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Abstract: Rare earth elements (REEs) doping technology can effectively control the microstructure
and improve the quality and performance of materials. This paper summarizes the research progress
of REEs in metal additive manufacturing (MAM) in recent years and briefly introduces the effects
of REEs on the molten pool fluidity, purified structure, and interfacial bonding between the molten
cladding layer and substrate. It focuses on the mechanism of the role of REEs in the refinement
and homogenization of microstructures, including grain growth, columnar to equiaxed transition
(CET), and elemental segregation. The reasons for the influence of REEs on the homogenization of the
structure and elemental segregation are analyzed. The effects of REE type, content, and dimension on
hardness and wear resistance are investigated. Finally, tribological applications of REEs in biological
and high-temperature environments are summarized, and the impact of REEs-modified alloys is
summarized and prospected.
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1. Introduction

Additive manufacturing (AM), known as 3D printing technology, is a method of
fabricating materials layer by layer based on a three-dimensional computer-aided design
model [1–3]. The method improves productivity, minimizes waste materials, and permits
the manufacture of complicated geometric pieces. However, each layer of material deposi-
tion in the AM technique undergoes a complex thermal process. This temperature field
results in the formation of multiscale microstructures in the molten pool, which has a sig-
nificant impact on the material’s hardness, wear resistance, and corrosion resistance [4–8].
Microstructural inhomogeneity along the deposition direction was observed during the AM
process by Wang et al. [9], which can be attributed to different cooling rates and multiple
heating cycles between layers. The top layer is characterized by well-developed dendrites
covered by an eutectic structure, while the bottom part consists of small grains containing
precipitates. The mechanics and lifetime of the materials are impacted by the microstruc-
tural inhomogeneity, which results in variations in the material properties. Some academics
have proposed mixing rare earth elements (REEs) in raw material powders to solve the issue
of property anisotropy caused by microstructure in metal additive manufacturing (MAM).

The 17 elements that constitute REEs exhibit physical characteristics such as large
atomic radii, unique electronic structures, and excellent chemical activity [10,11]. REEs
include Sc, Y, and the lanthanides, which are La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, and Lu [12,13]. As shown in Figure 1, REEs are introduced in the types of rare
earth oxides (REOs: CeO2, La2O3, and Y2O3), rare earth halides (YF3, CeCl3, and LaF3),
rare earth borates (LaB6, CeB6, and ErB4), rare earth nitrogen/carbide (REN/REC: LaN,
CeC2, and GdN), and pure REEs. Due to their unique properties, REEs make an important
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contribution to improving energy efficiency, reducing harmful emissions, and enhancing
the performance of materials. REEs are widely used in many fields, including new energy
technologies [14], magnetic materials [15], catalysts [16], and optical glass [17]. The mech-
anisms of REE in the MAM have not been fully clarified, so the study of rare earths in
material modification still requires further research and exploration.
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During the solidification of MAM, appropriate REEs can accomplish grain refinement,
liquid-phase metal purification, inclusion improvement, and structure homogenization.
These effects can reduce the materials’ cracking susceptibility while increasing the alloys’
hardness, wear resistance, and corrosion resistance. Furthermore, REEs have significant
effects on the solidification and phase transition behavior of alloys, which improve the
microstructure and mechanical properties of MAM materials to enhance reliability and
service life.

This paper summarizes the research progress of REEs in MAM in recent years and
briefly introduces the effects of REEs on the molten pool fluidity, purified structure, and
interfacial bonding between the molten cladding layer and the substrate. It focuses on the
mechanisms of the role of REEs in the refinement and homogenization of microstructures,
including grain growth, columnar to equiaxed transition (CET), and elemental segregation.
The reasons for the influence of REEs on the homogenization of the structure and elemental
segregation are analyzed. The effects of REE type, content, and dimension on hardness and
wear resistance are investigated. Finally, tribological applications of REEs in biological and
high-temperature environments are summarized, and the impact of REEs-modified alloys
is summarized and prospected.

2. Macroscopic Effect of REEs in MAM Processes

REEs are an important strategic resource with unique physical and chemical properties
that have been particularly studied and applied in the fields of materials science and
engineering. Many scholars have researched the effects of REEs in a variety of material
processing and preparation processes in anticipation of optimizing processes and improving
product quality in metalworking, metallurgy, and other fields.

2.1. Effect of REEs on Molten Pool Mobility

The molten pool fluidity is the ability of the molten metal to flow during the solidifica-
tion process, which is important for the solidification structure and mechanical properties
of alloys. REEs, as doping elements, change the solidification behavior of metals and affect
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the molten pool fluidity. Therefore, the study of REEs on molten pool fluidity contributes
to the understanding of the solidification process of alloys and provides a theoretical basis
for the design and preparation of metallic materials.

2.1.1. Increased Laser Absorption in the Molten Pool

With their unique electrical structure and broad absorption spectrum, REEs can be
used to increase the absorption of laser energy on metal powder surfaces. REEs have a
broad absorption spectrum that absorbs various wavelengths of light, facilitating energy
transfer between the laser and the powder. As illustrated in Figure 2, laser irradiation
triggers electrons in REEs to transition from high energy levels to low energy levels, which
increases the laser absorption rate of powder [18,19]. Yang et al. [20] discovered that Y2O3
boosted the cladding layer’s energy density, raising the molten pool temperature over the
melting point of WC particles and increasing the concentration of W atoms within the
cladding layer. The melting depth of the Ti-based coatings increased from 1188 µm to
1548 µm and was subsequently reduced to 1482 µm as the content of CeO2 increased [21].
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The excellent interfacial properties of REEs improve the wettability of the alloy surface,
resulting in higher absorption of laser irradiation energy on the surface of powders [22].
When laser cladding the WC-reinforced coatings with varied REO contents on Invar steel,
Du et al. [23] reported that Y2O3 increased the laser absorption of powders and the weld-
ability of Invar steel, which in turn raised the thickness of the coatings. In the process of
laser cladding, REEs have a significant effect on improving the mobility of the molten pool.
REEs have high vapor pressure and low oxidizability, which can reduce the surface tension
of the molten pool and promote the flow and wetting of molten metal. In addition, REEs
can reduce viscosity, minimize intermolecular friction, and improve flow by altering the
chemical bonding and molecular structure of the molten pool. The synergistic effect of the
above mechanisms enables the REEs to significantly improve the fluidity of the molten
pool during the MAM and optimize the structure and properties of the alloys.

2.1.2. Decrease in Surface Tension in the Molten Pool

Due to the Gaussian distribution of laser power in MAM, there is a huge temperature
difference between the center and the border of the molten pool, which results in the
Marangoni effect. REEs change the surface tension gradient in the molten pool, affecting
the velocity and direction of the Marangoni flow. When the CeO2 content is less than
0.6 wt.%, the surface tension coefficient of the molten pool is positive, the flow center
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oscillates around its geometrical center, and an unstable connection line forms between
the cladding layer and the substrate [24]. When the CeO2 concentration is above 0.6 wt.%,
the surface tension decreases, the junction line is more stable, and the molten pool flows
outward from the center and inward from the periphery. He et al. [25] showed that two
vortexes created from the perimeter to the center were generated on both sides of the
HEA composite coatings with REEs. As the REE content increases, the vortex gradually
expands to both sides, which results in a more stable junction line, as shown in Figure 3. In
summary, the Marangoni effect in the molten pool seriously affects the shape and quality
of the cladding layer.
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Wettability is used to evaluate the mobility of the metal elements in the molten pool.
REEs can reduce the surface tension of the alloy, making the alloy more wettable. A high-
fluidity molten pool is beneficial to the diffusion of alloying elements, improving the alloy’s
mechanical characteristics and wear resistance. In the existing research, the surface tension
and the wetting angle of the molten pool are often employed to determine mobility. The
calculation formula is as follows:

cos θ =
γsl − γsg

γlg
(1)

where γsl , γsg, and γlg are the surface tensions at the solid–liquid interface, solid–gas
interface, and liquid–gas interface, respectively, and θ is the wettability of the liquid to the
solid surface. When θ is between 0 and 90◦, the liquid–solid phase’s wettability contributes
to interfacial diffusion, resulting in a lower surface tension; when θ is greater than 90◦, the
liquid–solid phase is not completely wet, resulting in a higher surface tension. Shu et al. [26]
identified Ce as a typical surfactant to reduce surface tension, thereby improving wetting
angle and promoting liquid metal fluidity. Liu et al. [27] produced Ti-based composite
coatings enhanced with CeO2 on the surface of the Ti811 alloy. CeO2 interacts with Ti2Ni
to generate a Ti-Ce phase with a low melting point and great wettability, which increases
molten pool movement and eliminates herringbone cracks in the coatings. This improves
cladding layer surface quality.

The viscosity, laser absorption, and surface tension of the material have a substantial
impact on the mobility of the molten pool. REE’s unique electronic structure and low surface
energy not only boost the rate of laser absorption but also produce well-wetting compounds
that minimize surface tension. The greater mobility makes it possible for the molten
cladding layer to develop a metallurgical bond with the substrate more easily, decreasing
the formation of defects like pores and cracks. In practice, according to the specific alloy
composition and manufacturing conditions, reasonable proportions and controls are carried
out to optimize the benefits of REE and achieve excellent cladding quality.

2.2. Effect of REEs on the Purity of the Molten Pool
2.2.1. REEs Purify the Molten Pool of Impurity Metals

MAM alloys consist of a low concentration of hazardous metal elements (such as Cu,
Fe, and Mn), which hurts the alloy’s performance. REEs interact with these elements to
form stable compounds that can purify the molten pool. The rare earth atoms (REAs) react
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chemically with metal impurity atoms in the molten pool to produce stable RECs. For
example, La, Ce, Y, and Er promote the formation of compounds such as La5Si3, CeFe2Si2,
YSiFe, and Er1.2Fe4Si9.8 [28,29], which are expelled as slag. Ding et al. [30] demonstrated
that the addition of Y reduced impurities in the Fe-rich phase at the grain boundary,
contributing to the purity of the alloy.

When Y2O3 is added to the molten pool of Ti-based alloys, it is dissolved in the
form of Y2O3 (solid) → Y + O (molten). In the molten state, the Y and O atoms make
strong combinations with substrate elements and are prone to generating intermetallic
compounds, which serve to purify the molten pool [31]. Both Er and Pr can purify liquid
aluminum and minimize the remaining phases. The purification effect of Pr is better than
Er [32], significantly enhancing the alloy’s comprehensive performance. According to
electronegativity studies of REEs and substrate elements, the decomposition of RECs in the
molten pool produces REAs. These atoms prefer to react with elements (such as Al, Fe, and
Mn) to generate stable compounds, purifying the composition of the molten pool in the
MAM process.

2.2.2. REEs Purify the Molten Pool of Non-Metallic Impurities

Non-metallic elements (P, S, H, O, C, and N) in MAM react with metal elements
during solidification, causing lattice defects, phase transitions, and the production of brittle
phases, thereby reducing the mechanical and tribological properties of the alloys. REEs
can react with these harmful elements to form stable RECs, which are expelled during the
solidification process, significantly reducing the concentration of harmful elements in the
alloy. The reaction order of REEs with potential inclusion-forming elements should be O,
S, As, P, and C [33]. The addition of Ce reduces the concentrations of S and Se in HEAs
from 46 ppm and 105 ppm to 22 ppm and 80 ppm, respectively, along with a decrease in
the quantity and area of inclusions [34]. Chen’s studies showed Ce can react with impurity
elements (S, O, B, and Si) to generate high melting point compounds, which will float out
of the molten alloy by convection [35]. Weng et al. [36] found that a few Y2O3 decomposed
into O atoms, which reacted with B and Si in the Co42 self-fluxing alloy to form low-density
oxidation products floating on the surface of the molten pool.

REAs react with oxygen atoms in the molten pool to generate REOs, which are re-
inforced phases and reduce the oxygen concentration. LaB6 decomposes in the molten
pool as LaB6 → La + 6B. The La element has a strong reaction on O atoms to generate
La2O3 [37], and the B element combines with Ti to generate TiB and TiB2. The La and Ti
elements are uniformly distributed in the substrate, and B elements are concentrated in
the white precipitates, as shown in Figure 4a–d [38]. According to Liu’s study [39], 718H
steel coatings decreased total oxygen concentration from 15 ppm to 6 ppm, and Ce + La
content increased to 0.022 wt.%. Without LaB6, Feng et al. [40] noticed that O atoms exist in
titanium matrix composites (TMCs) in solid or free form. The oxygen atoms were uniformly
distributed, as shown in Figure 4f. When 3.0 wt.% LaB6 was added to the TMCs, the oxygen
element aggregated at points A and B of the coating, as shown in Figure 4e. It was identified
as La2O3 using XRD. Decreased oxygen concentration enhances molten pool purity, which
contributes to the elimination of impurity defects and improves the quality of the cladding
layer.

Excessive doping of REEs in MAM alloys produces hard phase particles and inter-
metallic compounds, which increase the susceptibility to brittleness and microcracking [41].
Particularly, REEs combine with the non-metallic elements in the molten pool to form gas.
For example, CeO2 reacts with the elements C, S, and W in the molten metal to produce CO,
SO2, and W2O3 and other gases [26]. These gases cause bubbles to emerge in the molten
alloys, which increases the number of pores and decreases the densification of the cladding
layers. Therefore, the addition of REEs should be strictly controlled in the MAM process to
avoid excessive hazards.

In summary, the appropriate amount of REEs in the MAM process can effectively
purify the inclusions and metal impurities in the molten pool to improve the performance
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and quality of alloys. REEs react with metallic impurities (Cu, Fe, and Mn) to generate
compounds, which are eliminated as slag during solidification. In addition, REEs react with
non-metallic elements (P, S, H, O, C, and N) to create RECs with stable melting points, which
can be removed from the liquid metal molten pool by upwelling at lower temperatures.
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2.3. Effect of REEs on Interfacial Bonding
2.3.1. Improvement of Molten Pool Dilution Rate

The molten pool dilution rate is the degree of change in the composition of the cladding
alloy caused by the molten substrate material mixing [42]. Figure 5 depicts the flow model
of the molten pool cross-section and the formula for calculating the dilution rate in MAM.
REEs can efficiently lower the dilution rate [43] and improve metallurgical bonding between
the cladding layer and the substrate. He et al. [25] discovered that CeO2 lowers molten
pool viscosity. The coating dilution reduced from 72.57% to 32.18% and then climbed to
50.65% as the CeO2 concentration in HEA increased. Chen et al. [44] analyzed the trends
of major elements in the transition zone of coatings with varied CeO2 concentrations and
discovered that CeO2 increased the fusion latent heat of coatings while inhibiting the
diffusion of alloying elements (Cr, Fe, and Co). New compounds, Ce2Co17 and Ce6Ni7Si4,
were generated at the contact interface, which increased the interfacial bond strength.

The shape of the fusion line between the cladding and the substrate is also affected
by the dilution rate. The fusion line is irregularly wavy due to the surface tension of the
molten pool and the surface elasticity of the substrate during solidification. A straight
fusion line implies a poor metallurgical bonding capacity because the substrate surface is
not well-melted. Zhang et al. [45] discovered that when Sc concentration increases, the alloy
with 0.3 wt.% Sc has a steeper curved fusion line, and the shear strength of the interface
is 48% higher than the alloy without Sc. Zhang et al. [46] discovered that as the La2O3
concentration increases, the curvature of the fusion line increases, showing that the REOs
enhance metallurgical bonding between the substrate and the coatings.

Moderate amounts of REEs effectively improve molten pool fluidity, but excessive
REEs generate considerable steady-state compounds with substrate elements that affect
the dilution rate. A low dilution rate results in poor bonding performance between the
cladding layer and the substrate and even fails to realize metallurgical bonding. The higher
the dilution rate, the greater the degree of mixing between the cladding layer and the
substrate, and the stronger the interfacial bond. However, the excessively high dilution
rate will diminish the hardness of the substrate’s molten zone and the cladding material
system, which produces a large stress gradient and leads to cracking.
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2.3.2. Promotion of Interfacial Chemical Bond Formation

Many vacant orbitals found in REEs can coordinate with elements with the lone
electron pairs at the contact interface, resulting in strong interfacial chemical interactions.
Zhang et al. [47] discovered that Ce and La were preferentially segregated at the interface,
promoting the formation of Cr–C bonds and thereby increasing the interfacial bond strength
between diamonds and alloys. Sm increases Cr diffusion in the substrate, promoting the
formation of interfacial chromium carbides (Cr3C2 and Cr7C3) [48]. The highly active Yb
atoms at the solid/liquid boundary reacted with the Al atoms of the substrate to generate
Al3Yb compounds that operated as ‘bridge’ [49]. It connects the cladding layer to the
substrate, resulting in a stronger interface connection. The study by Jiang [50] revealed Ce
could generate coordination connections at the interface between titanium alloy and resin
based on density functional theory, as shown in Figure 6a, which improves the surface
wettability of the substrate and the penetration and physical adhesion of the PEEK to
the titanium alloy. During the cladding process, when the cladding material contacts the
substrate material, atoms or molecules interact and form new interfacial chemical bonds. If
the interfacial bonds are strong enough, the bonding between the cladding and the substrate
will be significantly enhanced, thus improving adhesion and comprehensive performance.

Many scholars have investigated the doping interface energy (DIE), doping formation
energy (DFE), and solution energy (SE) using first principles to determine the mechanism
of REEs in the interface bonding process. Generally, the smaller the values of the above
three energies, the more stable the interfacial bonding. By doping REEs (Sc, Y, La, Pr, Nd,
Eu, Gd, and Dy) in C-BS-Fe alloys, Zhang et al. [51] discovered that when Nd atoms were
substituted for Fe atoms, the DFE was negative, and the interfacial structure was the most
stable. Fe–Cr, Nd–C, Fe–Nd, and Nd–C bonds were generated at the mushy zone; the
fundamental principle is shown in Figure 6c,e, increasing the interfacial bond strength. Li
et al. [52] observed that the DIE of doped Nd, Y, Ce, and La reduced from 3.586287 J/m2 to
negative values, and the DFE also decreased to negative values. Furthermore, when REAs
replace Fe atoms, the interfacial energy is lower, and the interfacial bonding is more stable
than when Ti atoms are replaced. Among the above four REEs, Ce has the most noticeable
effect on the characteristics of TiC/Fe composites.

REEs contribute to charge transfer and electrical interactions at the interface, which
is the main reason for the higher interfacial bond strength. Yan et al. [54] demonstrated
that during the interface-building process, the outermost electrons of the REAs hybridized
with the Fe-s, Fe-p, Fe-d, B-s, and B-p orbital electrons, which improved the ionic bonding
capabilities in the doped interfaces. When Y atoms replace Fe atoms, the electrons around
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Y and Fe create new chemical bonds, increasing the stability of the interfacial bonding. Shi
et al. [53] studied the bonding of the REEs (Sc, Y, and La)-doped Cu/graphene interface, as
shown in Figure 6b, where a numerous charge exists between the REAs and the graphene,
which is more than the undoped REEs. Furthermore, charge accumulation between the
REEs and the Cu atoms strengthens the interfacial interbonding. The La-doped interface
shows a significant increase in charge accumulation compared to the other two doped
interfaces, increasing the strength of interfacial bonding in the order of La > Y > Sc.
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In summary, the high-energy laser beam melts the substrate and the cladding material
to form a mushy zone where the substrate and the cladding material are mixed and chemi-
cally react to form chemical bonds in laser cladding [55]. These bonds include metallurgical
bonds, intermetallic compounds, and solid solutions, which enhance interfacial bonding.
During crystallization and cooling, the metal at the interface forms a structure with higher
hardness, strength, and wear resistance, resulting in a well-bonded interface that improves
material properties. Interfacial bonding can be significantly enhanced by selecting suitable
coating materials, optimizing the MAM process parameters, employing preheating and
post-treatment techniques, adding intermediate layer materials, alloying, and employing
heat treatment techniques.

3. Microscopic Effects of RECs in the MAM Process

REEs, with distinct physical and chemical properties, provide a wide range of favor-
able effects on the product’s performance in the MAM. We have already mentioned how
REEs can improve the cladding layer’s molten pool fluidity, purity, and interfacial bond
strength. This section will dive deeper into RECs’ involvement in refining microstructure,
homogenizing composition, and promoting columnar to equiaxed transition.

3.1. Mechanism of REEs on the Refinement of Microstructure

REEs have the effect of grain refinement; the grain sizes of AA2219 composites rein-
forced with 0, 0.5, 1.0, 1.5, and 2 wt.% CeO2 are 483 µm, 453 µm, 411 µm, 362 µm, and
328 µm, respectively [56]. The incorporation of CeO2 significantly reduces the dendritic
morphology and refines the α-Al grain structure. However, excessive or slight amounts of
REOs would lead to an increase in grain size and interstitial space, which negatively affects
the density and hardness of the material. Yang et al. [57] demonstrated that appropriate
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amounts of REOs can significantly refine precipitated Si. When the CeO2 content is 0.6 wt.%,
the average diameter of precipitated Si in the composites is the smallest. When the CeO2
content is less than 0.6 wt.%, the average diameter decreases with the increase in CeO2
content. When the CeO2 content is greater than 0.6 wt.%, the average diameter increases
with the increase in CeO2 content. The mechanism of grain refinement by REEs is analyzed
as follows:

3.1.1. Expansion of Nucleation Sites

At the small critical undercooling limit ∆Tn, REEs promote heterogeneous nucleation
of the substrate material. Tan et al. [58] attributed the grain refinement to the superior
crystallographic atom matching at the Al/LaB6 interface, which has a low atomic mis-
match. As demonstrated in Equation (2), ∆Tn is proportional to the lattice mismatch
(δ). LaB6 decreases the ∆Tn of Al heterogeneous nucleation and increases the rate of Al
heterogeneous nucleation.

∆Tn =
cE

∆Sv
δ2 (2)

where cE is the elasticity coefficient and ∆Sv is the entropy of phase transition per unit
volume. When the temperature gradient ∆T exceeds ∆Tn of the equiaxed grains, the
difficulty of nucleation between dendrites decreases, resulting in equiaxed grain nucleation
and growth.

Uniformly distributed REEs can effectively function as heterogeneous cores, acting
as “seeds” in the molten pool’s solidification process, as shown at point B in Figure 7.
REEs have a high melting point, which causes them to be partially dissolved and partially
decomposed. Sun et al. [59] discovered that unmolten CeO2 is the foundation of hetero-
geneous nucleation of (Ti, Nb)C/Ni and chromium carbides (Cr7C3 and Cr23C6). The
nucleation sites in the coating increased as the CeO2 addition increases while the size of
(Ti, Nb)C/Ni gradually declined. When the CeO2 addition reached 9 wt.%, the size of (Ti,
Nb)C fell to 0.5 µm. Guo et al. [60] demonstrated that nano-Y2O3 increased the number of
non-homogeneous nucleation sites in the α and γ phases, and the average grain sizes of
T4822 and T486 alloys were lowered from 590 µm to 275 µm and 260 µm, respectively.
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According to existing research, the melting temperatures of nucleating agents are
higher than that of the substrate. Melting points of CeO2, La2O3, and Y2O3 are all over
2400 ◦C [61], whereas those of Al, Ti, and Fe substrate metals are around 660 ◦C, 1668 ◦C,
and 1535 ◦C, respectively. When the molten pool reaches a specific temperature, the REOs
begin to break down, and the RE-O chemical bond breaks. The broken REEs are reactive,
forming intermetallic compounds, or REC/REN when they react with other elements.
The undecomposed and generated high melting point RECs can operate as multiphase
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nucleation sites, facilitating the nucleation of other substances in the molten pool and
accelerating the material’s solidification process.

3.1.2. Inhibition of Grain Growth

The enrichment of REEs in front of the solid–liquid boundary during solidification
causes compositional subcooling, which slows solute diffusion and limits crystal growth
rate. The magnitude of grain growth rate is generally evaluated by the growth inhibition
factor Q, which is computed as:

Q = mC0(k − 1) (3)

where m is the slope of the liquid phase line in the binary phase diagram, C0 is the
concentration of the solute element, and k is the equilibrium partition coefficient of the
solute element. Kang et al. [62] confirmed the discovery that Ce could alter the crystalline
supercooling of AlSiMgFe alloys, increasing the Q value. Multiple REEs have a significantly
stronger limiting influence than a single REE, and the actual Q of multiple REEs is greater
than the total of each REE [63]. Jiang et al. [64,65] discovered that the atomic radius of La
(0.1877 nm) was substantially bigger than that of Al (0.1180 nm), resulting in La atoms
being essentially insoluble in the α-Al substrate. La was expelled and enriched in the GB,
which limited the growth of α-Al grains. Small levels of REEs had minimal effect on the
growth rate of α-Al grains, and 800 ppm La increased Q by 0.16K.

RECs remain stable during additive manufacturing heat cycling and accumulate at
GB during solidification, performing a pinning theory on grain growth. This can effectively
limit grain growth and improve material properties [66]. Gao et al. [67] discovered that
Ce was concentrated at the GB of Ni-based coatings, resulting in resistance to GB growth.
When the CeO2 content was increased from 0 to 4.0 wt.%, the grain width fell from 1.74 µm
to 237.5 nm. Zhang et al. [68] discovered that Y2O3 could be adsorbed at the primary
β-Ti GB, reducing grain solid–liquid interface motion and inhibiting primary β-Ti grain
growth. The Y2O3 pinning disrupts the GB continuity, resulting in the acicular martensite
phase with typical penetrating crystal growth features. Except for directly adding RECs,
compounds generated by REEs and metal elements have pinned on GB migration. Kang
et al. [62] discovered that in AlSiMgFe alloys, Ce atoms interact with Al atoms to generate
Al11Ce3 compounds, which inhibit GB migration. The average grain size of the 0.1Ce alloy
was reduced by 47.6% compared to the substrate alloy. Therefore, directly added and
indirectly generated RECs can refine grains and improve alloy properties during MAM
solidification by preventing grain growth.

Many scholars have conducted a thorough investigation into the fundamental concept
of REEs [69]. Due to the large radius and low solubility of REEs during solidification, REEs
can be repelled into the GB via grain nucleation and development, as shown in Figure 8.
The presence of more REEs in the grain interstitials hinders grains from touching each other,
raising the Q-value and inhibiting its growth. If the amount of REEs in the interstices of the
substrate grains is low, there will be a contact angle, expelling the REEs and accumulating
in the contact neck. When the REEs accumulate in clusters, it restricts the expansion of the
contact necks, ultimately creating a pinning effect.

In summary, REEs can improve the properties of materials by increasing the nucleation
sites, inhibiting the growth of crystal grains, and reducing the critical undercooling in the
process of microstructure refinement. The specific mechanism of action is as follows:

(1) The addition of REEs can increase the nucleation sites of the substrate material. During
the cooling process of the molten pool, the undissolved REC and the generated high
melting point RECs can be utilized as heterogeneous nucleation cores to promote the
nucleation rate of the substrate alloys, which can refine the grains.

(2) REEs can inhibit grain growth. In the AM process, the addition of REEs can pin down
grain growth and slow down the growth rate. This will refine the microstructure and
improve the mechanical properties of the material.
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(3) REEs also reduce the critical undercooling limit of the substrate materials. In the
same cooling conditions, the existence of REEs can promote the crystallization of the
material and increase the rate of nucleation, which can refine the grains.
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3.2. Mechanisms of REEs on Compositional Distribution
3.2.1. Distribution of REEs in Microstructure

Because the radii of REAs differ significantly from those of substrate atoms, REAs tend
to dissolve and segregate at GB. The equilibrium grain boundary segregation concentration
(Cgb) can be calculated using the equations developed by Mclean and Northcott based on
statistical mechanics [70,71] as follows:

Cgb =
Cm Aexp(Q/RT)

1 + Cm Aexp(Q/RT)
(4)

where Cm is the solubility of solute atoms in the crystal, A is the boundary vibrational
entropy factor, Q is the distortion energy difference of solute atoms between the GB and
the crystal, R is the gas constant, and T is the absolute temperature. As the solvent/solute
radius difference increases, it leads to an increase in the distortion energy difference and
Cgb. Wang et al. [72] observed that part of the La2O3 particles were decomposed into
La atoms and entered the lattice during the preparation of La2O3-modified Fe-based
composite coatings (Fe78.5Cr15.6Ni4.0Si0.7). Because the radius of La is 2.5 times that of Fe,
the deformation energy of the composite coating containing La2O3 is greater than that of
the composite coating without La2O3. As a result, REEs tend to dissolve and segregate
along the GB, inhibiting alloy element diffusion in the molten pool. Molecular dynamics
simulations [73] have demonstrated that polarizing elements with large ionic radii at GB
or surfaces effectively reduce the energies. The greater the ionic radius, the lower the GB
energy. REAs with large radii are prone to polarization at GB, which can significantly
reduce GB energy and surface energy in the materials.

Significant segregation occurs during grain growth at the active sites of the GB, which
means that the concentration of REEs at the crystal boundary is higher and the growth
inhibitory factor of grains is large. Gao et al. [74] discovered that La elements gathered
near the TiNi phase boundary, limiting grain growth, as shown in Figure 9a–d. The
recombination reaction efficiency of Ti with Ni, C, and B elements is significantly increased,
promoting molten pool flow and homogenizing the elements. Bian et al. [75] classified
the Al substrate in Al-Fe-Ni-xSc alloys into three components labeled as: (1) incipient
Al, (2) eutectic boundary Al (EPFA), and (3) eutectic interior Al. Sc is localized in the
EPFA region as Al3Sc, as shown in Figure 9e–g. In conclusion, the REEs are separated
at GB because of the combination of characteristics such as atomic radii and chemical
properties, which have a significant impact on the material’s structure and properties. Li
et al. [76] found that Ti, Al, and V were uniformly distributed in TC4 doped with and
without Y2O3. However, the element Y is concentrated between the TC4 particles, as shown
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in Figure 9h–j, and the EDS analysis showed that the distribution of the Y element is the same
as the bright species.
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3.2.2. Distribution of Substrate Elements in Microstructure

REEs provide a stirring function in the molten pool, increasing fluidity and consider-
ably facilitating the homogenous dispersion of diverse elements. Liang et al. [77] reported
that the Ni60 alloy produced a poorly mobile molten pool devoid of REEs. The impurity Si
failed to float out of the molten pool completely, and CeO2 with a Si element concentration
of around 4 wt.% enhanced flowability and stimulated the floating of elemental Si out of
the molten pool with Si contents of less than 1%. REEs also improved the distribution of Cr
and C, reducing variation from the surface to the bottom. Gao et al. [78] indicated weak
mobility and diffusion of elements in the molten pool in Ni60 cladding layers without
REEs, resulting in considerable aggregation and segregation. When the addition of La2O3
reached 1.6 wt.%, the elemental distribution was most homogeneous. The extra La2O3
reduced the mobility of the molten pool and enhanced microstructure inhomogeneity.

REEs accumulate at GB during the solidification process and are susceptible to chem-
ical interactions with substrate elements, resulting in compound segregation. Zhang
et al. [79] used laser cladding to explore the effect of Y2O3 on Ti-based composites and
discovered that Y2O3 increases the aggregation of Cr elements at GB, generating secondary
and tertiary dendrites. According to Li et al. [80], the microstructure of HEA coatings
is composed of a white phase, gray phase, and black skeleton-like structure. Y2O3 has
little effect on the phase transition but influences the production and distribution of the
HCP and TiN phases. The gray phase is the BCC phase, which is high in Co, Ni, and Ti,
whereas the white phase is high in Cr, Nb, and Ti. Through EDS research, He et al. [25]
discovered that in CeO2-modified FeCrNiMnAl alloys, tiny white dots were produced at
GB, which consisted of Fe, Cr, Ni, Mn, Al, Ce, and O components. To avoid this segregated
phenomenon, the addition and distribution of REEs must be reasonably regulated during
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the material production process. In the La2O3/CoCrFeNiMoSi coatings [81], as shown in
Figure 10a,b, La2O3 promotes the temperature gradient of the molten pool, crystal nucle-
ation, and growth. Considerable secondary dendritic arms were produced, which broke
the grain boundary structure and made the grain boundaries finer. From Figure 10c, it can
be observed that the elements are uniformly distributed in the coating.
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La2O3/HEA [81]. Reprinted with permission from Ref. [81], 2024, ELSEVIER.

REEs can improve the surface tension, wettability, and chemical activity of the re-
inforced phase, resulting in improved dispersion and uniformity of distribution in the
substrate. Wang et al. [82] discovered that the Ni, Al, and Cr elemental compositions of the
coatings without REEs had a wide range of fluctuations and an extremely inhomogeneous
distribution when REOs-modified Ni60 coatings were formed on the surface of 6063 alu-
minum alloy. The elemental distribution in CeO2-, Y2O3-, and La2O3-modified coatings, on
the other hand, was homogeneous, particularly in the 5% La2O3 coating. Yang et al. [83]
used a laser beam to irradiate B4C and Y2O3 hybrid powder, and the TiC phase in the com-
posite coating was uniformly dispersed when the Y2O3 content was 0.5% to 1.5%. However,
2% of the Y on the TiC phase was inhomogeneously distributed, causing the Al3Ti and TiC
phases to cluster together and produce an inhomogeneous distribution. In conclusion, an
appropriate amount of REEs is beneficial to the improvement of material structure and
properties, but an excessive amount of REEs may cause clustering of substrate elements
and jeopardize the material properties. Therefore, it is crucial to control the concentration
and distribution of REEs.

REEs can improve the fluidity of the molten pool and promote the homogeneous
distribution of substrate elements, which is beneficial to enhancing the comprehensive
performance of coatings. However, the element distribution is a combined result of the ele-
ment content, the molten pool environment, the atomic radius, and the chemical properties
of the material. As a result, several investigations have found that REOs have a negligible
influence on element dispersion and even impede the diffusion of substrate elements sep-
arated in the immediate area. To answer the issue of REEs altering element distribution,
existing research has numerous disagreements and requires additional investigation.

3.3. Mechanisms of REE Effects on Grain Morphology
3.3.1. Modification of Grain Morphology

As illustrated in Section 2.2, RECs can separate, pin, and adsorb in the active sites
at grain borders, lowering the system’s Gibbs free energy and the driving force for grain
growth. Xu et al. [84] discovered that cladding La2O3-modified Ni-based coatings on
S136 steel resulted in the production of distinct morphologies of dendrites at different
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portions of the dendritic arms at varied temperatures and solidification speeds. At lower
La2O3 levels, element diffusion in the molten pool was faster, and the crystallization rate
was slower, resulting in the creation of dendritic crystal formations. The diffusion of
components in the molten pool slows down as the La2O3 concentration increases, the
crystallization rate accelerates, and the dendritic shape eventually becomes elongated.
When the concentration of La2O3 is higher, the crystallization rate is accelerated further,
resulting in the restriction of element transport and the creation of a long dendritic structure.

During the solidification of grains in the molten pool, the fastest developing crystal
surfaces have high surface tension and adsorption capability. REEs are the most active on
these surfaces and are readily adsorbed, lowering the diffusion rate and changing the grain
shape. The adsorption energy ΓK of REEs on K crystal surfaces is calculated as [85]:

ΓK = − C
RT

dγK
C

dC
(5)

where C is the concentration of surface-active material in the molten pool, T is the absolute
temperature, and γK

C is the surface tension of the crystalline surface K. Yang et al. [83] found
that the Al3Ti phase exists in the coating as rods and “X” shapes under normal conditions.
Y2O3 adsorbs on the Al3Ti phase, hindering the diffusion at the grain boundaries and
altering the morphology of the Al3Ti phase from rod-like to “X”-shaped. Zhang et al. [86]
also discovered that CeO2 has no effect on the compositional phase but influences the
content of dendritic TiCX, for example, 3 wt.% CeO2 modified Ti-based coatings contain
35% dendritic TiCX.

In the study of the influence of REE on the grain morphology of TiB2 by employing
first-principles calculations [87], it was found that TiB2 nuclei grow synchronously in all
directions in a spherical shape without REE doping, as shown in 1⃝ and 2⃝ in Figure 11.
However, the surface energy gradually decreases as the nucleus grows, which results
in crystalline surfaces with high refractive indices covering the surface and forming a
polyhedral morphology, as shown in Figure 11 3⃝. The different surface tensions of these
crystal surfaces result in different crystal growth rates, eventually forming hexagonal disk
shapes surrounded by {0001} and {10-10} small planes, as shown in Figure 11 4⃝. The Sc
can be preferentially adsorbed on the high-energy {10-11} and {11-20} surfaces during the
formation of crystalline surfaces with high refractive indices, which restricts the growth
rate of these surfaces and transforms the morphology of TiB2 from hexagonal shape to
spherical shape. REE adsorbed on the surface of faster growing crystals not only reduces
the difference in surface energy of the crystals but also hinders the rapid growth of crystal
surfaces with maximum surface tension, which improves the morphology of the grains.
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3.3.2. Promotion of Columnar to Equiaxed Transition

Since REE can transform the morphology of grains, it is utilized in the MAM to achieve
the process of columnar to equiaxed transition (CET), which has been demonstrated in
Al alloys [88], Ni alloys [26], and Ti alloys [89]. Tan et al. [90] found that when 0.2 wt.%
LaB6 was added in AlSi10Mg alloys, columnar grains were nearly eliminated, and 88%
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of the equiaxed grains were distributed in the range of 0.5 µm–4.5 µm. More than 80% of
the grains in the 2 wt.% LaB6 modified alloys were ultrafine equiaxed grains below 2 µm.
Bermingham et al. [91] concluded that La2O3 was a heterogeneous nucleation site for β-Ti,
which refined the grain size by 85% and produced an equiaxed warp zone at the top of
the cladding layer. However, columnar grains were produced at the bottom due to the
epitaxial growth of the grains.

Most researchers have shown that the solidification process of alloys can be finely
regulated by controlling the content and type of REE. REEs modify the nucleation and
growth behavior of grains, resulting in alloys with specific morphology, structure, and
properties. However, the research is also insufficient for RE in AM. If too little RE is added,
the refining effect is not obvious; if too much is added, other adverse effects may occur.
Therefore, there is an urgent need to study the quantitative relationship between the content
of REE and the refinement effect.

3.4. Effect of REE in Laser Cladding

In summary, we analyze in detail the role of REEs in the powder mixing process, the
laser-powder process, and the laser-powder-substrate process based on laser cladding.
REEs improve powder flow and loose loading density during the powder mixing process,
which aids in the formation of a uniform cladding layer.

In the laser-powder process, REEs have a specific energy level structure that absorbs
laser energy at specific wavelengths. If the REEs in the hybrid powder match the wave-
length of the laser, the REEs will absorb the laser energy preferentially. The particle size
of commonly used REEs is on the micro- or nano-scale. REEs react with powder to alter
particle size and morphology, increase surface area to volume ratio, and improve laser
absorption. Increased laser absorption increases the local temperature of the mixed powder,
which improves molten pool flow.

REEs act as refining agents in the laser-powder-substrate process, forming many
fine nuclei in the molten pool, which promotes crystal growth and refines the grains. In
terms of interfacial bond strength, REEs react with the elements in the substrate to form
a metallurgical bonding interface with high bonding strength, improving the cladding
layer’s adhesion. In terms of interfacial bond strength, REEs react with the elements in
the substrate to form a metallurgical bonding interface with high bonding strength, thus
improving the adhesion of the cladding layer. REEs can also react with gases and impurities
in the molten pool, reducing porosity and inclusions as well as purifying the molten pool.

REEs play an important role in the laser cladding process, optimizing the structure
and properties of the cladding layer by improving the powder fluidity, absorbing the laser
energy, refining the grain, removing impurities, and strengthening the interfacial bonding.
Therefore, the rational utilization of REEs in laser cladding technology can obtain cladding
layers with excellent properties, which provides a new way for industrial manufacturing
and material surface modification.

4. Effect of REOs on the Improvement of Tribological Properties

We investigate how REEs affect the microstructure and compositional distribution of
alloys, revealing REE’s positive role in optimizing the material structure, which is closely
related to tribological properties. Numerous studies indicate that REOs can remarkably im-
prove the tribological properties of alloys. By refining the microstructure, homogenizing the
distribution of components, and modifying the chemical composition and microstructure
of the friction surfaces, REOs influence the friction surfaces’ adhesion and wear behavior,
thereby improving the tribological properties of alloys.

4.1. Effect of REO Content on Wear Resistance

REOs have large atomic radii, which can promote grain nucleation and grain refine-
ment by heterogeneous nucleation. At the same time, REOs can also increase the amount
of liquid phase to fill the interstices of the grains and improve the density and hardness of
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the material. Zhang et al. [92] discovered that with the increase in Y2O3 content in Al-Si
coatings, the grains gradually became finer and then coarser, and the surface hardness
and wear resistance were also enhanced and then weakened. The coating with 7.5 wt.%
Y2O3 had the finest grain, the highest density, and the best surface properties, with an
average hardness of 285.0 HV that was 3.6 times that of the substrate and a wear amount of
0.4584 mm3 that was 26.68% that of the substrate.

The appropriate amount of REE significantly improves the wear resistance of the
material, making the wear mechanism change from complex to simple abrasive wear. In
the Mg-1.5Zn-0.6Zr alloy [93], the Vickers hardness increased from 54 HV to 60 HV, and
the COF decreased from 0.132 to 0.127 as the addition of Sc element increased to 1.0 wt.%.
The flaking phenomenon of the wear process is gradually weakened with the addition
of Sc elements, and the wear surface gradually becomes smooth. The delamination wear
is weakened, and the wear mechanism is gradually dominated by abrasive wear. In the
AA6082 alloy [94], the wear behavior depends on the volume percentage of Y2O3. As the
volume fraction of Y2O3 increases to 9 vol.%, the hardness increases by 60%, the wear rate
decreases by 48%, and the wear mechanism changes from adhesive wear to abrasive wear.
It has been found that REE can transform the microstructure of metallic materials, leading
to greater refinement and homogeneity. This improves the hardness and toughness of the
material, reduces the wear rate of the material during wear and alters the wear behavior as
shown in Table 1. At the same time, REE can also form a layer of dense oxide film on the
metal surface, which notably enhances the anti-wear performance of the metal surface.

The addition of a small quantity of REEs does not yield the desired reinforcing effect,
whereas an excessive amount may lead to adverse effects, as indicated in Table 1. Sharma
et al. [101] performed pin-on-disk wear experiments on Al-based composites containing
2.5 wt.% CeO2. The experiments were carried out with a velocity of 0.5 m/s and a normal
load of 10 N. The results indicated that the inclusion of REEs led to a significant increase
of 87.28% in the wear rate. Abrasive wear was the predominant mechanism. However,
when the content of CeO2 exceeded a certain threshold, the wear mechanism shifted to
delamination wear, which resulted in a significant increase in the surface roughness of the
material. On the surface of S420 steel, Wang et al. [102] used laser cladding to prepare
CeO2-modified Al-based composites and found that the wear mechanisms were mainly
microcutting and oxidative wear without the addition of CeO2, and abrasive, microcutting,
and adhesive wear with the addition of 1.0%, 1.5%, and 2.0% CeO2. It was also stated [103]
that a small amount of Y2O3 can exhibit diffuse strengthening and ensure a relatively stable
friction coefficient. However, excessive additions will weaken the interfacial bonding and
lead to a reduction in the strength, plasticity, and toughness of the alloy.

The REOs must be rationally controlled during the AM process to determine the
optimal amount of REOs to be added for the best wear resistance and other important
performance indicators. However, wear performance is the combined effect of the wear
environment, wear parameters, and material properties. At present, it is difficult to system-
atically elucidate the influence mechanism of REE content on the wear mechanism and the
qualitative relationship between the REO content and its influence on the mechanical or
tribological properties of the substrate materials through single-factor experiments.
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Table 1. Effect of REC content on the tribological behavior of materials.

Substrate/Powders RECs Content Wear Mode Abrasive
Material Hardness Wear Depth or

COF Wear Mechanism Ref.

65Mn/Ni60a + SiC La2O3

0 wt.%

Rotating friction mode GCr15

870 HV 19.21 µm Abrasive and mechanical wear

[95]
1 wt.% 873 HV 20.21 µm Fatigue wear and plastic deformation

1.5 wt.% 916 HV 19.67 µm Abrasive and mechanical wear
2 wt.% 991 HV 15.79 µm Slight peeling

2.5 wt.% 1215 HV 23.46 µm Fatigue wear and plastic deformation

PI + PAI + Ep-44 +
PTFE + DMF + WS2

CeO2

1.5 wt.%
Reciprocating sliding

friction wear
304

0.224 GPa 0.072 Abrasive wear and furrow
[96]2 wt.% 0.220 GPa 0.065 Furrows and spalling pits

2.5 wt.% 0.164 GPa 0.067 Plough grooves and flaking pits

TC4/NiCr + Cr3C2 CeO2

0 wt.%

Dry-sliding friction test GCr15

488 HV0.5 0.587 Furrow and adhesive deformation

[97]
1 wt.% 472 HV0.5 0.630 Abrasive wear
2 wt.% 464 HV0.5 0.508 Abrasive wear
3 wt.% 487 HV0.5 0.530 Abrasive wear
4 wt.% 472 HV0.5 0.568 Abrasive wear

AZ61D La2O3

0.5 wt.%
Scratch test Diamond

116 HV 14.4 µm Elastic deformation
[98]1 wt.% 120 HV 13.3 µm

2 wt.% 130 HV 13.0 µm Slight furrow

TC4/TiB + TiC LaB6

0.2 vol.%
Pins and discs Cr12MoV

53.5 HRC 0.248 Slightly wear tracks
[99]0.4 vol.% 54.5 HRC 0.228 Small scratches and furrows

0.8 vol.% 54.8 HRC 0.231 Wear tracks and more La2O3

ADC12/Al Pr + Ce

0 wt.%

Pin-on-disc 45# steel

80 HV 0.378 Abrasive and surface fatigue wear

[100]
0.3 wt.% 90 HV 0.362 Adhesive wear
0.6 wt.% 110 HV 0.349 Abrasive wear
0.9 wt.% 105 HV 0.358 Adhesive wear
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4.2. Effect of REC Type on Wear Resistance

Different types of RECs have different chemical–physical properties. For example, the
Ce element has strong catalytic activity and promotes the formation of an oxide film on
the surface of the material [104]; Yb2O3 improves the wear resistance of the materials, but
the effect of Tm2O3 is opposite [105]. Zhang et al. [106] found that Ce4+ was more likely
than Sm3+ to adhere to GB. The dendritic morphology of the nickel-based alloys became
finer and denser with the addition of REOs. The eutectic layer spacing of CeO2-doped
nickel-based specimens was smaller than that of Sm2O3 specimens (dCeO2 = 0.3–0.5 µm;
dSm2O3= 0.7–1.0 µm). Under high-load (200 N) abrasion, the specimen surface of CeO2
exhibits shallower cut grooves and stronger abrasion resistance than nano-Sm2O3. While
studying the effect of different RECs on tribological properties, Su et al. [107] found that
the average microhardness values of Y2O3-, YCl3-, and YF3-modified Ni-Ti coatings were
755.1 HV0.3, 579.1 HV0.3, and 390.4 HV0.3, respectively. The Y2O3 coating has the highest
microhardness with a COF of 0.321 and a weight loss of 2.6 mg, and the wear mechanism is
adhesive wear. The YF3 coating has the lowest microhardness with a COF of 0.252 and a
weight loss of 4.3 mg, and the wear mechanism is abrasive wear.

Besides, the atomic radii of Ce, La, and Y are 182.4, 187.7, and 162 pm, respectively,
which are larger than those of common metallic elements [108]. The incorporation of REEs
induces lattice distortion in the material, which is also an important factor in improving
wear resistance. Based on nano-indentation tests, Zhang et al. [109] showed that the hard-
ness of Y-doped Fe-based coatings increased to 16.5 GPa and Young’s modulus decreased
to 337.4 GPa. In addition, the hardness of Ce-doped coatings was like the ones without
rare-earth elements, but the Young’s modulus decreased to 344.4 GPa. Cao et al. [110]
prepared hybridized reinforced Cu-matrix composites of La, Ce, and Y by refining TiB2
particles from 654 nm to 515 nm (Ce), 567 nm (Y), and 596 nm (La), respectively.

The effect of different types of RECs on tribology is shown in Table 2, where the wear
mechanism is complex. In conclusion, the mechanisms and effects of different REC types
on the tribological properties of materials need further research and exploration. Future
research could include an in-depth exploration of the interaction mechanism between REEs
and materials, optimization of the addition and distribution of RECs, and exploration of
new types of RECs. These studies will help to further understand the effect of RECs on the
tribological properties of materials and provide new ideas and methods for the develop-
ment of more wear-resistant, corrosion-resistant, and other high-performance materials.

4.3. Effect of REOs Dimensions on Wear Resistance

Both micro- and nano-scale REOs are beneficial for improving the microstructure.
However, compared with micro-REOs, nano-REOs have higher diffusion coefficients,
making them more likely to diffuse in the molten pool, and the strengthening effect is
more pronounced. For example, the average porosity of CeO2 nano-doped coatings is
0.4% higher than the micrometer scale, the surface roughness is 7% lower, and the average
microhardness is 36% higher [119]. In the microstructure, coatings with micro-CeO2 grow
oriented dendrites and coarse equiaxed dendrites, while coatings with nano-CeO2 grow
multioriented dendrites and finer equiaxed dendrites [120]. Both nano-scale and microscale
REOs can improve the wear resistance of materials, but nano-REOs have more advantages.

The nano-REOs show better results in terms of wear behavior. Chauhan et al. [119]
found that the wear mechanisms of micro-CeO2 coatings are abrasive wear and fatigue
wear, whereas the wear mechanisms of nano-CeO2 coatings are abrasive wear, which means
that the nano-CeO2 coatings perform better in resisting abrasive wear. Weng et al. [121]
revealed the REOs-modified materials would form cracks and expand on the wear surface
at the micron scale, leading to severe spalling. In nano-REOs-modified alloys, a fine
microstructure was formed in the composites. Compared with the micro-REOs materials,
the cracks in the nano-REOs materials are drastically deflected, and fewer oxygen atoms
enter the substrate. Crack generation and extension are restrained, the oxide layer becomes
thinner, and the surface appears to be slightly spalling, as shown in Figure 12.
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Table 2. Effect of different RECs on the wear resistance of modified materials.

Substrate/Powders REC Processing Content Reinforced Phases Surface Wear Hardness Wear Mechanism Ref.

AZ91D/Zr55Cu30Al10Ni5 Nd2O3 Laser cladding 1.0 wt.%
Al5Ni3Zr2, Zr3O,

Nd2Zr2O7, AlNdO3, and
ZrO2
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induces lattice distortion in the material, which is also an important factor in improving 
wear resistance. Based on nano-indentation tests, Zhang et al. [109] showed that the hard-
ness of Y-doped Fe-based coatings increased to 16.5 GPa and Young’s modulus decreased 
to 337.4 GPa. In addition, the hardness of Ce-doped coatings was like the ones without 
rare-earth elements, but the Young’s modulus decreased to 344.4 GPa. Cao et al. [110] pre-
pared hybridized reinforced Cu-matrix composites of La, Ce, and Y by refining TiB2 par-
ticles from 654 nm to 515 nm (Ce), 567 nm (Y), and 596 nm (La), respectively. 

The effect of different types of RECs on tribology is shown in Table 2, where the wear 
mechanism is complex. In conclusion, the mechanisms and effects of different REC types 
on the tribological properties of materials need further research and exploration. Future 
research could include an in-depth exploration of the interaction mechanism between 
REEs and materials, optimization of the addition and distribution of RECs, and explora-
tion of new types of RECs. These studies will help to further understand the effect of RECs 
on the tribological properties of materials and provide new ideas and methods for the 
development of more wear-resistant, corrosion-resistant, and other high-performance ma-
terials. 

Table 2. Effect of different RECs on the wear resistance of modified materials. 

Sub-
strate/Pow-

ders 
REC Processing Content 

Reinforced 
Phases Surface Wear Hardness 

Wear Mecha-
nism Ref. 

AZ91D/Zr55

Cu30Al10Ni5 
Nd2O3 Laser clad-

ding 
1.0 

wt.% 

Al5Ni3Zr2, 
Zr3O, 

Nd2Zr2O7, Al-
NdO3, and 

ZrO2  

689.8  
HV0.2 

Abrasive wear 
formation, and 

eventual re-
moval of the ox-

ide layer 

[18] 689.8
HV0.2

Abrasive wear
formation, and

eventual removal of
the oxide layer

[18]

Low-carbon steel/WC CeO2 Laser cladding 2.0 wt.% WC, W2C, Ni7W3, and
Fe0.61Ni0.32
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Low-car-
bon 

steel/WC 
CeO2 Laser clad-

ding 
2.0 

wt.% 

WC, W2C, 
Ni7W3, and 
Fe0.61Ni0.32 

 

525  
HV2 

Microcutting 
wear and adhe-

sive wear 
[26] 

Ti811/TC4 + 
Ni60 

CeO2 

20–40 µm 
Laser clad-

ding 
2.0 

wt.% 
TiC, Ti2Ni, and 

TiB2 

 

846  
HV0.5 

Adhesive wear, 
abrasive wear, 
and flat surface 

[27] 

TC4/Co42 + 
TiN 

Y2O3 

0.05–5 µm 
Laser clad-

ding 
1.0 

wt.% 

γ-Co/Ni, TiN, 
CoTi, CoTi2, 
NiTi, TiC, 
Cr7C3, TiB, 
Ti5Si3, and 
aTi0.3N 0.7  

1197.9 
HV0.2 

Slight spalling [36] 

TC4/Ti + 
AlB2 LaB6 

Laser clad-
ding 

3.0 
wt.% 

La2O3, Ti3Al, 
and TiB 

 

917  
HV0.5 

Microcutting 
and brittle 
debonding 

[40] 

AISI 
1045/Mo2Fe
B2 + Cr3C2 + 

W 

La2O3 

1–2 µm 
Laser clad-

ding 
0.3 

wt.% 

Mo2FeB2, 
Fe7Ni3, Fe3C, 
Cr3C2, CrB2, 
FeNi, Cr7C3, 
WC, WC1-x, 

and W2C  

1494.7 
HV0.5 

Abrasive wear [46] 

45/Fe-based 
powder 

La2O3  
4 µm 

Laser clad-
ding 

1.0 
wt.% 

Fe-Cr and Fe-
Cr-Ni phases 

 

523.76 
HV0.3 

Slight abrasive 
wear 

[72] 

AZ91D/Al 
+ Ti + B4C Y2O3 

Laser clad-
ding 

1.5 
wt.% 

AlTi3(C, N)0.6, 
Al3Ti, 

MgAl2O4, TiC, 
AlB12, and 
Al12Mg17  

398  
HV 

Abrasive wear 
and adhesive 

wear 
[83] 

Al6061/Ti + 
AlB2 

Sc2O3 Laser clad-
ding 

0.6 
wt.% 

TiB2 and Al 
phases 

 

920  
HV 

Microcutting [87] 

65Mn/Ni60
A + SiC 

La2O3  
40 nm 

Laser clad-
ding 

2 wt.% 

Cr7C3, 
Cr3Ni2SiC, 
CrC, and 

Cr7C3  

991  
HV 

Slight peeling [95] 

525
HV2

Microcutting wear
and adhesive wear [26]

Ti811/TC4 + Ni60 CeO2
20–40 µm Laser cladding 2.0 wt.% TiC, Ti2Ni, and TiB2
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Abrasive wear [46] 

45/Fe-based 
powder 

La2O3  
4 µm 

Laser clad-
ding 

1.0 
wt.% 

Fe-Cr and Fe-
Cr-Ni phases 

 

523.76 
HV0.3 

Slight abrasive 
wear 

[72] 

AZ91D/Al 
+ Ti + B4C Y2O3 

Laser clad-
ding 

1.5 
wt.% 

AlTi3(C, N)0.6, 
Al3Ti, 

MgAl2O4, TiC, 
AlB12, and 
Al12Mg17  

398  
HV 

Abrasive wear 
and adhesive 

wear 
[83] 

Al6061/Ti + 
AlB2 

Sc2O3 Laser clad-
ding 

0.6 
wt.% 

TiB2 and Al 
phases 

 

920  
HV 

Microcutting [87] 

65Mn/Ni60
A + SiC 

La2O3  
40 nm 

Laser clad-
ding 

2 wt.% 

Cr7C3, 
Cr3Ni2SiC, 
CrC, and 

Cr7C3  

991  
HV 

Slight peeling [95] 

846
HV0.5

Adhesive wear,
abrasive wear, and

flat surface
[27]

TC4/Co42 + TiN Y2O3
0.05–5 µm Laser cladding 1.0 wt.%

γ-Co/Ni, TiN, CoTi,
CoTi2, NiTi, TiC, Cr7C3,

TiB, Ti5Si3, and aTi0.3N 0.7
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Cr-Ni phases 

 

523.76 
HV0.3 

Slight abrasive 
wear 

[72] 

AZ91D/Al 
+ Ti + B4C Y2O3 

Laser clad-
ding 

1.5 
wt.% 

AlTi3(C, N)0.6, 
Al3Ti, 

MgAl2O4, TiC, 
AlB12, and 
Al12Mg17  

398  
HV 

Abrasive wear 
and adhesive 

wear 
[83] 

Al6061/Ti + 
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Sc2O3 Laser clad-
ding 

0.6 
wt.% 
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920  
HV 

Microcutting [87] 

65Mn/Ni60
A + SiC 

La2O3  
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Laser clad-
ding 

2 wt.% 
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Cr3Ni2SiC, 
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991  
HV 

Slight peeling [95] 

917
HV0.5

Microcutting and
brittle debonding [40]
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Table 2. Cont.

Substrate/Powders REC Processing Content Reinforced Phases Surface Wear Hardness Wear Mechanism Ref.

AISI 1045/Mo2FeB2 +
Cr3C2 + W

La2O3
1–2 µm Laser cladding 0.3 wt.%

Mo2FeB2, Fe7Ni3, Fe3C,
Cr3C2, CrB2, FeNi, Cr7C3,

WC, WC1–x, and W2C
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ding 
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Microcutting 
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Ti811/TC4 + 
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ding 
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Adhesive wear, 
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and flat surface 

[27] 
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ding 
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wt.% 

γ-Co/Ni, TiN, 
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NiTi, TiC, 
Cr7C3, TiB, 
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Slight spalling [36] 

TC4/Ti + 
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Laser clad-
ding 

3.0 
wt.% 

La2O3, Ti3Al, 
and TiB 

 

917  
HV0.5 

Microcutting 
and brittle 
debonding 

[40] 

AISI 
1045/Mo2Fe
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W 
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1–2 µm 
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ding 
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HV0.5 

Abrasive wear [46] 

45/Fe-based 
powder 

La2O3  
4 µm 

Laser clad-
ding 

1.0 
wt.% 

Fe-Cr and Fe-
Cr-Ni phases 

 

523.76 
HV0.3 

Slight abrasive 
wear 

[72] 

AZ91D/Al 
+ Ti + B4C Y2O3 

Laser clad-
ding 

1.5 
wt.% 

AlTi3(C, N)0.6, 
Al3Ti, 

MgAl2O4, TiC, 
AlB12, and 
Al12Mg17  

398  
HV 

Abrasive wear 
and adhesive 

wear 
[83] 

Al6061/Ti + 
AlB2 

Sc2O3 Laser clad-
ding 

0.6 
wt.% 

TiB2 and Al 
phases 

 

920  
HV 

Microcutting [87] 

65Mn/Ni60
A + SiC 

La2O3  
40 nm 

Laser clad-
ding 

2 wt.% 

Cr7C3, 
Cr3Ni2SiC, 
CrC, and 

Cr7C3  

991  
HV 

Slight peeling [95] 

1494.7 HV0.5 Abrasive wear [46]

45/Fe-based powder La2O3
4 µm Laser cladding 1.0 wt.% Fe-Cr and Fe-Cr-Ni

phases
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Slight abrasive 
wear 

[72] 

AZ91D/Al 
+ Ti + B4C Y2O3 
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ding 
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wt.% 

AlTi3(C, N)0.6, 
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MgAl2O4, TiC, 
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and adhesive 

wear 
[83] 
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ding 
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40 nm 

Laser clad-
ding 

2 wt.% 
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Cr3Ni2SiC, 
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Cr7C3  

991  
HV 

Slight peeling [95] 

523.76 HV0.3 Slight abrasive wear [72]

AZ91D/Al + Ti + B4C Y2O3 Laser cladding 1.5 wt.%
AlTi3(C, N)0.6, Al3Ti,

MgAl2O4, TiC, AlB12, and
Al12Mg17
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HV

Abrasive wear and
adhesive wear [83]

Al6061/Ti + AlB2 Sc2O3 Laser cladding 0.6 wt.% TiB2 and Al phases
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HV 
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920
HV Microcutting [87]

65Mn/Ni60A + SiC La2O3
40 nm Laser cladding 2 wt.% Cr7C3, Cr3Ni2SiC, CrC,

and Cr7C3
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Low-car-
bon 

steel/WC 
CeO2 Laser clad-

ding 
2.0 

wt.% 

WC, W2C, 
Ni7W3, and 
Fe0.61Ni0.32 

 

525  
HV2 

Microcutting 
wear and adhe-

sive wear 
[26] 

Ti811/TC4 + 
Ni60 

CeO2 

20–40 µm 
Laser clad-

ding 
2.0 

wt.% 
TiC, Ti2Ni, and 

TiB2 

 

846  
HV0.5 

Adhesive wear, 
abrasive wear, 
and flat surface 

[27] 

TC4/Co42 + 
TiN 

Y2O3 

0.05–5 µm 
Laser clad-

ding 
1.0 

wt.% 

γ-Co/Ni, TiN, 
CoTi, CoTi2, 
NiTi, TiC, 
Cr7C3, TiB, 
Ti5Si3, and 
aTi0.3N 0.7  

1197.9 
HV0.2 

Slight spalling [36] 

TC4/Ti + 
AlB2 LaB6 

Laser clad-
ding 

3.0 
wt.% 

La2O3, Ti3Al, 
and TiB 

 

917  
HV0.5 

Microcutting 
and brittle 
debonding 

[40] 

AISI 
1045/Mo2Fe
B2 + Cr3C2 + 

W 

La2O3 

1–2 µm 
Laser clad-

ding 
0.3 

wt.% 

Mo2FeB2, 
Fe7Ni3, Fe3C, 
Cr3C2, CrB2, 
FeNi, Cr7C3, 
WC, WC1-x, 

and W2C  

1494.7 
HV0.5 

Abrasive wear [46] 

45/Fe-based 
powder 

La2O3  
4 µm 

Laser clad-
ding 

1.0 
wt.% 

Fe-Cr and Fe-
Cr-Ni phases 

 

523.76 
HV0.3 

Slight abrasive 
wear 

[72] 

AZ91D/Al 
+ Ti + B4C Y2O3 

Laser clad-
ding 

1.5 
wt.% 

AlTi3(C, N)0.6, 
Al3Ti, 

MgAl2O4, TiC, 
AlB12, and 
Al12Mg17  

398  
HV 

Abrasive wear 
and adhesive 

wear 
[83] 

Al6061/Ti + 
AlB2 

Sc2O3 Laser clad-
ding 

0.6 
wt.% 

TiB2 and Al 
phases 

 

920  
HV 

Microcutting [87] 

65Mn/Ni60
A + SiC 

La2O3  
40 nm 

Laser clad-
ding 

2 wt.% 

Cr7C3, 
Cr3Ni2SiC, 
CrC, and 

Cr7C3  

991  
HV 

Slight peeling [95] 991
HV Slight peeling [95]
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TC4/NiTi YCl3 Laser cladding 2.0 wt.% NiTi and NiTi2

Coatings 2024, 14, 139 20 of 32 
 

 

TC4/NiTi  YCl3 Laser clad-
ding 

2.0 
wt.% 

NiTi and NiTi2 

 

579.1 
HV0.3 

Abrasive wear [107] 

45/WC Yttrium 
Vacuum sin-

tering 
0.6 

wt.% 
Fe3W3C 

 

16.50  
GPa 

WC particle 
spalling, cracks, 

and pits 
[109] 

TC4/TC4 + 
B4C 

LaB6 

10–30 µm 
Laser clad-

ding 
2.0 

wt.% 
TiC, TiB2, and 

TiB 

 

1243.4 
HV0.2 

Abrasive wear, 
adhesive wear, 

and 
flat surface 

[111] 

NiTi 
CeO2 

50 nm LPBF 
3.0 

wt.% NiCe 

 

380  
HV 

Adhesive wear, 
abrasive wear, 
and oxidative 

wear 

[112] 

Al6061/ 
SiC + Al2O3 

CeO2 

5 µm 
Stir cast 2.5 

wt.% 

α-Al, Al11Ce3, 
Al4Ce, Al3Ce, 
and Al8Mg5 

  

93.5  
HVav 

Abrasion, 
ploughing, and 
delamination 

[113] 

Cr3C2 + 
NiCr + 

CoCrMo 

CeO2 

20–50 nm HVOF 4.0 
wt.% 

Cr2O3, Cr3C2, 
Cr1.12Ni2.88, 

NiCr2O4, and 
CoCr2O4 

 

962.2 
HV0.5 

Abrasive wear 
and surface fa-

tigue wear 
[114] 

Q235/17Cr2
NiSiMo Y2O3 Plasma-clad 0.4 

wt.% 
Fe-Cr, α-Fe, 
and Y2SiO5 

 

643.64 
HV0.1 

Plastic defor-
mation to slight 

peeling 
[115] 

TC4/TiC-
Co 

Y2O3 

20–50 nm TIG cladding 
2.0 

wt.% 
Al2Ti4C2, CoO, 

TiO2, and Al2O3 
 

1200 
HV0.05 

Minor scratches 
and delami-

nated 
[116] 

TC4/h-BN Y2O3 Laser clad-
ding 

1.0 
wt.% 

TiN, TiB, and 
α-Ti 

 

891  
HV0.5 

Abrasive wear 
and microcut-

ting 
[117] 

TC4/Ni45 + 
Co-WC 

Y2O3 Laser clad-
ding 

3.0 
wt.% 

TiB2, TiC, 
Ti2Ni, WC, and 

α-Ti 
 

480  
HV0.5 

Abrasive wear [118] 

579.1 HV0.3 Abrasive wear [107]

45/WC Yttrium Vacuum
sintering 0.6 wt.% Fe3W3C

1 
 

 
 

 
 

 
 

 

16.50
GPa

WC particle spalling,
cracks, and pits [109]

TC4/TC4 + B4C LaB6
10–30 µm Laser cladding 2.0 wt.% TiC, TiB2, and TiB
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TC4/NiTi  YCl3 Laser clad-
ding 

2.0 
wt.% 

NiTi and NiTi2 

 

579.1 
HV0.3 

Abrasive wear [107] 

45/WC Yttrium 
Vacuum sin-

tering 
0.6 

wt.% 
Fe3W3C 

 

16.50  
GPa 

WC particle 
spalling, cracks, 

and pits 
[109] 

TC4/TC4 + 
B4C 

LaB6 

10–30 µm 
Laser clad-

ding 
2.0 

wt.% 
TiC, TiB2, and 

TiB 

 

1243.4 
HV0.2 

Abrasive wear, 
adhesive wear, 

and 
flat surface 

[111] 

NiTi 
CeO2 

50 nm LPBF 
3.0 

wt.% NiCe 

 

380  
HV 

Adhesive wear, 
abrasive wear, 
and oxidative 

wear 

[112] 

Al6061/ 
SiC + Al2O3 

CeO2 

5 µm 
Stir cast 2.5 

wt.% 

α-Al, Al11Ce3, 
Al4Ce, Al3Ce, 
and Al8Mg5 

  

93.5  
HVav 

Abrasion, 
ploughing, and 
delamination 

[113] 

Cr3C2 + 
NiCr + 

CoCrMo 

CeO2 

20–50 nm HVOF 4.0 
wt.% 

Cr2O3, Cr3C2, 
Cr1.12Ni2.88, 

NiCr2O4, and 
CoCr2O4 

 

962.2 
HV0.5 

Abrasive wear 
and surface fa-

tigue wear 
[114] 

Q235/17Cr2
NiSiMo Y2O3 Plasma-clad 0.4 

wt.% 
Fe-Cr, α-Fe, 
and Y2SiO5 

 

643.64 
HV0.1 

Plastic defor-
mation to slight 

peeling 
[115] 

TC4/TiC-
Co 

Y2O3 

20–50 nm TIG cladding 
2.0 

wt.% 
Al2Ti4C2, CoO, 

TiO2, and Al2O3 
 

1200 
HV0.05 

Minor scratches 
and delami-

nated 
[116] 

TC4/h-BN Y2O3 Laser clad-
ding 

1.0 
wt.% 

TiN, TiB, and 
α-Ti 

 

891  
HV0.5 

Abrasive wear 
and microcut-

ting 
[117] 

TC4/Ni45 + 
Co-WC 

Y2O3 Laser clad-
ding 

3.0 
wt.% 

TiB2, TiC, 
Ti2Ni, WC, and 

α-Ti 
 

480  
HV0.5 

Abrasive wear [118] 

1243.4 HV0.2

Abrasive wear,
adhesive wear, and

flat surface
[111]

NiTi CeO2
50 nm LPBF 3.0 wt.% NiCe
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TC4/NiTi  YCl3 Laser clad-
ding 

2.0 
wt.% 

NiTi and NiTi2 

 

579.1 
HV0.3 

Abrasive wear [107] 

45/WC Yttrium 
Vacuum sin-

tering 
0.6 

wt.% 
Fe3W3C 

 

16.50  
GPa 

WC particle 
spalling, cracks, 

and pits 
[109] 

TC4/TC4 + 
B4C 

LaB6 

10–30 µm 
Laser clad-

ding 
2.0 

wt.% 
TiC, TiB2, and 

TiB 

 

1243.4 
HV0.2 

Abrasive wear, 
adhesive wear, 

and 
flat surface 

[111] 

NiTi 
CeO2 

50 nm LPBF 
3.0 

wt.% NiCe 

 

380  
HV 

Adhesive wear, 
abrasive wear, 
and oxidative 

wear 

[112] 

Al6061/ 
SiC + Al2O3 

CeO2 

5 µm 
Stir cast 2.5 

wt.% 

α-Al, Al11Ce3, 
Al4Ce, Al3Ce, 
and Al8Mg5 

  

93.5  
HVav 

Abrasion, 
ploughing, and 
delamination 

[113] 

Cr3C2 + 
NiCr + 

CoCrMo 

CeO2 

20–50 nm HVOF 4.0 
wt.% 

Cr2O3, Cr3C2, 
Cr1.12Ni2.88, 

NiCr2O4, and 
CoCr2O4 

 

962.2 
HV0.5 

Abrasive wear 
and surface fa-

tigue wear 
[114] 

Q235/17Cr2
NiSiMo Y2O3 Plasma-clad 0.4 

wt.% 
Fe-Cr, α-Fe, 
and Y2SiO5 

 

643.64 
HV0.1 

Plastic defor-
mation to slight 

peeling 
[115] 

TC4/TiC-
Co 

Y2O3 

20–50 nm TIG cladding 
2.0 

wt.% 
Al2Ti4C2, CoO, 

TiO2, and Al2O3 
 

1200 
HV0.05 

Minor scratches 
and delami-

nated 
[116] 

TC4/h-BN Y2O3 Laser clad-
ding 

1.0 
wt.% 

TiN, TiB, and 
α-Ti 

 

891  
HV0.5 

Abrasive wear 
and microcut-

ting 
[117] 

TC4/Ni45 + 
Co-WC 

Y2O3 Laser clad-
ding 

3.0 
wt.% 

TiB2, TiC, 
Ti2Ni, WC, and 

α-Ti 
 

480  
HV0.5 

Abrasive wear [118] 

380
HV

Adhesive wear,
abrasive wear,

and oxidative wear
[112]

Al6061/
SiC + Al2O3

CeO2
5 µm Stir cast 2.5 wt.% α-Al, Al11Ce3, Al4Ce,

Al3Ce, and Al8Mg5
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TC4/NiTi  YCl3 Laser clad-
ding 

2.0 
wt.% 

NiTi and NiTi2 

 

579.1 
HV0.3 

Abrasive wear [107] 

45/WC Yttrium 
Vacuum sin-

tering 
0.6 

wt.% 
Fe3W3C 

 

16.50  
GPa 

WC particle 
spalling, cracks, 

and pits 
[109] 

TC4/TC4 + 
B4C 

LaB6 

10–30 µm 
Laser clad-

ding 
2.0 

wt.% 
TiC, TiB2, and 

TiB 

 

1243.4 
HV0.2 

Abrasive wear, 
adhesive wear, 

and 
flat surface 

[111] 

NiTi 
CeO2 

50 nm LPBF 
3.0 

wt.% NiCe 

 

380  
HV 

Adhesive wear, 
abrasive wear, 
and oxidative 

wear 

[112] 

Al6061/ 
SiC + Al2O3 

CeO2 

5 µm 
Stir cast 2.5 

wt.% 

α-Al, Al11Ce3, 
Al4Ce, Al3Ce, 
and Al8Mg5 

  

93.5  
HVav 

Abrasion, 
ploughing, and 
delamination 

[113] 

Cr3C2 + 
NiCr + 

CoCrMo 

CeO2 

20–50 nm HVOF 4.0 
wt.% 

Cr2O3, Cr3C2, 
Cr1.12Ni2.88, 

NiCr2O4, and 
CoCr2O4 

 

962.2 
HV0.5 

Abrasive wear 
and surface fa-

tigue wear 
[114] 

Q235/17Cr2
NiSiMo Y2O3 Plasma-clad 0.4 

wt.% 
Fe-Cr, α-Fe, 
and Y2SiO5 

 

643.64 
HV0.1 

Plastic defor-
mation to slight 

peeling 
[115] 

TC4/TiC-
Co 

Y2O3 

20–50 nm TIG cladding 
2.0 

wt.% 
Al2Ti4C2, CoO, 

TiO2, and Al2O3 
 

1200 
HV0.05 

Minor scratches 
and delami-

nated 
[116] 

TC4/h-BN Y2O3 Laser clad-
ding 

1.0 
wt.% 

TiN, TiB, and 
α-Ti 

 

891  
HV0.5 

Abrasive wear 
and microcut-

ting 
[117] 

TC4/Ni45 + 
Co-WC 

Y2O3 Laser clad-
ding 

3.0 
wt.% 

TiB2, TiC, 
Ti2Ni, WC, and 

α-Ti 
 

480  
HV0.5 

Abrasive wear [118] 

93.5
HVav

Abrasion, ploughing,
and delamination [113]

Cr3C2 + NiCr +
CoCrMo

CeO2
20–50 nm HVOF 4.0 wt.%

Cr2O3, Cr3C2,
Cr1.12Ni2.88, NiCr2O4,

and CoCr2O4
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TC4/NiTi  YCl3 Laser clad-
ding 

2.0 
wt.% 

NiTi and NiTi2 

 

579.1 
HV0.3 

Abrasive wear [107] 

45/WC Yttrium 
Vacuum sin-

tering 
0.6 

wt.% 
Fe3W3C 

 

16.50  
GPa 

WC particle 
spalling, cracks, 

and pits 
[109] 

TC4/TC4 + 
B4C 

LaB6 

10–30 µm 
Laser clad-

ding 
2.0 

wt.% 
TiC, TiB2, and 

TiB 

 

1243.4 
HV0.2 

Abrasive wear, 
adhesive wear, 

and 
flat surface 

[111] 

NiTi 
CeO2 

50 nm LPBF 
3.0 

wt.% NiCe 

 

380  
HV 

Adhesive wear, 
abrasive wear, 
and oxidative 

wear 

[112] 

Al6061/ 
SiC + Al2O3 

CeO2 

5 µm 
Stir cast 2.5 

wt.% 

α-Al, Al11Ce3, 
Al4Ce, Al3Ce, 
and Al8Mg5 

  

93.5  
HVav 

Abrasion, 
ploughing, and 
delamination 

[113] 

Cr3C2 + 
NiCr + 

CoCrMo 

CeO2 

20–50 nm HVOF 4.0 
wt.% 

Cr2O3, Cr3C2, 
Cr1.12Ni2.88, 

NiCr2O4, and 
CoCr2O4 

 

962.2 
HV0.5 

Abrasive wear 
and surface fa-

tigue wear 
[114] 

Q235/17Cr2
NiSiMo Y2O3 Plasma-clad 0.4 

wt.% 
Fe-Cr, α-Fe, 
and Y2SiO5 

 

643.64 
HV0.1 

Plastic defor-
mation to slight 

peeling 
[115] 

TC4/TiC-
Co 

Y2O3 

20–50 nm TIG cladding 
2.0 

wt.% 
Al2Ti4C2, CoO, 

TiO2, and Al2O3 
 

1200 
HV0.05 

Minor scratches 
and delami-

nated 
[116] 

TC4/h-BN Y2O3 Laser clad-
ding 

1.0 
wt.% 

TiN, TiB, and 
α-Ti 

 

891  
HV0.5 

Abrasive wear 
and microcut-

ting 
[117] 

TC4/Ni45 + 
Co-WC 

Y2O3 Laser clad-
ding 

3.0 
wt.% 

TiB2, TiC, 
Ti2Ni, WC, and 

α-Ti 
 

480  
HV0.5 

Abrasive wear [118] 

962.2 HV0.5
Abrasive wear and

surface fatigue wear [114]



Coatings 2024, 14, 139 22 of 34

Table 2. Cont.

Substrate/Powders REC Processing Content Reinforced Phases Surface Wear Hardness Wear Mechanism Ref.

Q235/17Cr2NiSiMo Y2O3 Plasma-clad 0.4 wt.% Fe-Cr, α-Fe, and Y2SiO5

1 
 

 
 

 
 

 
 

 

643.64 HV0.1
Plastic deformation to

slight peeling [115]

TC4/TiC-Co Y2O3
20–50 nm TIG cladding 2.0 wt.% Al2Ti4C2, CoO, TiO2, and

Al2O3

1 
 

 
 

 
 

 
 

 

1200
HV0.05

Minor scratches and
delaminated [116]

TC4/h-BN Y2O3 Laser cladding 1.0 wt.% TiN, TiB, and α-Ti

Coatings 2024, 14, 139 20 of 32 
 

 

TC4/NiTi  YCl3 Laser clad-
ding 

2.0 
wt.% 

NiTi and NiTi2 

 

579.1 
HV0.3 

Abrasive wear [107] 

45/WC Yttrium 
Vacuum sin-

tering 
0.6 

wt.% 
Fe3W3C 

 

16.50  
GPa 

WC particle 
spalling, cracks, 

and pits 
[109] 

TC4/TC4 + 
B4C 

LaB6 

10–30 µm 
Laser clad-

ding 
2.0 

wt.% 
TiC, TiB2, and 

TiB 

 

1243.4 
HV0.2 

Abrasive wear, 
adhesive wear, 

and 
flat surface 

[111] 

NiTi 
CeO2 

50 nm LPBF 
3.0 

wt.% NiCe 

 

380  
HV 

Adhesive wear, 
abrasive wear, 
and oxidative 

wear 

[112] 

Al6061/ 
SiC + Al2O3 

CeO2 

5 µm 
Stir cast 2.5 

wt.% 

α-Al, Al11Ce3, 
Al4Ce, Al3Ce, 
and Al8Mg5 

  

93.5  
HVav 

Abrasion, 
ploughing, and 
delamination 

[113] 

Cr3C2 + 
NiCr + 

CoCrMo 

CeO2 

20–50 nm HVOF 4.0 
wt.% 

Cr2O3, Cr3C2, 
Cr1.12Ni2.88, 

NiCr2O4, and 
CoCr2O4 

 

962.2 
HV0.5 

Abrasive wear 
and surface fa-

tigue wear 
[114] 

Q235/17Cr2
NiSiMo Y2O3 Plasma-clad 0.4 

wt.% 
Fe-Cr, α-Fe, 
and Y2SiO5 

 

643.64 
HV0.1 

Plastic defor-
mation to slight 

peeling 
[115] 

TC4/TiC-
Co 

Y2O3 

20–50 nm TIG cladding 
2.0 

wt.% 
Al2Ti4C2, CoO, 

TiO2, and Al2O3 
 

1200 
HV0.05 

Minor scratches 
and delami-

nated 
[116] 

TC4/h-BN Y2O3 Laser clad-
ding 

1.0 
wt.% 

TiN, TiB, and 
α-Ti 

 

891  
HV0.5 

Abrasive wear 
and microcut-

ting 
[117] 

TC4/Ni45 + 
Co-WC 

Y2O3 Laser clad-
ding 

3.0 
wt.% 

TiB2, TiC, 
Ti2Ni, WC, and 

α-Ti 
 

480  
HV0.5 

Abrasive wear [118] 

891
HV0.5

Abrasive wear and
microcutting [117]

TC4/Ni45 + Co-WC Y2O3 Laser cladding 3.0 wt.% TiB2, TiC, Ti2Ni, WC, and
α-Ti

1 
 

 
 

 
 

 
 

 

480
HV0.5

Abrasive wear [118]
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4.3. Effect of REOs Dimensions on Wear Resistance 
Both micro- and nano-scale REOs are beneficial for improving the microstructure. 

However, compared with micro-REOs, nano-REOs have higher diffusion coefficients, 
making them more likely to diffuse in the molten pool, and the strengthening effect is 
more pronounced. For example, the average porosity of CeO2 nano-doped coatings is 0.4% 
higher than the micrometer scale, the surface roughness is 7% lower, and the average mi-
crohardness is 36% higher [119]. In the microstructure, coatings with micro-CeO2 grow 
oriented dendrites and coarse equiaxed dendrites, while coatings with nano-CeO2 grow 
multioriented dendrites and finer equiaxed dendrites [120]. Both nano-scale and mi-
croscale REOs can improve the wear resistance of materials, but nano-REOs have more 
advantages. 

The nano-REOs show better results in terms of wear behavior. Chauhan et al. [119] 
found that the wear mechanisms of micro-CeO2 coatings are abrasive wear and fatigue 
wear, whereas the wear mechanisms of nano-CeO2 coatings are abrasive wear, which 
means that the nano-CeO2 coatings perform better in resisting abrasive wear. Weng et al. 
[121] revealed the REOs-modified materials would form cracks and expand on the wear 
surface at the micron scale, leading to severe spalling. In nano-REOs-modified alloys, a 
fine microstructure was formed in the composites. Compared with the micro-REOs mate-
rials, the cracks in the nano-REOs materials are drastically deflected, and fewer oxygen 
atoms enter the substrate. Crack generation and extension are restrained, the oxide layer 
becomes thinner, and the surface appears to be slightly spalling, as shown in Figure 12. 

 
Figure 12. Effect of micro- and nano-REOs on wear behavior, including the beginning of wear (a), 
crack expansion (b), surface oxidation (c), as well as the end of wear (d). 

Due to their high surface energy and activity, nano-REOs can form a more homoge-
neous interfacial structure with the base material to reduce cracks caused by stress con-
centration. Furthermore, nano-REOs can improve the wear resistance of materials by hin-
dering dislocation motion and inhibiting plastic deformation. Micron-scale REOs can also 
improve the wear resistance of materials, but nano-scale REOs have more advantages in 
improving the wear resistance and wear behavior of materials. 

4.4. Mechanisms of REOs on Tribological Properties 
Due to the strong and hard character of REOs, it is helpful to directly strengthen the 

substrate and hinder dislocation movement, thereby increasing the material’s hardness. 
For example, when 2 wt.% CeO2 + La2O3 mixed powders were added to Al6063, the hard-
ness of the material increased to 114.24 HV [122]. In addition to the inherent strong and 
hard properties, REOs also refine the microstructure [123], homogenize the tissue compo-
sition [124], and then improve the wear resistance of the material. Zhang et al. [124] dis-
covered that the microstructure of Ti-based coatings gradually refined with the increase 
in Y2O3 content. The wear mechanism of the 3% Y2O3 coating was abrasive wear, and the 
wear volume and average COF were 113.82 × 103 mm3 and 0.34, respectively, which were 
47.8% and 10.5% lower than those of the coatings without REOs. 

REOs with high chemical reactivity and unique electronic structures form reinforced 
phases with substrate elements and are uniformly distributed in the alloy, which 

Figure 12. Effect of micro- and nano-REOs on wear behavior, including the beginning of wear (a),
crack expansion (b), surface oxidation (c), as well as the end of wear (d).

Due to their high surface energy and activity, nano-REOs can form a more homo-
geneous interfacial structure with the base material to reduce cracks caused by stress
concentration. Furthermore, nano-REOs can improve the wear resistance of materials by
hindering dislocation motion and inhibiting plastic deformation. Micron-scale REOs can
also improve the wear resistance of materials, but nano-scale REOs have more advantages
in improving the wear resistance and wear behavior of materials.

4.4. Mechanisms of REOs on Tribological Properties

Due to the strong and hard character of REOs, it is helpful to directly strengthen the
substrate and hinder dislocation movement, thereby increasing the material’s hardness.
For example, when 2 wt.% CeO2 + La2O3 mixed powders were added to Al6063, the
hardness of the material increased to 114.24 HV [122]. In addition to the inherent strong
and hard properties, REOs also refine the microstructure [123], homogenize the tissue
composition [124], and then improve the wear resistance of the material. Zhang et al. [124]
discovered that the microstructure of Ti-based coatings gradually refined with the increase
in Y2O3 content. The wear mechanism of the 3% Y2O3 coating was abrasive wear, and the
wear volume and average COF were 113.82 × 103 mm3 and 0.34, respectively, which were
47.8% and 10.5% lower than those of the coatings without REOs.

REOs with high chemical reactivity and unique electronic structures form reinforced
phases with substrate elements and are uniformly distributed in the alloy, which signifi-
cantly improves the hardness. For example, in Ti alloys [111,125,126], LaB6 is decomposed
into La and B atoms, which in situ generate TiBX and La2O3 phases with Ti and O atoms,
as shown in Figure 13. In NiTi alloys, Ce reacts with Ni atoms to produce a NiCe-modified
composite. The depth/width ratio under different friction forces was reduced [112], and
the COF in a 3.5% NaCl solution was reduced from 0.35 to 0.22 [127]. Bhoi et al. [128] added
Y2O3 particles to Al-based composites, and the formed Al3Y and Al2O3 reinforcements
were uniformly dispersed in the substrate. Compared with specimens without Y2O3, the
nano-hardness and elasticity modulus of the alloy with 5 wt.% Y2O3 increased by 143.6%
and 80.55%, respectively. As shown in Tables 2 and 3, many studies have shown that REOs
form high melting points and high hardness compounds with the substrate, which form
uniformly distributed reinforced phases during solidification, significantly increasing the
hardness of the alloys.

REOs change the crystal structure and grain boundary energy of alloys and control
the phase transformation process, as shown in Table 3. Yi et al. [129] investigated the effect
of Y on the microstructure of TiVAl alloys and found that the alloys are composed of the α′

martensitic phase distributed along grain boundaries and the Y-rich phase. The Y-rich phase
increases the martensitic phase transition temperature and weakens the transformation
of the martensitic structure. Xu et al. [130] found that CeO2 significantly affects the phase
transition behavior of NiTi alloys, and the transition temperature of NiTi alloys increases
first and then decreases with the increase in CeO2 content. In CoCrFeNi alloys, Zhang
et al. [131] found that the Y element transforms the face-centered cubic structure into a
hexagonal structure and generates the CaCu5 phase.



Coatings 2024, 14, 139 24 of 34

Table 3. Reinforced phases and hardness of REC-modified alloys.

Substrate Coatings RECs Contant Reinforced Phases Grain Morphology Hardness Ref.

AZ91D Zr + Cu + Al + Ni Nd2O3 1.5 wt.% Al5Ni3Zr2, Zr3O, Nd2Zr2O7, AlNdO3, ZrO2

Dendrites, cytocrysts, Nd-rich
spherical structures, and

amorphous substrate
689.8 HV0.2 [18]

Ti811 TC4 and Ni60 CeO2 2.0 wt.% TiC, Ti2Ni, TiB2, α-Ti Granular 790.4 HV0.5 [27]

TC4 FeCoNiCrMo LaB6 2.0 wt.% La2O3, TiBx, TiO2, Fe2O3, Fe3O4, Cr2O3, MoO2,
MoO3

Columnar and equiaxial crystals 987 HV0.3 [125]

H13 Ni60 CeO2 1.0 wt.% γ-(Ni, Fe), TiC, Ni2Si, (Cr, Fe)7C3, Cr23C6 Dendrites and equiaxed grains 900 HV0.2 [132]

TC4 FeCoNiCrMo CeO2 2.0 wt.% Fe-Cr, Al-Mo, Al-Ni BCC 950 HV0.3 [133]

42CrMo Ni60 + WC CeO2 1.0 wt.% Ni-Fe, W2C, Fe3C, Cr23C6, M6C Dendrites, cytocrysts, bars, and
body crystals 560 HV0.2 [134]

GCr15 Nope La + Ce 0.003 wt.% Fe3N, Fe4N FCC, BCC 259.7 HV [135]

Q235 Ni60 + WC Y2O3 1.2 wt.% WC, W2C, M23C6, M6C, Cr7C3, and other carbides Dendrites and eutectic
compounds 970 HV0.5 [136]

AISI 304 TiB2 + Mo Y2O3 1.0 wt.% TiB2, Ni3Ti, Fe3Mo, MoNi4, NiTi, Mo2B, Y2TiO7,
Cr2Ti, Fe3B, Y2O3, and MoNi4

Grain refinement 2170 HV0.1 [137]

Q355B 316L + TiC Y2O3 2.0 wt.% Ni-Cr-Fe austenite phase Cellular crystals 703.43 HV0.2 [138]

AZ91D TiC + Co Y2O3 2.0 wt.% TiC, Al2O3, Y2C3, Y2Al, TiCo3, and Co2Ti Granular 3374 HV0.05 [139]

TC4 TiCN + SiO2 CeO2 3.0 wt.% TiCN, TiN, Ti6O, Ti3SiC2, and α-Ti phase Smaller granular grains 1230 HV0.2 [140]

5CrNiMo Ti + Cr + Mo + B4C Y2O3 3.0 wt.% (Ti,Mo)B2, (Ti,Mo)C, and (Ti,Mo)C Rectangular-like, flower-like,
and granular-like particles 1500 HV0.2 [141]

Al6063 Al6063 + SiC CeO2 + La2O3 2.0 wt.% Al4Ce, Al3Ce, Al4La, and Al8Mg5
Grain size 28 ± 7 µm is refined

to 14 ± 3 µm 114 ± 4.8 HV [142]

TC4 Ni45 + NiCr-Cr3C2 CeO2 2.0 wt.% TiC, TiB2, Ti2Ni, and Ce2O3

Dendritic, long rod-shaped,
micron-spherical, granular, and

bulk-like phase
979 HV [143]
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REOs can also enhance the hardness and wear resistance of the material by protecting
the easily oxidized reinforced phase particles in the coating. For example, CeO2 and
La2O3 can effectively inhibit the decarburization and oxidation of WC during coating
deposition [144,145], and the coating has the highest WC retention. The synergistic effect
of WC and RE has a positive effect on improving the wear resistance of the coating through
fine grain and phase strengthening (carbide). A small amount of REOs can increase the
hardness of the coating to more than 1300 HV0.5. In summary, except for intrinsically strong
and hard properties, REOs can generate reinforced phases with high hardness, high thermal
stability, and good chemical stability and promote uniform distribution of reinforced phases.
REOs also control the phase transition process of the material and improve the mechanical
properties of alloys.

5. Tribological Applications of REOs-Modified Materials

Coatings modified with REOs have a wide range of application prospects in the field
of tribology, which can significantly improve the performance and life of the materials and
bring important economic and social benefits to the fields of machinery manufacturing,
automobile manufacturing, petrochemical industry, rail transportation, and marine engi-
neering. With the continuous progress of science and technology and the expansion of
application fields, the research of REEs is gradually deepened in the fields of extreme envi-
ronment tribology and biotribology. In this section, the effects of REEs on high-temperature
friction behavior and biological friction behavior are investigated.

5.1. Effect of REOs on High-Temperature Friction Behavior

In high-temperature tribology, REOs contribute to the reduction in the COF and
wear rate by forming a film. For example, the engine components in the aerospace sector
operate in high-temperature environments and need to have excellent resistance to high
temperatures and friction [146]. The REOs in the modified materials can chemically react
or physically adsorb at the friction interface to form a film with low shear strength, which
can effectively mitigate the wear behavior.

REEs promote the formation of high-temperature-resistant reinforced phases in coat-
ings. Du et al. [114] developed a novel Cr3C2-NiCrCoMo/nano-CeO2 (NCE) coating based
on the collaborative modification of the multielement alloy adhesive phase. It was found
that the incorporation of CeO2 lowered the threshold temperature for Ostwald ripening
initiated by the secondary precipitated nano-Cr3C2 phase and promoted the growth and ag-
gregation of Cr3C2 precipitated from the adherent phase of the NCE coating. The harnesses
of the 4 wt.% CeO2 coatings at 600 ◦C and 800 ◦C were 974.9 HV0.5 and 992.0 HV0.5, respec-
tively, and the wear mechanisms were abrasive wear and surface fatigue wear. REEs can
homogenize the reinforced phase distribution and increase the transition temperature of the
wear mode. Yu et al. [147] found that CeO2 improved the dispersion of TiB2 and increased
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the transition temperature of composites from mild to severe wear of TiB2/A356 by 50 ◦C.
The wear mechanism of the composites without CeO2 at 90 N and 200 ◦C was metal flow
and severe wear, while the CeO2-doped composites were oxidized and delaminated wear.

In addition to the formation and uniform distribution of high-temperature-resistant
reinforced phases, REEs can also form a dense oxide film on the surface. Han et al. [148]
formed a black adhesion film consisting of C and O elements on the Fe-based coating under
wear conditions at 350 ◦C and 100 N. The wear surface of the coating was smoothest when
the CeO2 content was 3%, and the wear mechanism was slightly abrasive and oxidative
wear. In CeO2-modified WC-12Co coatings [149], high temperatures promote the formation
of new phases of WO3 and CoO4. The WO3 phase would form a loose and unprotected
structure, while the CoO4 phase could form a dense oxide film. Therefore, the higher the
ratio of CoO4/WO3, the higher the high-temperature wear resistance. CeO2 promotes the
uniform distribution of WC particles and obtains a high CoO4/WO3 ratio. Therefore, the
CeO2-modified WC-12Co coatings show a decrease in volume wear loss with increasing
temperature, and the wear mechanism changes from microcutting wear to abrasive wear
and oxidative wear.

In summary, CeO2 is more widely used in high-temperature tribology. REOs can
improve the wear resistance and high-temperature stability of materials by promoting the
formation of high-temperature-resistant reinforced phases, uniform distribution, and the
formation of a dense oxide film on the surface to safeguard mechanical operation in high-
temperature environments. At present, the tribological properties and wear mechanisms of
REE-modified coatings under different temperatures, speeds, and loads are indistinct, and
the interactions and synergistic effects of other materials are unclear.

5.2. Effect of REOs on Biological Friction Behavior

In biotribology, coatings modified with REEs can be used to manufacture medical
devices such as artificial joints and dental implants. These medical devices need to have
excellent biocompatibility and wear resistance due to contact with human tissue. REEs can
improve the biocompatibility of coatings and reduce the risk of inflammation and infection
caused by implants, as well as improve wear resistance and reduce the wear and failure of
implants. Among the biodegradable metals, Y2O3 enables the magnesium alloy coating to
seal micropores, provide particle reinforcement, and enhance the adhesion of the coating to
the substrate, with the degradation rate decreasing from 0.14 mm/a to 0.06 mm/a. Volume
loss decreased from 0.46 mm3 to 0.27 mm3 for the same sliding distance, and the value of
the grains′ relative growth rate could be up to more than 90% [150]. REOs significantly
improve the abrasion and degradation resistance of biodegradable coatings.

The effects of REE on the biotribological properties of additive manufacturing alloys
are mainly reflected in improving the hardness, wear resistance, and biocompatibility of
materials. In wear tests with Hank′s solution, Tong et al. [151] found that β-type Ti alloys
containing Sc showed lower COF and wear loss than those without Sc. The COF, wear
loss, and hardness of the alloy without Sc addition were 1.283 ± 0.109 mg, 1.3 ± 0.1 mg,
and 251 HV, respectively. The titanium alloy with Sc addition was 1.193 ± 0.112 mg,
1.0 ± 0.1 mg, and 265 HV, respectively. Moreover, Sc-doped titanium alloys showed no
cytotoxicity and better cytocompatibility after incubation in an MG-63 cell culture medium
for 3 days. Wang et al. [151] found that the TiCN + SiO2 coating with CeO2 addition
significantly improved the wear resistance of the coating under SBF wear test conditions.
The hardness of the coatings was 1230 HV0.2, and wear volume loss was about 2.90%
of the wear volume loss of the substrate. Because the fine microstructure of the coating
improved fatigue wear resistance, the wear mechanism of CeO2 coatings was abrasive and
adhesive wear.

In addition to enhancing metal coatings, REEs also enhance the tribological properties
of carbon films (DLC [152] and GLC [153,154]) and bone-like apatite. The dense struc-
ture of the DLC film results in excellent friction and wear resistance. The deformation
of sp3 bonds during the deposition of the DLC films results in the formation of residual
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stresses, which severely weaken the bonding strength of the films to the substrate. The
CeO2 promotes an increase in sp3-C content in the film. The DLC film at a cerium con-
centration of 1.16 × 103 mol/L is uniformly dense and has a maximum microhardness
of 228.64 HV [155]. Liu et al. [156] found that the coatings doped with 0.2 wt.% La2O3
contained the maximum amount of HA and calcium phosphate. The La2O3-doped coating
showed higher bone-like apatite precipitation after immersion in simulated body fluids
compared to the La2O3-free coating. However, research on the application of REEs in
biotribology is relatively limited, and further research and exploration of the potential
applications and safety issues of REEs in biotribology are needed.

6. Conclusions

This paper summarizes the research progress of REEs on the tribological properties
of MAM parts in recent years. The current research status of REEs in the fields of tissue
modulation and surface tribology is described in detail in three aspects: microstructure,
element distribution, and tribological properties. The main conclusions of this paper are
as follows:

(1) The special electronic structure and lower surface energy of REEs can not only improve
the laser absorption rate but also reduce the surface tension of the molten pool. The
increased mobility of liquid metal in the molten pool makes it easier for the metal to
fill into the mold or weld, thus reducing the generation of defects such as porosity
and cracks.

(2) REEs can effectively purify the inclusions and metal impurities in the molten pool
and improve the performance and quality of metal materials. This purification effect
is mainly attributed to the REEs of denaturation, refinement, and interfacial tension
reduction. In addition to improving the dilution of the molten pool, REEs also
promote charge transfer and electronic interactions at the interface to form more stable
chemical bonds. This improves the interfacial bond strength between the substrate
and the coating.

(3) REEs have a variety of action mechanisms in the process of refining the microstructure,
mainly by changing the solidification process and thermodynamic properties of the
metal. Specific explanations for the role of REEs are: increasing the nucleation sites,
inhibiting the growth of crystal grains, and reducing the critical degree of subcooling.

(4) In addition to intrinsic strong and hard properties, REEs can further enhance the
properties of materials in several ways, including the protection of the reinforced
phase particles, the formation of reinforced phases with substrate elements, the control
of the phase transformation process, and the uniform distribution of the reinforced
phases. These mechanisms help to improve the key performance indicators such as
hardness, wear resistance, and corrosion resistance of the material.

(5) Moderate amounts of REEs can improve the hardness and wear resistance of metals,
but too much or too little REEs may have negative effects. Compared with micro-REC
particles, nano-RECs can obtain a finer and denser microstructure, and the prepared
coatings have better hardness and wear resistance.

7. Perspective

According to the current research status of REEs in MAM, the existing problems and
future development trends are presented from the aspects of microstructure regulation,
structure into homogenized distribution, and tribological properties of modified materials.
The perspective is as follows:

(1) The influence of REEs on the tribological properties of additively manufactured
metals in different environments: The tribological properties of metal materials are
affected by environmental factors such as temperature, humidity, and atmosphere.
Research on the effect of REEs on the tribological properties of additive metals in
different environments can help develop additive metal materials with excellent
environmental adaptability.
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(2) Controllable preparation of REEs in additive manufacturing metals: In the process of
additive manufacturing, factors such as the addition and distribution of REEs have
an important impact on the properties of metal materials. The study of REEs in MAM
can help to realize the effective regulation of properties.

(3) Influence of REEs on the biocompatibility of additively manufactured metals: In some
application scenarios, MAM alloys need to encounter biological tissues, such as in the
biomedical field. Studying the effects of REEs on the biocompatibility of additively
manufactured metals can help assess their potential for application in these fields.

(4) The effects of REEs on molten pool fluidity and substrate element uniformity distri-
bution are still controversial. On the one hand, REEs can lower the melting point,
improve the fluidity of the molten pool, and promote the diffusion and homogeneous
distribution of elements. On the other hand, the large atomic radius of REEs and the
large differences in chemical properties with substrate elements lead to no significant
effect of REEs on the homogeneous distribution of substrate elements and even inhibit
the diffusion of substrate elements. Future research can focus on the interaction mech-
anism between REEs and substrate elements to investigate the diffusion behavior and
distribution law in the molten pool.
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