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Abstract: High-hardness iron-based alloy coatings are extensively utilized in aerospace, automotive,
and industrial equipment due to their exceptional wear resistance and long service life. Laser
cladding has emerged as one of the primary techniques for fabricating these coatings, owing to its
rapid cooling and dense microstructure characteristics. However, the production of high-hardness
iron-based alloy coatings via laser cladding continues to face numerous challenges, particularly when
controlling the morphology, quantity, and distribution of the reinforcing phases, which can lead
to cracking during processing and service, thus compromising their usability. The cracks of the
cladding layer will be suppressed through good microstructure design and control, resulting in a
wide range of performance for high-hardness Fe-based alloy coatings. This paper reviews recent
advancements in the design and control of the organization and structure of high-hardness iron-based
alloy coatings from the perspectives of material composition, processing parameters, and external
assistance techniques. It summarizes the properties and applications of various materials, including
different alloying elements, ceramic particles, and rare earth oxides, while systematically discussing
how processing parameters influence microstructure and performance. Additionally, the mechanisms
by which external auxiliary energy fields affect the melt pool and solidified microstructure during
laser cladding are elucidated. Finally, the future development directions of laser cladding technology
for high-hardness iron-based coatings are anticipated, emphasizing the need for further quantification
of the optimal coupling relationships among the gain effects of composite energy fields.

Keywords: laser cladding; surface strengthening; Fe-based alloy; high hardness; microstructure
design and control

1. Introduction

As critical equipment components face increasingly stringent operating conditions
and as materials science continues to evolve [1,2], there is a heightened demand for the
development and application of high-hardness coatings [3]. Compared to traditional
methods such as plasma welding and thermal spraying, laser cladding offers significant
advantages in producing high-hardness coatings. This is due to its rapid cooling rate,
high deposition efficiency, and capability to produce fine and dense microstructures in
the formed component [4–6]. However, the rapid heating and cooling characteristics
inherent in laser cladding [7,8], along with the differences in melting point and thermal
conductivity of the coating materials [9,10], can result in high temperature gradients during
the coating formation process, leading to elevated residual stresses, stress accumulation,
and solidification segregation. These factors collectively increase the susceptibility to
cracking. Particularly when preparing high-hardness coatings using laser cladding, the
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balance—or competing relationship [11]—between strength and toughness can further
intensify the cracking phenomena. Such cracking issues pose significant challenges to the
broad adoption of these coatings in industrial settings.

Compared to Co-based [12] and Ni-based [13] alloys, the primary advantage of Fe-
based alloys is their widespread availability and affordability [14]. Furthermore, as the
matrix materials for many engineering components in contemporary applications are pri-
marily steel-based structural materials, utilizing iron-based cladding materials ensures
excellent wetting properties, resulting in a robust bond with the substrate [15–17]. However,
laser cladding with iron-based alloy powder has certain limitations. These include poor self-
fusibility, reduced oxidation resistance, and susceptibility to porosity and inclusions [18–20].
Moreover, high-hardness iron-based coatings often have a higher concentration of brittle
phases, such as borides and carbides [19], which can induce cracking during the rapid
thermal cycling inherent in the cladding process. These phenomena can cause coating
failures and render the coating’s microstructure inadequate for the stringent requirements
posed by high-load friction and wear components [21]. The precise structural design and
regulation of laser-cladded high-hardness iron-based alloy coatings are necessary to sup-
press the initiation and propagation of intergranular cracks during their manufacturing and
operational phases, thereby enhancing the surface properties of coatings, including wear
resistance, corrosion resistance, and high-temperature oxidation resistance. Advancing
these methods is crucial for promoting the application of high-hardness iron-based alloy
laser cladding.

Concerning the microstructural design and regulation of high-hardness Fe-based alloy
coatings, this study first delves into the impact of the coating material’s composition (alloy
elements, ceramic particles, and rare earth oxides) on the microstructure and attributes
of the coatings. Next, it highlights the regulatory influences of laser process parameters
(such as laser power, scanning speed, and powder feeding rate) and auxiliary treatment
processes on the solidification microstructure and coating properties. Finally, challenges
encountered in the preparation of laser-cladded high-hardness Fe-based alloy coatings are
detailed and examined, and prospective research directions are outlined.

2. Composition of Coating Materials

The performance of the cladding layer is predominantly determined by the cladding
material [22]. Therefore, a logical and scientific design of the cladding powder formula
emerges as a vital aspect of experimental research. Beyond aligning with requirements such
as similarity in melting points, superior wettability, and comparable thermal expansion
coefficients, the design of cladding materials should also leverage their inherent perfor-
mance advantages. An appropriate composition design of the powder material is pivotal
for achieving high-quality alloy coatings. Considering these aspects, we present a review
of the current research endeavors focused on enhancing the performance of Fe-based alloy
coatings. This enhancement is achieved by modifying alloy elements, incorporating ceramic
particles, and adjusting the composition ratios of cladding materials with the addition of
rare earth oxides.

2.1. Alloy Element Design

Owing to the distinct atomic sizes, chemical properties, and structural characteristics
of various elements, their ability to impede dislocation motion directly contributes to
the alloy’s high strength. Techniques such as altering the lattice structure of the matrix to
facilitate grain refinement and increasing the quenching capacity of the matrix can indirectly
enhance the alloy’s strength. Broadly, different alloy elements exert varied influences
on their resulting microstructures and their comprehensive properties [23]. It becomes
essential, then, to account for the impacts of these diverse elements on the microstructure
and properties and to judiciously select alloy elements in line with laser cladding specifics.
Therefore, an in-depth comprehension of the mechanisms behind the influences of these
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alloy elements is instrumental in the development of high-performance alloy coatings.
Table 1 summarizes the mechanisms of action for common alloying elements.

Table 1. Mechanisms of common elements.

Element Mechanism

B The addition of this element can enhance carbon activity and promote the
formation of carbides [24,25].

Si The addition of this element can enhance both dislocation strengthening
and solid solution strengthening [26].

Mo The addition of this element can increase the lattice distortion, easily refine
the alloy structure, and improve the hardness and other properties [27].

Nb
The addition of this element can increase the lattice distortion and the

high-hardness Laves phase which is easy to precipitate, thus improving the
hardness of the coating [28].

V The addition of this element can enhance grain refinement strengthening
and improve the corrosion resistance of the coating [29].

Mn The addition of this element can enhance austenite stability and reduce the
permeability of the coating [30].

Cr The addition of this element can enhance both grain refinement
strengthening and solid solution strengthening [31].

B elements exhibit a lower diffusion rate within hard phase structures and possess
a reduced solubility in the metallic matrix. The enrichment of B elements can influence
phase transformations and decrease the energy required for phase formation. The types
of eutectic carbides in conventional high-strength iron-based coatings are primarily M2C,
MC, and M6C, which are characterized by their limited ductility. On the other hand, M3C
demonstrates superior fracture toughness. Lentz et al. [24,25] found that introducing an
appropriate quantity of B elements can promote the precipitation of the Fe3C eutectic
structure within iron-based composite materials. B elements can also enhance the carbon
activity in the liquid phase, enabling the easier precipitation of Fe3C eutectic structures even
in regions with diminished carbon content. Feng et al. [32] incorporated trace amounts
of B while fabricating a 42CrMo iron-based coating. As illustrated in Figure 1, with a
progressive increase in the B content of the coating, the reinforcing phase transformed
from NbC-type carbides to Cr23C6-type carbides, ultimately transitioning into Fe3C-type
carbides. Integrating B proves beneficial in lowering the formation energy of Fe3C. Upon
reaching a B content of 0.75%, a eutectic microstructure composed of Fe3C-type carbides
and γ-Fe is formed, with a hardness exceeding 900 HV0.5. (The value 0.5 indicates the
Vickers hardness measured under a load of 500 g, while 0.1, 0.12, 0.2, 0.3, and 1 in the
following text represent the Vickers hardness measured under loads of 100 g, 120 g, 200 g,
300 g, and 1000 g, respectively). Under this condition, the coating exhibits peak compressive
strength and ductility.

The incorporation of Si elements is pivotal in laser cladding. It effectively inhibits
grain growth and facilitates grain refinement. Wang et al. [33] investigated the impact of Si
content on the microstructure and performance of FeCoNiBSiNb laser-cladded coatings. An
optimal amount of Si suppresses the formation and growth of dendritic structures, yielding
a more homogeneous coating microstructure. The coating’s average hardness surged from
719 HV0.1 (without Si) to 930 HV0.1, paired with an increase of approximately 700 MPa in
fracture strength. In another study, Liang et al. [34] integrated single-crystal silicon powder
in varying mass fractions to enhance the quality of Fe60 alloy coatings. Their findings
suggested that an appropriate Si content improved the bonding efficacy between the
substrate and the coating while also enhancing the microstructural homogeneity. At a mass
ratio of 20:1, the coating hardness peaked at 66 HRC. Additionally, Dong et al. [26] observed
that in 316 L stainless steel coatings, the introduced Si elements accumulated as nano-sized
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silicon dioxide particles at the cellular substructure’s grain boundaries. Under the influence
of thermal stresses during solidification, these nano silicon dioxide particles induced
the formation of dense dislocation structures around them. Such dislocation structures
disrupted the growth of columnar solidification structures, enhancing the formation of
cellular structures. This process improves the coating’s performance and microstructure.
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Figure 1. Carbides present in 0% B, 0.5% B, and 0.75% B coatings: (a–c) scanning electron mi-
croscopy images of carbides; (d–f) transmission electron microscopy images of eutectic structure and
corresponding selected area electron diffraction of carbides; and (g–i) phase image of carbides [32].

Mo is a vital alloying element in steel and cast iron, renowned for its pronounced
hardenability and solid-solution-strengthening effects. Li et al. [27] found that incorporating
Mo into Fe901 alloy coatings refines the grain structure and promotes the formation of
hard phase Mo2FeB2. Mo tends to aggregate near grain boundaries, facilitating both grain
refinement and solid solution strengthening. The average hardness of the coating with
4.8 wt% Mo content reached 720.2 HV0.2, approximately 3.6 times that of the substrate. In
a separate study, Chen et al. [35] prepared Fe-Mo coatings with varying Mo content on
65 Mn steel plowshares. Introducing Mo caused the precipitation of brittle phases, such
as the σ phase, distributed along grain boundaries, resulting in a minor decline in coating
impact toughness. However, as the Mo content increased, dendritic growth was promoted,
leading to finer grain sizes. Consequently, the coating hardness peaked at 894 HV0.12, nearly
double that of the matrix. Cao et al. [36] investigated the influence of Mo content on the
microstructure and properties of Fe-Cr-Ni-B-Si composite coatings. An optimal Mo content
transformed the Fe-based composite coatings’ microstructure from coarse columnar grains
into a disordered amorphous matrix, accompanied by the generation of nano-precipitates.
This transformation significantly increased the coatings’ microhardness to 1100 HV0.5 and
improved their resistance to plastic deformation. Ma et al. [37] performed laser cladding
of iron-based coatings with varying Mo content on Q235 steel surfaces. With increasing
Mo content, the coating’s structure progressively refined. The content of high-hardness
M23(C, B)6-type boron carbides in the eutectic structure increased while the formation of the
softer M7(C, B)3-type boron carbides diminished. This wear resistance improvement resulted
in coating microhardness levels consistently exceeding 700 HV0.5, with only minor variations.
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Compared to other elements, Nb possesses a notably large atomic radius, low solubil-
ity with other elements during solidification, and a propensity to cluster at the solid–liquid
interface, inhibiting grain growth. Wang et al. [38] fabricated Fe-Cr-Mo-Co-C-B-Nb alloy
coatings on 45 steel surfaces with Nb mass fractions of 0%, 2%, 4%, and 6%. As demon-
strated in Figure 2, the crystalline zone at the interface between the substrate and the
coating diminishes with increasing Nb content. From the enlarged view of A in Figure 2a,
it can be seen that there are many pores in the bonding zones without Nb addition. The
inclusion of Nb results in the disappearance of pores in the bonding zone, leading to a
more cohesive interface and improved bonding strength. Additionally, introducing a mod-
est amount of Nb to both low-carbon steel and stainless steel not only causes significant
lattice distortion but also promotes the formation of fine secondary phases, substantially
enhancing the mechanical attributes of the cladding layer. In a separate study, Liu et al. [28]
infused varying Nb concentrations into 316 L stainless steel cladding coatings. As the Nb
content increased, lattice distortion occurred, bolstering the solid solution effect, refining
the grain size, and augmenting the formation of new Laves phases. These factors enhanced
the coating’s hardness. Moreover, with the integration of Nb, it accumulates on the surface,
forming an oxidized Nb film. Coatings containing a 1% Nb mass fraction demonstrated
superior corrosion resistance. However, an excessive Nb presence increased susceptibility
to corrosion, consequently compromising the coating’s corrosion resistance.
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yellow boxed area in (a), with an enlarged view of “A” in the upper right corner. “B” refers to the
white area in (d), while the white area is rich in Nb and Mo elements.).

In iron-based alloys, constituent elements vary in atomic size, chemical properties, and
structural characteristics. The interactions among these elements result in the formation of
diverse alloy phases. The attributes, structure, and concentration of these phases directly in-
fluence the alloy’s performance. Addressing the need for laser cladding re-manufacturing of
corrosion-resistant and wear-resistant critical components, Shan et al. [39] utilized a “mate-
rial genetics” design approach based on classical phase theory for iron-based alloys. They es-
tablished a material gene design database system, emphasizing key gene designs pertinent
to corrosion and wear. Their optimization yielded a novel 50Cr12Ni3Mo2W6Co5BiTi3CeO2
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iron-based alloy composition. In contrast to the 50Cr6Ni2Y alloy prepared using tradi-
tional composition design methods, this new iron-based alloy coating exhibited enhanced
resistance to corrosion and wear. Yao et al. [40] employed a supersaturated solid solution
alloy design to fabricate Fe-C-Cr-Ni-Mo-W-V-Ti-Ce powder. The resultant coating featured
martensite, residual austenite, and in situ-generated reinforcing particles devoid of surface
cracks. Achieving a hardness of 65 HRC, its hardness, wear resistance, and toughness
surpassed that of the substrate. In real-world applications, the interplays between alloy
composition, microstructure, and performance are intricate. Contemporary research of-
ten focuses on the impact of individual element contents on coating performance. It is
crucial to delve deeper into understanding the interaction mechanisms among the con-
stituent elements and to consider both microstructure and performance from the outset of
material development.

2.2. Adding Ceramic Particles

Beyond incorporating specific elements for second-phase strengthening, introducing
ceramic particles into iron-based alloys is another method to form reinforcing phases, which
enhances the wear resistance of the coatings. This is accomplished using either the “direct
addition” or the “in situ synthesis” method. By merging the high ductility and toughness of
metallic materials with the exceptional qualities of ceramics—such as high hardness, wear
resistance, and corrosion resistance—a synergistic effect emerges, considerably improving
the service performance of components. Table 2 provides a detailed comparison of the
addition methods, hard particles, and the resulting mechanical properties of iron-based
alloy coatings reinforced with ceramic particles.

Table 2. Ceramic particle-reinforced iron-based coating.

Addition
Method Hard Particles Phase Composition Hardness Mechanical Properties Ref.

Directly added WC FCC, WC, M6C 874 HV0.2

No cracks; microhardness increased by
4.2 times; significant wear resistance

improvement
[41]

Directly added WC-14Co α-Fe, γ-Fe, WC, MoC,
M23C6

937.6
HV0.1

No cracks; significantly improved
microhardness; reduced wear amount [42]

Directly added WC γ austenite, ε
martensite, Fe6W6C 650 HV0.2

No cracks; microhardness increased by over
2 times; friction coefficient reduced by 1/4 [43]

In situ
synthesis WC α-Fe, (Cr, W)23C6, WC 827 HV0.5

Hardness increased by 1.43 times; significant
friction coefficient decrease [44]

In situ
synthesis TiC Fe, FeTiO3, TiC 950 HV0.1

No cracks; hardness was 3 times higher than
matrix [45]

In situ
synthesis TiC Ferrite, Fe3C, TiC,

TiCx, FeTi, Fe2Ti
1022

HV0.2

Microhardness and wear resistance increased
with the increase in TiC or TiCx content [46]

Directly added Cr3C2 + MoS2
Fe-Cr-Ni, (Cr, Fe)23C6,

MoS2, CrS 746 HV0.2 Significantly improved wear resistance [47]

Directly added NiCr-Cr3C2
Martensite, Cr3C2,
Cr7C3, (Cr·Fe)7C3

1100
HV0.2

Higher thermal fatigue resistance and wear
resistance than matrix [48]

In situ
synthesis NbC NbC, Fe2B, B4C, solid

solution 866 HV0.5
Significantly improved hardness; abrasive

wear shifted to adhesive wear [49]

In situ
synthesis VC α-Fe, VC, M7C3,

M23C6 (M: Cr and Fe) 850 HV0.2

Uniform microhardness distribution;
significantly improved hardness and wear

resistance
[50]

In situ
synthesis Al2O3

γ-Fe, Fe3C, (Cr, Fe)7C3,
Al2O3

725 HV0.1
Significantly increased microhardness of

coating and heat-affected zone [51]
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2.2.1. Direct Addition of Ceramic Particles

The direct addition approach entails the mechanical mixing of ceramic particles with
metal powder. Due to ceramics’ high melting point, only a small portion of these particles
melt during the laser cladding process. The remaining unmelted ceramic particles function
as reinforcing phases, providing strengthening effects [52,53].

When ceramic particles are added in insufficient quantities, they fail to provide ade-
quate reinforcement. On the other hand, excessive addition leads to significant disparities
in physical properties, such as thermal expansion coefficients, melting points, and wetting
behavior, between the composite material and the matrix. These disparities can lead to
increased thermal stresses and a rise in the content of eutectic phases as the volume frac-
tion of ceramic particles increases. Furthermore, the distribution of these eutectic phases
becomes more uneven, resulting in a more brittle coating with a higher susceptibility to
cracking [54,55]. Thus, to effectively enhance service performance, it is crucial to control the
mass fraction of the added ceramic particles to produce high-quality coatings free of cracks
or voids. Lu et al. [56] examined the impact of varying WC content on the microstructural
characteristics and wear performance of Fe104 alloy coatings. The W and C elements dif-
fused into the iron matrix, and as WC content increased, a portion of Fe3W3C transitioned
into the more stable and harder Fe6W6C phase. This led to an improved microhardness
and wear resistance of the coating. Zhu and colleagues [57] employed laser cladding
technology to produce 410 martensitic stainless steel coatings with different TiC ceramic
particle concentrations. The inclusion of TiC ceramic particles notably refined the lamellar
martensite. When the content reached 10 wt%, the coating’s hardness surged to 634 HV0.2,
a significant increase compared to the 462 HV0.2 hardness of the TiC-free coating. However,
laser-cladded coatings with a high 15 wt% TiC content exhibited microcracks and pores.

The size of ceramic particles can influence their solubility, thereby affecting the mi-
crostructure and properties of the coatings. Li et al. [58] found that small-sized WC had a
positive effect on the uniform refinement of the organization of Fe-based composite coat-
ings, while the opposite was true for large-sized WC. Utilizing laser cladding technology,
Qi et al. [59] developed Fe-WC composite coatings and noted that the combustion loss rate
of WC particles was inversely proportional to the average particle size of localized WC
particles. Zou et al. [60] generated WC powder via plasma rotating electrode atomization
and found that smaller WC particles facilitated enhanced wear resistance.

2.2.2. In Situ Synthesis of Ceramic Particles

The direct addition method offers a wide range of material choices, a straightforward
preparation process, and controllable particle sizes. However, it is susceptible to poor
interface bonding due to differences in thermal material properties, as well as issues related
to the burning of ceramic phases. These issues can lead to coating cracking or delamination,
which can significantly reduce the coating’s lifespan [61]. In 1976, Soviet scholars intro-
duced the concept of in situ composite materials, where different elements or compounds
undergo chemical reactions under specific conditions, producing one or more ceramic
phase particles within the metal matrix [62]. Compared to the direct addition method,
in situ synthesis mitigates concerns related to surface contamination between the matrix
material and ceramic particles. Moreover, in situ-synthesized ceramic reinforcing phases
are uniformly dispersed and distributed within the matrix, ensuring optimal wetting and
interface bonding properties with the matrix [63,64]. Chen et al. [49] used a mixture of
Nb and boron carbide powder to produce in situ NbC-reinforced iron-based coatings on
medium carbon steel surfaces. Figure 3 illustrates the principle of in situ laser cladding
for generating NbC ceramic particles. The composite coatings primarily consist of rein-
forcing phases (NbC, Fe2B, and B4C) and the matrix (solid solution). In situ-formed NbC
particles at grain boundaries enable dispersion and fine-crystal strengthening effects. Ren
et al. [65] employed ultra-high-speed laser cladding technology to fabricate defect-free in
situ VC-reinforced X-M6V coatings. In situ synthesis allows the coating to avoid stress
concentration caused by the aggregation of reinforcing phases, ensuring a more uniform
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particle distribution. The extremely high cooling rate, combined with uniform VC precipi-
tation, contributes to both fine-crystal strengthening and second-phase strengthening, thus
enhancing the coating’s hardness and wear resistance. The coating’s low wear loss and
reduced surface roughness indicate its suitability for use with minimal or no subsequent
finishing. This synergistic approach of ultra-high-speed laser cladding and in situ synthesis
holds potential for broader applications in ceramic-reinforced composite coatings.
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Due to the poor wetting between ceramics and the metal matrix, the bonding interface
between the ceramic and metal matrix can become a potential source of cracks under
alternating stresses. This issue significantly diminishes the wear resistance and corrosion
resistance of single ceramic-reinforced coatings. In composite ceramics, ceramic particles
interact with each other, effectively preventing the detachment of ceramic particles from
the coating matrix [66]. This has made them an emerging focus in industrial applications.
Zhu et al. [67] successfully fabricated an Al2O3/TiC composite ceramic coating on a 16Mn
steel substrate using Fe60 alloy powder and Ti3SiC2 particles. They observed that the TiC
carbides of Al2O3/TiC composite ceramics have a dragging effect on the Al2O3 precipitates
and prevent the reinforcements from being ripped out from the matrix.

2.3. Addition of Rare Earth Oxides

Rare earth elements, often termed “industrial gold”, are prized for their unique elec-
tron structure and highly reactive chemical properties. In metallurgy, they are frequently
utilized as spheroidizing and nucleating agents to enhance casting quality. Upon interaction
with oxygen and sulfur, rare earth elements readily form high-melting-point oxides and
sulfides, thereby facilitating the deoxidation, desulfurization, and morphological transfor-
mation of inclusions. Appropriately introducing rare earth elements into laser cladding
powders can effectively control the coating’s microstructure, improve its morphology, and
enhance its surface properties [68,69].

During the cooling process of coatings, rare earth oxides can serve as crystalliza-
tion nuclei, increasing nucleation rates. They tend to accumulate near grain boundaries,
obstructing grain growth and thereby improving the coating’s hardness and wear resis-
tance [70]. Jiang et al. [71] added Y2O3 when preparing FeCrAlTiC coatings and found that
Y2O3 reacted with TiC near the grain boundaries to form two oxides, Y2Ti2O7 and Y2TiO5,
which changed the morphology of TiC from short rod-like to spherical, resulting in a de-
crease in the wetting ratio at the grain boundaries. Compared to the coatings without Y2O3,
the microhardness of the coatings increased by 9.88%. Wang et al. [72] aimed to prevent the
formation of coarse columnar grains during the cladding process by introducing varying
quantities of La2O3 into the coating, as depicted in Figure 4. Coatings containing 1 wt%
La2O3 displayed no significant columnar grains. However, in 2 wt% La2O3 coatings, a
minimal presence of columnar crystals was noted. Compared to La2O3-free coatings, the
columnar crystals in the 2 wt% La2O3 coating were confined mainly to the interface, and
both their size and quantity were reduced.
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An appropriate addition of rare earth elements can enhance the coating’s microstruc-
ture, modify the morphology of ceramic phase particles, and ensure their uniform distri-
bution in the cladding layer. Cai et al. [73] used laser cladding to prepare TiC/Fe-based
composite coatings with CeO2 on the surface of Cr12MoV steel. The research revealed
that in the absence of rare earth elements, the TiC ceramic particles exhibited irregular
shapes, significant size variations, and a degree of agglomeration. An appropriate addi-
tion of rare earth elements effectively promoted the spheroidization and refinement of
ceramic particles, ensuring a homogeneous distribution. However, adding excessive rare
earth elements can cause ceramic particle burning loss, inhibit the formation of secondary
precipitates, and result in particle agglomeration. Chen et al. [74] assessed the impact of
adding varying amounts of CeO2 on the microstructure and performance of laser-cladded
ceramic-reinforced Fe78.5Cr15.6Ni4.0Si0.7 coatings. They identified that when the CeO2 con-
tent exceeded 3%, no TiC particles precipitated within the coating. An excess of rare earth
elements suppressed the secondary precipitation of TiC ceramic particles after the initial
TiC ceramic particles decomposed into Ti and C elements.
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Rare earth elements have a high affinity for oxygen, preventing the oxidation of other
reactive alloying elements. This attribute significantly enhances the coatings’ resistance to
high-temperature oxidation and corrosion. Zhang et al. [75] examined the high-temperature
oxidation resistance of iron-based composite coatings containing the rare earth oxide Y2O3
at 600 ◦C. Y2O3 aggregates at grain boundaries, reducing the diffusion of metal ions
towards grain boundaries. This considerably diminishes the corrosion rate associated with
gas-phase oxidation and inhibits the surface oxidation of the cladding layer.

3. Laser Cladding Process Parameters

Beyond the primary consideration of cladding material, adjusting laser process param-
eters can directly influence the coating’s microstructure and its formative quality. These
process parameters are intricately connected to the coating’s structural properties; modify-
ing them reflects changes in the interactions among the laser, powder, and substrate [18].
Variations in these parameters can impact the heat accumulation during the cladding pro-
cess [76], cooling rates of the molten pool [77], thermal cycling pattern [78], and Marangoni
flow behavior [79]. Consequently, these changes can affect the coating’s microstructure,
performance, and surface quality. Among these, laser power, scanning speed, and powder
feed rate have the more significant impact on coating quality [80].

3.1. Laser Power

Laser power is one of the most critical parameters in laser cladding, directly influencing
the microstructure and properties of the clad layer. Excessive laser power can cause the
over-sintering of the powder, exacerbating deformation and cracking in the cladding layer.
Conversely, insufficient laser power can result in the incomplete melting of the powder
material, leading to issues such as voids and balling. Within a certain range, adjusting
the laser power and changing the power density can regulate the cladding layer’s depth,
promoting dynamic solidification and reducing defects such as cracks and pores. Mao
et al. [81] analyzed the differences in the microstructure and microhardness of iron-based
alloy coatings at two laser power levels: 2.5 kW and 2.8 kW. They observed that, within a
specific power range, as the laser power increased, the melt pool absorbed more heat. This
extended the solidification time, enhanced substrate melting, increased dilution, expanded
dendrite size, and promoted directional solidification. As a result, the hardness of the
coatings decreased from 864–984 HV0.3 to 660–851 HV0.3. Xie et al. [82] prepared Fe314
alloy cladding layers on an EA4T steel substrate using various laser powers (1.5 kW, 1.8 kW,
2.1 kW, and 2.4 kW). As shown in Figure 5, with an increase in laser power, the melt pool
absorbed more heat. This prolonged the time the melt pool remained at a high-temperature
state, allowing more time for grain growth. This led to the formation of larger columnar
grains and diminished the effect of fine-grain strengthening. Consequently, the coating’s
microhardness decreased with increasing laser power.

3.2. Scanning Speed

Scanning speed has a similar impact to that of laser power. When other process
parameters are kept constant, an exceedingly low laser scanning speed prolongs the inter-
action time between the laser beam and the cladding powder. This elevates the coating
temperature and intensifies substrate melting and dilution, resulting in a decline in the
surface quality and wear resistance of the cladding layer. On the other hand, an excessively
high scanning speed reduces the interaction time between the laser beam and the cladding
powder, diminishing dilution and impairing the metallurgical bonding between the coating
and the substrate, thereby reducing wear resistance. Jiao et al. [83] deposited a layer of
T15M high-speed steel alloy powder onto a Q235 substrate at different scanning speeds
(100 mm/min, 200 mm/min, and 300 mm/min). Among the three, the coating produced at
a scanning speed of 200 mm/min exhibited the smallest grain size, highest solid solubility,
and most substantial average hardness, reaching 1050 HV0.1. However, as the scanning
speed escalated to 300 mm/min, the wear performance of the coating deteriorated, with
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a notable amount of material peeling off. Li et al. [84] utilized high-speed laser cladding
technology to deposit an Fe-Co-B-Si-Nb amorphous coating on the surface of 45 medium
carbon steel at varying scanning speeds. A large volume fraction of amorphous phases
and some dendrites was contained within the coating. The distances between secondary
dendrite arms and cooling rates in different areas of the high-speed laser-cladded samples
under varying scanning speeds are illustrated in Figure 6. As the scanning speed increased,
the distance between secondary dendrite arms decreased, and the cooling rate increased.
At high scanning speeds, the ability to form amorphous structures significantly improved,
resulting in a refined microstructure, an increased volume fraction of the amorphous phase,
and a significant enhancement in the hardness of the laser-cladded coating. The peak
hardness at the top of the coating was observed to reach up to 1215.9 HV0.1. Sun et al. [85]
demonstrated that as the scanning speed increases, the product of the G*R (temperature
gradient * grain growth rate) in B-containing Cr17Ni2 coatings also increases, resulting in
finer lath martensite and Cr2B phases and, consequently, higher coating hardness.
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3.3. Powder Feed Rate

The powder feed rate refers to the mass of powder introduced into the melt pool
per unit time. Selecting an appropriate powder feed rate can mitigate issues such as
powder accumulation, uneven heating, and excessive sintering. Wang et al. [86] employed
a high-speed powder feeding method to fabricate an iron-based alloy coating on a 27SiMn
steel substrate. Compared to the conventional gravity powder feeding (25 g/min), the
microstructure of the coating developed through high-speed powder feeding (60 g/min)
transitioned from coarse columnar crystals to uniformly distributed small grains. The
total energy consumption was only 75.5% of that required by the gravity powder feeding
process, allowing for efficient coating production at reduced energy levels. The grain
refinement contributed to an increased hardness and improved wear resistance of the
coating. Bartkowski et al. [87] prepared Fe/WC metal matrix composite coatings on low-
carbon steel surfaces using two distinct powder feed rates (6.25 g/min and 12.5 g/min).
At lower powder feed rates, as the laser power increased, the number of cracks decreased,
with microhardness values ranging between 1150 HV0.1 and 1200 HV0.1. In contrast,
higher powder feed rates led to increased coating thickness with no observed cracks and
microhardness values ranging from 1200 HV0.1 to 1400 HV0.1. Budde et al. [88] studied
the effects of process parameters on the geometry and process stability in laser hot-wire
cladding of AISI 52100, finding that a lower wire feed rate (1.5 m/min) resulted in a more
stable geometry compared to a higher feed rate (2 m/min).

3.4. Coverage of Shielding Gas

By creating a protective atmosphere, the shielding gas is employed to prevent oxida-
tion and the intrusion of other harmful gasses into the processing space, thereby reducing
pore formation and enhancing the density and uniformity of the overlay layer. To ef-
fectively avoid unacceptable oxidation during the cladding process, the dimensions of
the area sufficiently covered with shielding gas are relevant. This area is referred to as
the “effective protective region” [89]. The effective protection region was defined by
Ding et al. [90] and Li et al. [89] as the area in which oxygen concentration was below
2000 ppm. The influence of the shielding gas coverage on the laser hot-wire cladding
process of high-carbon cladding material AISI 52100 was investigated by Budde et al. [91].
It was found that an increased shielding gas coverage resulted in a reduced ablation rate
of alloying elements and fewer pores, along with a nearly halved average dilution rate.
The average hardness of the cladding layer was significantly increased. Bernauer et al. [92]
designed a new local shielding gas nozzle based on fluid dynamics principles. Through
simulations, they explored how the gas flow rate influences gas coverage, finding that an
increase in the flow rate can expand the coverage area of the shielding gas.
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3.5. Process Parameter Optimization

It is noteworthy that the actual laser cladding process is influenced by the combined
effects of multiple parameters, whose interactions contribute to the complex nonlinear
relationship between the process parameters and the quality of the cladded layer. Extensive
experimentation is often required to optimize these parameters to achieve a high-quality
and high-performance cladding layer.

Du et al. [93] adjusted the laser specific energy Es (Es = P/(DV), where Es (J/mm2) is the
laser specific energy, P (W) is the laser power, D (mm) is the spot diameter, and V (mm/s) is
the scanning speed) by changing the laser power and scanning speed, and found that with the
increase in the specific laser energy, the undercooling degree of Fe60 coating increased during
the solidification process, the nucleation rate accelerated, the coating grains became finer and
more uniform, and the coating hardness reached 744.2 HV0.2. Through the multi-objective
optimization of the process parameters of 17-4PH/B4C coating via multilayer laser cladding,
Luo et al. [94] found that the factors influencing coating hardness in order of significance are
powder feed rate > overlap rate > laser power > scanning speed. The cladding layer produced
with the optimal parameters exhibited a microhardness of 784.5 HV0.2, approximately four
times higher than that of the substrate. Patrycja Wołosz et al. [95] found that the refinement
of the microstructure in H13 coatings depends on the scanning speed and the size of the
laser spot. The highest hardness achieved under different process parameters reached
800 HV0.1. Due to the rapid heating and cooling characteristics of laser cladding, the
molten pool exists for a very short duration, resulting in complex interactions among the
process parameters. As a result, relying solely on the optimization of process parameters
to control the microstructure and properties of the coating has certain limitations. Reddy
et al. [96] optimized the process parameters for the laser cladding of SHS7170 iron-based
alloy coatings and found that the porosity of the coatings was independent of the process
parameters, being primarily determined by the cladding material.

4. External Field-Assisted Treatments

Reasonable cladding material design and the optimization of cladding process pa-
rameters can reduce the defects in the coating to a certain extent, but it is still difficult
to completely eliminate the cracks and other defects in the microstructure of the high-
hardness iron-based coating. In recent years, researchers have combined the external
field-assisted technology with laser cladding technology. Through the application of
heat treatment, ultrasonic vibration field, electromagnetic field, and other energy fields
(as shown in Figure 7), the convection movement of melt is affected, and the tempera-
ture field and solute distribution are more uniform. These technologies have played an
important role in tissue refinement, defect elimination, and performance improvement.
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4.1. Heat Treatment Assistance

Heat treatment is a material processing technique that uses controlled heating and
cooling to induce phase transformations or structural changes in the solid state. The primary
goal is to improve material properties. Strategies such as simultaneous heating and post-
heating systems on substrates have been employed for this purpose. The use of tempering,
diffusion annealing, and other heat treatment techniques facilitate the diffusion of alloying
elements, promoting a more uniform distribution. This approach aids in mitigating the
high residual stresses typically encountered during the laser cladding process, ultimately
optimizing and enhancing the microstructure and performance of the cladding layer. Wang
et al. [100] investigated the mechanisms of post-heat treatment and deep cooling treatment
to improve the microhardness of martensitic stainless steel coatings. In the post-heat
treatment phase, Cr23C6 particles precipitated from the austenite, leading to diminished
levels of C and Cr content. This spurred the formation of martensite, raising the hardness to
700 HV1. A subsequent deep cooling treatment triggered a phase transition to martensite,
further reducing residual austenite content and elevating the coating’s hardness to 760 HV1.
Guo et al. [101] employed laser cladding technology to produce Fe60 coatings on a C45E4
steel substrate. They heated the coating to 1050 ◦C and sustained this temperature for
30 min, followed by cooling in ambient air. This heat treatment process released residual
stresses and carbon atoms within the body-centered cubic lattice structure, decreasing
deformation and susceptibility to cracks. While the microhardness dropped from 800 HV1
before the heat treatment to 650 HV1 after it, the precipitation hardening effect from newly
formed carbide particles in the dendrites increased the coating’s ultimate tensile strength
from 450 MPa to 550 MPa. Gong et al. [102] subjected FeCrNi laser-cladded coatings to heat
treatment in the temperature range of 800 ◦C to 1000 ◦C. Their findings indicated grain
refinement within the coating and the effective elimination of the softening region. This led
to a notable enhancement in the tensile strength of the laser-cladded components.

By adjusting laser scanning strategies, in situ laser heat treatment can be achieved. Shi
et al. [103] introduced laser idle time between each cladding track, as illustrated in Figure 8,
to control the in situ quenching and tempering sequence. The laser idle time between
tracks allows the previous track to cool to near room temperature, facilitating a complete
martensitic transformation. Consequently, in situ tempering occurs when overlapping
tracks pass through. Compared to the 300M steel substrate material, the overall tensile
properties of the ∆ttrack = 80 s sample were restored, with a 38% increase in ductility. The
yield strength and maximum tensile strength decreased only by 5%–10%, and the wear
rate was substantially reduced, yielding excellent overall performance. Gao et al. [104]
conducted high-speed re-melting experiments on a titanium-doped iron-based alloy coating,
achieving the refinement of the coating. As the re-melting scan speed increased, both the
area of the refinement zone and grain size significantly decreased. Rashid et al. [105]
utilized laser reheat post-treatment (LPHT) to repair 300 M high-strength steel cladding
layers. They found that M23C6 carbides, present in the as-deposited state, dissolved into
the martensitic matrix. This led to an increase in the volume of residual austenite and
a minor decline in cladding layer hardness. However, the additional laser re-heating of
the cladding layer resulted in a uniform distribution of tempered martensite, eliminating
localized tempering caused by overlap between passes. LPHT can be effectively employed
for the localized control of the microstructure in the laser-cladded repaired parts by tuning
the laser reheat parameters. Compared to traditional heat treatment processes, methods
such as laser quenching and laser re-melting are more suitable for localized heat treatment
requirements. These methods not only significantly shorten the processing cycle but also
avoid issues of deformation and high energy consumption that are typical of overall heat
treatment processes.
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4.2. Ultrasonic Vibration Assistance

Ultrasonic vibration-assisted laser cladding technology leverages the synergistic effects
of ultrasonic cavitation and acoustic streaming. These effects influence the liquid-phase
flow and temperature field distribution within the molten pool, thereby regulating the
microstructure and element distribution of the coating [106,107]. Implementing ultrasonic
vibration improves the flowability of the liquid metal [108], decreasing the incidence of
porosity defects caused by material evaporation and molten pool collapse. It also reduces
the temperature gradient within the coating, alleviates thermal stresses, and addresses crack
defects [109]. Concurrently, this technology can fragment columnar dendrites, resulting in
a finer and more uniformly distributed coating structure [110].

Xu et al. [111] applied ultrasonic vibration assistance during the laser cladding pro-
cess to deposit an Fe901 alloy coating onto the surface of GCr15 bearing steel. Their
results indicated that with the application of ultrasonic vibration, the growth of colum-
nar grains was disrupted, leading to the formation of fine equiaxed grains in the coating.
This application of ultrasonic vibration increased the microhardness from 742.6 HV0.2 to
783.8 HV0.2 and notably reduced the friction coefficient. Xiao et al. [98] utilized laser
cladding equipment, as depicted in Figure 7b, to produce Fe41Co7Cr15Mo14C15B6Y2 amor-
phous coatings both with and without ultrasonic vibration. Although the top microhardness
of both coatings was similar (approximately 1100 HV0.2), the application of ultrasonic vi-
bration increased the thickness of the crystalline region at the bottom of the coating by
46 µm, resulting in a wavy distribution. Furthermore, the microhardness of the transition
zone increased by 75 µm. Yao et al. [112] integrated ultrasound into the laser cladding
process and identified that the ultrasound significantly reduced the local aggregation of
WC particles, promoting a more uniform distribution of WC particles and suppressing
crack initiation. Wang et al. [113] examined the properties of 3540Fe/CeO2 alloy coatings
prepared via laser cladding with varying ultrasonic vibration angles. The study revealed
that the cladding layer’s microstructure, when aided by ultrasonic vibration, consisted of
fine equiaxed grains and dendrites, indicating a substantial improvement in grain structure
refinement. When subjected to a 45◦ ultrasonic vibration, the coating’s surface appeared
smooth and devoid of defects such as cracks and pores, and exhibited the highest average
microhardness, reaching 1148 HV0.1. This had a significant positive impact on wear resistance.
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Excessive energy absorbed by the molten pool due to ultrasonic vibration can prolong
its solidification time, leading to grain growth and the formation of coarser grains. Liu
et al. [114] observed that ultrasonic power exerted a nonlinear effect on the coating’s
microstructure. Within a suitable range of ultrasonic power, the grain refinement in the
cladding layer was significant. However, when the power exceeded 750 W, the grain
size increased. From the studies mentioned, it is evident that alterations in ultrasonic
vibration process parameters can influence the microstructure of the cladding layer. By
optimizing ultrasonic vibration process parameters in conjunction with laser cladding
process parameters, the surface performance of the coating can be further improved.
However, this requires further in-depth theoretical and experimental research.

4.3. Electromagnetic Field Assistance

Electromagnetic field-assisted laser cladding technology leverages the interaction
between an electromagnetic field and the metal melt, generating electromagnetic forces that
alter the convective motion and the processes of heat and mass transfer within the melt.
This, in turn, affects the solidification process, leading to a reduction in supercooling and the
refinement of the solidified microstructure [115,116]. The electromagnetic field assistance
can be categorized into three main types: single magnetic fields (including steady-state,
alternating, and rotating magnetic fields), single electric fields (including direct current,
alternating current, and pulsed electric fields), and combined electromagnetic fields, each
with various configurations.

Ouyang et al. [117] observed that applying an electrostatic field opposite to the laser
scanning direction (Figure 9c) can enhance the diffusion and convection of elements within
the molten pool, thereby promoting the directional solidification of the laser cladding layer
and resulting in the formation of columnar grains. Conversely, applying an electrostatic
field aligned with the laser scanning direction (Figure 9d) was found to suppress the
diffusion and convection of elements in the molten pool, leading to an orderly mushy
solidification and the development of an ultrafine grain structure in the cladding layer. Li
et al. [118] established a three-dimensional numerical model for magnetic field-assisted
laser cladding, which included chemical species transport, magnetic fields, fluid flow, heat
transfer, and dynamic networks. As shown in Figure 10, when the induced magnetic field
force and convection velocity acted in opposite directions (Figure 10(a2)), the addition of
the magnetic field restricted the flow of the molten metal toward the edges of the molten
pool, shortened the length and duration of the molten metal, and increased the maximum
cooling rate at the solidification interface (Figure 10(b1–b4)), thus leading to a decrease
in grain size. This conclusion was also confirmed by observations of the microstructure
in the cladding layer (Figure 10(c1–c3)). Huang et al. [99] utilized electromagnetic field
assistance to produce 4 mm thick Fe901 coatings on a Cr12MoV substrate via multilayer
laser cladding. The incorporation of the electromagnetic field mitigated cracking defects
in the laser-cladded coating. The stirring effect induced by the electromagnetic field
disrupted the growth of columnar dendrites, leading to grain refinement and improved
the fatigue and wear resistance of the coating. Chen et al. [119] investigated the impact of
the electromagnetic field on the microstructure and mechanical properties of Fe901/Al2O3
metal matrix composite coatings. Their findings highlighted that Lorentz forces, combined
with Joule heating effects, increased the nucleation rate of grains, intensified the flow within
the molten pool, disrupted the coarse columnar dendrites, and refined the coating structure.
The microhardness increased from 782 HV0.2 to 866.4 HV0.2, and the predominant wear
mechanism transitioned from adhesive wear to abrasive wear.
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4.4. Additive-Equivalent Hybrid Manufacturing

The technology of additive-equivalent hybrid manufacturing introduces mechanical
force fields and thermal fields during the additive phase or subsequent post-processing,
based on processes such as rolling, forging [120], hammering, and shot peening, to induce



Coatings 2024, 14, 1351 18 of 24

plastic deformation at specific depths within the additive layers. This approach enhances
the grain morphology, microstructure, and stress state of the deposited material, enabling
effective control over the macroscopic mechanical properties and ultimately improving the
fatigue life of the formed materials. Chen et al. [121] prepared Fe-based alloy coatings on a
27SiMn substrate through laser cladding. It was observed that after undergoing ultrasonic
high-frequency micro-forging (UH-FM), the surface layer of the coating was broken and
refined, and a gradient structure appeared. A part of the fcc phase was transformed into
the bcc phase, which increased the resistance of dislocation movement, and the hardness of
the coating increased. Cai et al. [122] observed that after rolling, the tops of the columnar
grains in the FeCoCrNi alloy coatings produced by laser cladding exhibited increased
width and a noticeable inclination. Zhang et al. [123] combined laser deposition technology
with shot peening and discovered that the yield strength of the Fe-based alloy coatings
produced by this hybrid process was significantly enhanced. Additionally, some coarse
columnar grains were refined, leading to a reduction in grain size heterogeneity and an
overall improvement in the microstructure.

4.5. Assistance from Multiple Physical Fields

The control effects of single energy fields, such as ultrasonic fields, electromagnetic
fields, and thermal fields, on defects like porosity and cracks in the cladding layer each
have their advantages in different application areas. However, issues still arise with the
beneficial effects produced during the laser cladding process, such as the attenuation of
ultrasound during transmission, the complexity of electromagnetic field equipment, and
the uneven temperature distribution in thermal fields. The technology of multi physics-
assisted laser cladding involves the coupling of various physical energy fields to leverage
their synergistic effects, thereby addressing the limitations of single-process techniques
and extending the capabilities for the organization and performance regulation of high-
hardness iron-based alloy coatings. Zhou et al. [124] developed a preheating and ultrasonic
composite-assisted laser additive manufacturing method, comparing the effects of single
energy fields and composite energy fields on the microstructure and properties of the
24CrNiMoY coating. It was found that the synergistic effect of the dual fields had a more
significant influence on the coating’s density, phase composition, grain size, and strength–
ductility matching properties. Zheng et al. [125] combined ultrasonic waves with traditional
rolling processes to investigate the impact of the hybrid process on the surface quality of
Fe-based alloy coatings, comparing it with conventional rolling. It was observed that the
coatings produced through the hybrid process exhibited finer grain sizes, with surface
roughness reduced to only one-quarter of that of the traditionally rolled coatings, and
both hardness and residual compressive stress were found to be higher than those of the
coatings subjected to conventional rolling.

5. Conclusions

In recent decades, there has been significant advancement in the preparation of high-
hardness iron-based alloy coatings using laser cladding, particularly in terms of cladding
material composition, laser processing techniques, and the optimization of coating perfor-
mance. However, due to persistent issues with coating defects and cost considerations, its
broad industrial application remains limited. To realize coatings that exhibit metallurgical
bonding with the substrate and deliver satisfactory performance, future research should
focus on the areas outlined in Table 3.
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Table 3. Future research directions and focus areas.

Improvement Direction Measures Expected Performance Potential Drawbacks

Improvement of iron-based
alloy powders

Combining the characteristics of
non-equilibrium solidification in laser

cladding and considering different
reinforcement and repair targets, a
database will be established using
digital manufacturing technology.

Establishing a predictive
model for the relationship

between material
composition, microstructure,
and properties to effectively
address the issue of cracking

Extensive experimental
validation is still required.

Optimization of process
parameters

By integrating digital manufacturing
technology, process parameters can
be dynamically adjusted through

real-time monitoring and feedback
systems.

Improving the stability and
repeatability of coating

quality

It may increase the
complexity and cost of the

system.

Composite energy field

Exploring the coupling effects of the
composite energy field and
optimizing the energy field

parameters and application methods

Effectively suppressing the
generation of defects by
extending the limits of

coating microstructure and
performance control

The specific effects of
different energy field

parameters are difficult to
quantify.
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