounds, implying that Al’s introduction causes distortion in the HEA, increasing Si’s solubility in the alloy,
preventing the segregation-formed intermetallic compounds, and promoting the BCC phase’s formation [41].

Figure 8. X-ray diffraction spectrum of CoCrFeNiSix HEA coatings [39]

Figure 9. CoCrFeNiCux phase analysis diagram [45]

Wu et al. [42], in studying the effect of Cu on AlCoCrFeNiMn HEA, found that as the Cu content increased,
segregation intensified, transitioning from a single BCC phase to a dual BCC and FCC phase. Based on the
calculation of mixing enthalpy, Cu has considerable difficulty dissolving with other elements. Therefore, when Cu
content reaches 0.6, the alloy structure cannot dissolve Cu atoms, initiating segregation and expelling Cu to the grain
boundaries to form a rich-Cu FCC phase. In the study of Zhu et al. [43] on the addition of Cu to AlCoCrFeNiCu
HEA, when Cu content exceeded 0.5, the grain boundary became blurred, and the FCC phase appeared, similar to
Wu et al.’s [42] findings. Initially, when the Cu content was low, it was entirely dissolved in the solid solution,
hence the clear grain boundaries. However, as the content increased beyond the alloy’s solubility limit for Cu, Cu
segregated between dendrites, blurring the grain boundaries. When Cu content exceeded 1, the FCC phase became
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predominant in the entire HEA structure. As shown in Figure 9, the addition of Cu to the CoCrFeNi single-phase
FCC HEA, due to different solubility limits for Cu in the solid solution structure, led to two peaks in the HEA: one
forming a Cu-rich FCC phase and the other a Cu-poor FCC phase [44, 45].

As demonstrated in Table 1 and Table 2, for small atomic elements like Si and Cu, adding significant amounts
to the dense FCC phase can increase the distortion of the FCC phase, promoting the formation of the BCC phase.
However, for HEA with a structurally stable BCC phase, these small atomic elements do not cause distortion; in
such cases, the impact of mixing enthalpy is greater than the effect of solid solution distortion. Although the phase
transition of small atomic elements primarily results from the segregation effect of mixing enthalpy, in HEA, even
small atoms primarily dissolve before segregation occurs. This implies that there is a solubility between small
atomic elements and HEA, and controlling this solubility is key to mastering segregation phase transition. From the
perspective of phase transition of small atomic elements, the presence of intermetallic compounds is mostly due to
the influence of mixing enthalpy; the smaller the mixing enthalpy among elements in HEA, the greater the likelihood
of forming intermetallic compounds within the alloy.

In summary, phase transition caused by the lattice distortion of large atomic elements have a significant impact on
the solid solution structure of the entire HEA, altering the overall phase structure type. In contrast, segregation phase
transition by small atomic elements generally do not change the original structure type but segregate a portion of new
phase structures near the grain boundaries, having a relatively minor impact on the overall structural performance of
HEA.

4 Particle-Reinforced HEA

HEA is primarily composed of solid solution phases. A common misconception is that a solitary solid solution
structure is the optimal structure; however, this is not necessarily the case. Although the presence of intermetallic
compounds can lead to hardening of the alloy, this does not imply that the presence of intermetallic compounds is
detrimental [46–48]. For instance, in the study of Ni1.5CrCoFe0.5Mo0.1Nbx HEA by Peng et al. [49], it was found
that with an increase in Nb, the coating transition from a single FCC phase to a mixture of FCC and Laves phases.
The increase in Laves phases did not lead to embrittlement of the coating. On the contrary, it enhanced the hardness
of the coating, transitioning from adhesive wear to abrasive wear, and improved the coating’s wear resistance.

The introduction of elements to form intermetallic compounds within HEA can enhance the hardness and wear
resistance, thus improving the overall performance of the alloy. However, this approach carries greater risks. The
initial intention behind the design of HEA was to prevent the formation of intermetallic compounds and avoid brittle
phases within the alloy. Therefore, adding hard particle phases to enhance the coating performance is a more prudent
strategy.

The hardness enhancement of coatings with hard particles generally follows two paths: through their pinning
effect, which inhibits grain growth, making the coating’s microstructure denser and finer, and through the decom-
position of particles within the coating, reacting with other elements in the alloy to form more hard phases. Hard
particles that enhance the performance of HEA include WC, TiC, SiC, NbC, and Al2O3. The properties of these
particles are summarized in Table 4 [50–56]. Currently, WC and TiC are the most commonly applied particles in the
field of HEA, with less research on other particles.

WC, known for its high hardness and melting point, is a commonly used particle reinforcement phase. The
most extensively studied is the WC-reinforced FeCoCrNi series of HEA. Huang et al. [50] employed 20% WC
to enhance the FeCoCrNi HEA. During the cladding process, a portion of the WC decomposed, resulting in the
presence of FCC phase, WC phase, and (Cr,W)2C compounds within the coating. Due to the presence of WC
and (Cr,W)2C hard phases, the hardness of FeCoCrNi was enhanced. Moreover, the disintegration of hard WC
during wear transformed sliding dry friction into rolling friction, reducing the friction coefficient and enhancing the
wear resistance of the coating. Zhang et al. [51] found that WC completely dissolved when enhancing FeCoCrNiCu,
without any secondary phases emerging. Compared to FeCoCrNiCu, the BCC phase increased while the FCC phase
decreased. WC dissolved entirely in the FCC, causing lattice distortion and promoting the transition from FCC
to BCC phase. The solubility of WC also hindered grain growth, promoted grain refinement, and increased the
coating’s hardness. Adding WC can enhance the coating’s hardness, but when the WC content exceeds 10%, the
dilution rate of the coating increases, and the hardness decreases near the heat-affected zone.

Cai et al. [52] studied the enhancement effect of WC on FeCoCrNiB. Before adding WC, the coating structure
exhibited a lamellar organization, consisting only of FCC and M3B phases. With the addition of 5% WC, the
coating remained lamellar and M3C compound phases appeared. When WC content reached 10%, grains began to
refine, and the lamellar organization transitioned to dendritic, significantly altering the phase structure. Carbide and
boride compounds combined to form M23(C,B)6 and M7(C,B)3 phases. With further increase to 20wt%WC,
all M7(C,B)3 phases transformed into M23(C,B)6 phases. With increasing WC content, the phase of the coating
gradually transformed, and the hardness of the coating increased from 631HV to 1159HV. At 20wt%WC content,
the hardness reached its peak, and the wear volume was minimized.
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Table 4. Performance statistics of particle-reinforced HEA

Particle HEA Content
(wt %)

Vickers
Hardness

Friction
Weight

Loss
(mg)

Friction
Coefficient Reference

WC

FeCoCrNiCu
0 275

[50]10 501
20 634

FeCoCrNiB

0 631 4.2

[51]5 775 3.1
10 970 1.7
20 1159 0.8 0.4688

TiC FeCrNiCoMn

0 213.3 7.6 0.3688

[52]5 248.1 4.5 0.3415
10 266.4 4.2 0.4039
15 288.3 4.8

NbC FeCoCrNiAl

0 200 1.66 1.265

[54]10 384 1.31 1.258
20 525 1.05 1.023
30 458 1.17 1.034

SiC AlCoCrFeNi

0 200 1.66

[55]10 240 1.37
20 296 1.27
30 360 1.18

Al2O3 AlCoCrFeNi

0 200 1.66 1.265

[56]10 475 1.27 1.148
20 426 1.32 1.345
30 459 1.31 1.307

TiC, known for its high hardness and excellent high-temperature oxidation resistance, decomposes upon addition
to coatings, forming carbides that enhance the coating’s hardness. Additionally, during wear, Ti can oxidize to
form TiO2, which serves as a self-lubricating substance, reducing the coating’s friction coefficient. Guo et al. [53]
investigated the impact of TiC content on the wear resistance of FeCrNiCoMn HEA coatings. The study found that
when the TiC content is below 5 wt%, the coating experiences both vertical and horizontal forces during friction.
Due to the presence of hard phases, TiC particles bear the greatest force. With too few particles, each TiC particle
undergoes significant stress, causing the TiC to break and thus decrease the coating’s wear resistance. Conversely,
when the TiC content is excessive, the adhesion between the coating and particles is insufficient, making the particles
prone to being dislodged under stress. A 10 wt% TiC-enhanced coating significantly improves surface wear resistance
but may suffer from fatigue wear, affecting the coating’s wear life.

NbC is commonly used in the field of HEA, with Nb elements often added to HEA to promote the formation of
hard Laves phases, enhancing the coating’s hardness. Li et al. [54] employed NbC to reinforce the AlCoCrFeNi HEA
coating. The addition of NbC promoted an increase in the BCC phase within the HEA while inhibiting the formation
of the FCC phase. The introduction of NbC contributed to grain refinement and solid solution strengthening, leading
to an initial increase followed by a decrease in the coating’s hardness and wear resistance. With the addition of 20
wt% NbC particles, the coating’s hardness peaked at 525HV, achieving optimal wear resistance.

Feng et al. [55] and Feng [56] utilized SiC and Al2O3 to enhance the performance of HEA, demonstrating
that SiC, in laser-clad AlCoCrFeNi HEA, primarily contributes to solid solution strengthening and second phase
strengthening, thereby increasing the coating’s hardness. Moreover, the presence of SiC particles transforms adhesive
wear into abrasive wear, reducing the coating’s friction coefficient and enhancing its wear resistance. The addition
of 10 wt% Al2O3 can improve the coating’s hardness and wear resistance. However, excessive addition weakens
the coating’s performance, primarily due to the poor wettability between Al2O3 and the Q235 substrate material
and the significant difference in thermal expansion coefficients. The inclusion of Al2O3 leads to defects such as
porosity and cracks in the coating as it solidifies. When the amount of alumina added is low, alumina’s solid solution
strengthening and fine grain strengthening can enhance the coating’s hardness and thereby its wear resistance. When
added excessively, the increase in cracks and porosity defects causes a decline in performance.

There are two methods for adding particles: direct addition and in-situ synthesis. Direct addition is as introduced
earlier. Although in-situ synthesis can offer better dispersion of particles compared to direct addition, it proves to
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be an impractical technique for HEA. The principle of in-situ synthesis involves adding elements capable of forming
corresponding hard phases into the cladding powder, where they react within the cladding layer to produce hard
phases. However, given the multi-principal element nature of HEA, achieving the desired outcome through in-situ
synthesis is challenging. The addition of elements for in-situ synthesis in HEA likely becomes a factor influencing
phase transition, hence the limited application of in-situ synthesis techniques in the field of HEA.

Particle reinforcement technology and HEA constitute an optimal combination. HEA, devoid of other secondary
phases, allows added particles to disperse without interference from other phases, resulting in more uniform dis-
tribution within the coating. This not only provides solid solution strengthening but also hinders grain growth,
contributing to grain refinement. Especially, the combination of HEA with an FCC solid solution structure and hard
particles is akin to incorporating hard particles into a soft matrix. The good plasticity of the matrix can achieve high
bonding strength with hard particles, distributing them throughout the soft matrix to enhance the coating’s hardness
and wear resistance.

5 Conclusion

HEA is among the most superior performance alloys in the alloy field today, also exhibiting the cocktail effect,
indicating that HEA has a long journey ahead with significant development potential. Future development of HEA
could focus on the following two aspects:

(a) Refinement of elemental solubility in various HEA structures
Although there are many bases for the design of solid solutions in HEA, which have matured, regions that cannot

be completely differentiated still exist in phase diagrams. Coupled with the cocktail effect of HEA, the future alloy
elements will not be limited to five or six types of synthesis but will be a collection of more elements. Today’s design
bases become very complex for future design. The essence of HEA is to serve as a matrix carrying more elements
without reacting. Whether it’s distortion phase transition or segregation phase transition, solid solution remains
the initial step. Therefore, a modular design approach could be adopted, using a solid solution of approximately
five elements as the basis, to statistically determine the maximum solubility that can be added to the solid solution
without causing phase transition. This approach could avoid extensive design calculations and maximize the use of
the cocktail effect of HEA to enhance their performance by adding more elements.

(b) Particle-encapsulated enhancement of HEA
There are still some issues with particle-reinforced HEA. The elements decomposed from heated particles may

form intermetallic compounds with elements within the HEA, affecting their performance. Future research could
lean towards the study of particle-encapsulated enhancement of HEA to reduce particle decomposition. This not
only adds hard phases but also prevents decomposed elements from forming brittle phases with elements within
the HEA. The presence of multiple hard phases significantly improves the coating’s hardness. By using particle
encapsulation, decomposition is avoided, and more hard phases are not formed. Therefore, to further enhance the
coating’s hardness, different types of encapsulated particles can be added to the same coating to strengthen the
coating’s hardness.
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