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Abstract: Laser cladding, a novel surface treatment technology, utilizes a high-energy laser beam
to melt diverse alloy compositions and form a specialized alloy-cladding layer on the surface of
the substrate to enhance its property. However, it can generate substantial residual stresses during
the rapid cooling and heating stages, due to inadequate selection of cladding process parameters
and disparities in thermophysical properties between the clad layer and substrate material, leading
to the formation of various types of cracks. These cracks can significantly impact the quality and
performance of the coating. This paper presents a comprehensive review of crack types and their
causes in laser cladding coatings, and identifies that three primary sources of residual stresses, thermal
stress, organizational stress, and restraint stress, are the fundamental causes of crack formation. The
study proposes several strategies to control coating cracks, including optimizing the coating layer
material, refining the coating process parameters, incorporating heat treatment, applying auxiliary
fields, and utilizing numerical simulations to predict crack initiation and propagation. Additionally,
the paper summarizes crack control methods for emerging structural materials and novel preparation
processes. Lastly, the paper analyzes the prospects, technical approaches, and key research directions
for effectively controlling cracks in laser cladding coatings.
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Laser cladding (LC) is an advanced surface modification technology that utilizes a high-
energy laser beam to melt the clad material, forming a strong metallurgical bond with the
substrate material [1]. This technology offers numerous advantages, including high bond
strength, minimal heat-affected zone, low thermal deformation, and low dilution rate [2—4]. It
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Kamanina others [5-7]. The LC system usually consists of a KUKA robot or robot arm, LC head, powder
Received: 30 May 2023 feeder, protective gas, water cooling system, and workbench [8] (Figure 1).
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process [9,10]. Microscopic cracks within the coating can propagate into macroscopic cracks

under working loads, significantly compromising the coating’s quality [11]. Consequently,

- current research focuses on suppressing or eliminating internal cracks in laser cladding
coatings, which presents a challenging and active area of study [12,13].

In recent years, scholars have conducted extensive experimental research on the
causes and control methods of cracks in laser cladding coatings. Zhang et al. [14] and
Galy et al. [15] reviewed the solidification theory of the selective laser melting (SLM)
process and the formation mechanisms of the hole and crack defects. Quazi et al. [16]
discussed the influence of rare earth additives on the crack sensitivity of coatings. Similarly,
Wang et al. [17] and Hu et al. [18] suggested improvement strategies, including optimizing
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process parameters and employing preheating treatments, to mitigate coating cracks. The
formation of cracks in laser cladding coatings is primarily attributed to residual stresses.
While existing equipment can measure residual stress, the process is intricate, challenging,
and costly. To overcome this limitation, scholars have conducted relevant studies using
numerical simulations. Fang et al. [19] reviewed physical models of residual stresses for
defects in selective laser melting (SLM) and machined parts, analyzed the advantages
and disadvantages of mainstream models, and proposed conceptual methods to enhance
residual stress management. Sanaei et al. [20] discussed characterization methods and
statistical analysis of coating defects in additive manufacturing (AM), summarizing the
effects of process parameters and post-processing on defects. Cheng et al. [21] reviewed the
simulation techniques for grain growth mechanism, temperature, and stress distribution in
the melt pool directly related to defect formation in the laser metal deposition (LMD) tech-
nique. Additionally, the defect suppression methods and the performance improvement
methods of filled layers in LMD technology are presented.
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Figure 1. Schematic diagram of the laser cladding system.

In summary, while numerous scholars have provided an overview of crack generation
mechanisms and control methods for coatings, there has been limited analysis of the types,
formation mechanisms, and control methods of various internal cracks in laser melting
coatings. This article comprehensively lists the types of internal cracks in laser cladding
coatings from the perspectives of experiments and numerical simulations. The formation
mechanisms of coating cracks are elucidated, and a comparative analysis of different control
methods for coating cracks is provided. Furthermore, future control methods and new tech-
nologies for addressing cracks in laser cladding coatings are discussed, offering valuable
insights for crack control and improvement in coating quality in laser cladding processes.

2. Types and Causes of Cracks
2.1. Types of Cracks

Laser-clad coatings exhibit various types of cracks, which can be attributed to the
selection of different cladding materials and process parameters. To effectively address the
cracking issue in laser-clad coatings, it is crucial to identify the types of coating cracks and
understand their causes. To address the issue of the types of cracks in laser-clad coatings,
they can be classified as hot and cold cracks according to the time, temperature, and fracture
characteristics of the coating cracks, and most of the coating cracks are cold cracks [22].

Hot cracks mainly occur above the solidification temperature line, and their sections
have a distinct oxidation color and no metallic luster (Figure 2a). For example, most
of the common types of cracks in melt layers, such as austenitic stainless steels, are hot
cracks [23]. Hot cracks sprout from hot tearing and are easily influenced by microstruc-
ture [24]. Partition of low melting point elements such as Si and C in the molten layer [25,26],
inhomogeneous distribution of coarse and brittle phases of compounds and impurities [27],
and disordered grain growth are the main factors for the formation of hot cracks [28]. This
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is due to the fact that the liquid metal in the melt pool has a very high temperature, so the
liquid metal is componentlessly subcooled at the beginning of solidification, and therefore
large tensile stresses are formed at the coarse eutectic tissue at low melting points. The
tensile stress pulls the solidified tissue partially along the grain boundary, resulting in not
enough liquid phase to fill the tissue gap, thus producing cracks. Therefore, thermal-type
cracks mostly show cracking characteristics along the grain [29].

Cold cracks mainly occur below the solidification temperature line, and the fractured
section of cold cracks appears relatively smooth with a metallic luster (Figure 2b). Cold cracks
often involve secondary crack generation, indicating a brittle fracture behavior. For instance,
nickel-based alloy powder coatings commonly exhibit cold cracks [30]. Improper selection of
melting process parameters and excessive thermal gradients in the melt pool are the main
factors contributing to cold crack formation. This is due to the susceptibility of martensitic
phase transformation at the solidification temperature line [31], leading to the hardening of
the coating. The differences in thermal-physical parameters between the cladding material
and the substrate material, coupled with the cooling and solidification process, result in the
generation of large residual thermal stresses. When these residual thermal stresses surpass
the tensile strength limit of the material, cold cracks occur [31-33]. Consequently, cold cracks
typically exhibit crack propagation through the crystal structure [34].
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Figure 2. Different types of crack morphology. (a) The hot cracks in HSLA powder samples (the
laser power is 2900 W and the scan speed is 10 mm/s) [25]; (b) the cold cracks in Ni-Cu alloy sample
(the laser power is 5000 W and the scan speed is 30 mm/s) [35]; (c) cladding layer crack in ZhS32
alloy (the laser power is 600 W and the scan speed is 9 mm/s) [36]; (d) interface substrate crack in
nickel-based K477A (the laser power is 576 W and the scan speed is 4 mm/s) [37]; (e) overlap zone
crack in Ni60 (the laser power is 3200 W and the scan speed is 416.7 mm/s) [38].

Depending on their location, coating cracks can be classified as fusion layer cracks,
interface substrate cracks, and overlap zone cracks [37-39].

Cladding layer crack is caused by rapid cooling during the solidification process,
leading to significant thermal stress. Uneven stress distribution resulting from the uneven
mixing of cladding material or the presence of impurities can also contribute to the cracking
of the cladding layer (Figure 2c). When cracks form within the clad layer, they often initiate
near hard-phase particles and propagate vertically through the coating. In some cases,
the cracks even extend into the substrate. When cracks reach the surface, they exhibit a
“herringbone” or lattice-like pattern [34,39].

Interface substrate crack primarily arises from the excessive difference in thermal
expansion coefficient and Young’s modulus between the substrate and the molten cladding
layer. This difference creates thermal stresses under large temperature gradients during
solidification and cooling. Additionally, the molten metal liquid experiences restraint stress
from the substrate during thermal expansion and cooling contraction. As a result of the
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combined effects of thermal and restraint stresses, cracking occurs at the interface between
the clad layer and the substrate, gradually propagating to the surface of the molten cladding
layer (Figure 2d) [37], forming interface substrate cracks.

Overlap zone cracks predominantly occur in the lap zone as a result of an unreasonable
selection of the overlap rate. This leads to the accumulation of heat, an increase in temperature
gradient, and elevated thermal stress. Consequently, the grain growth time is prolonged,
resulting in coarser grains, as well as the formation of pores or impurities. The expansion of
these defects eventually leads to the development of lap zone cracks (Figure 2e). Moreover,
the low yield strength and tensile rate of the clad material make it more susceptible to cracking
and expansion under combined stress. Consequently, overlap zone cracks tend to propagate
throughout the entire fusion cladding layer once they form [40,41].

In summary, hot cracks are mainly caused by hot tearing and are significantly influenced
by the microstructure of the coating. The presence of coarse brittle phases and impurities in
the molten clad layer, along with thermal cycling and stress concentration due to the shaped
orientation of grain boundaries, are the key factors contributing to the formation of hot cracks.
Cold cracks, on the other hand, are mainly a consequence of improper selection of process
parameters and excessive temperature gradients, resulting in brittle fractures due to tensile
stresses exceeding the tensile strength of the molten material. Cracks in the cladding layer
arise from the uneven distribution of coating tissue and a substantial difference in the thermal
expansion coefficient of the cladding layer. Interface substrate cracks primarily occur due
to the excessive temperature gradient between the substrate and the clad layer. Overlap
zone cracks, finally, are predominantly caused by inappropriate overlap rate selection. These
different types of coating cracks can be analyzed based on their causes of formation, with the
strain generated during the melting process being greater than the plastic strain of the molten
layer itself, serving as the fundamental cause of coating cracks.

2.2. Causes of Cracks

The laser cladding process is very complex, and the coating generates significant
stresses during the cladding and cooling process. When the stresses in the coating exceed
the yield limit of the coating material, they can lead to cracking of the coating. The formation
of cracks in laser-clad coatings can be attributed to the presence of residual stresses, which
can be categorized into three primary types: thermal stresses, organizational stresses, and
restraint stresses (Figure 3) [42—44].
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Figure 3. Schematic of principle of three different stress: (a) thermal stress; (b) organizational stress;
and (c) restraint stress.

2.2.1. Thermal Stress

The presence of thermal stress in laser-clad coatings can be attributed to the disparate
modulus of elasticity and coefficient of thermal expansion between the substrate and the clad
material. This results in varying rates of thermal expansion and cooling contraction within
the clad layer. When a temperature gradient exists, the clad layer experiences stress, known
as thermal stress (Figure 3a) [45]. If the thermal stress surpasses the material’s yield limit, it
can give rise to cracks in the coating. The calculation of thermal stress involves determining
the extent of the stress [45].
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E is the elastic modulus of the cladding material, A« is the difference in thermal expansion
coefficient between the cladding layer and substrate material, AT is the difference between
cladding temperature and room temperature, and v is Poisson’s ratio of the cladding layer.

The relationship expressed in Equation (1) reveals that the Poisson’s ratio of the molten
layer decreases as the thermal expansion coefficient difference between the molten layer
and the substrate material increases. Consequently, a larger temperature difference leads
to greater thermal stress, making the coating more susceptible to cracking [46]. Because
the substrate is difficult to replace in the selection process, and the coefficient of thermal
expansion and Young’s modulus of the cladding material also differ greatly, the selection of
cladding material is particularly important. For instance, when the coating material consists
of ceramic particles and the substrate is made of a metal alloy, the distinct thermophysical
properties of these materials can cause cracking if the number of ceramic particles added
is not carefully chosen. To address this issue, the composition of the cladding layer is
commonly adjusted to alleviate the impact of thermal stress [47].

2.2.2. Organizational Stress

During the solidification and crystallization process of the liquid metal within the
molten pool, a rearrangement of the physical phase structure takes place, resulting in the
generation of internal stress known as organizational stress (Figure 3b) [48]. As thermal
cycling progresses, the organizational stress accumulates until it reaches the yield strength
of the material. This accumulation of stress can lead to tissue damage, the formation of
microscopic defects, and even the development of microcracks, ultimately resulting in
brittle fractures. Griffith introduced and refined a model that relates brittle fracture strength
to material properties and damage [48], which can be expressed as follows:

. E(2y+7p) )
f C,

E is the modulus of elasticity, v is the material surface energy, yp is the microcracks or
micro defects expanding the plastic work per unit length, C; is the size of the microcracks
and micro defects.

The fracture surface energy -y is about %, a is the lattice distance of the crystal; the
plastic work yp is 2~3 orders of magnitude larger than .

The fracture strength of a material can be estimated by considering the size of the
microcrack and the average lattice distance, although the specific value varies depending
on the crystallographic system. For instance, in laser-fused coatings containing hard phases
such as CryC3 and Cry3Cs, when the size of the microdamage crack within the coating
ranges from 3 to 5 um, the calculated fracture strength (denoted as “0”) is approximately
4.4 GPa [49]. When the stress in the coating exceeds this fracture strength, the microcrack
extends and develops into macroscopic cracks. Hard phases are generally added to the
coating to improve its performance, resulting in poor fluidity of the coating and uneven
powder mixing. Therefore, the coating, after melting, is prone to elemental segregation. The
presence of elemental segregation contributes to an inhomogeneous phase transition structure,
resulting in stress concentration and elevated organizational stresses. Ramakrishnan et al. [50]
proposed that Inconel 738 coating cracking occurs due to the micro-segregation of aluminum
(Al) and titanium (Ti) elements, as well as the presence of low melting point crack boundaries.

The concept of micro-bias is directly associated with the diffusion coefficient of liquid
alloying elements in the melt pool. This diffusion coefficient can be determined using
Formula (3) [51].

K=Axefr ®)

K is the rate coefficient, E is the activation energy, T is the absolute temperature, A is
the frequency factor, and R is the ideal gas law constant.

The relationship expressed in Formula (3) reveals that an increase in the cooling rate
leads to a decrease in the diffusion coefficient of elements, resulting in reduced microscopic
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segregation and decreased crack sensitivity. To mitigate these effects and minimize or-
ganizational stress caused by uneven phase transformation, various approaches can be
employed. These include implementing auxiliary fields, refining the size of the hard phase,
or selecting appropriate process parameters. These measures help slow down elemental
segregation and promote a more uniform phase distribution within the material.

2.2.3. Constraint Stress

During laser cladding, as the molten cladding layer undergoes heating and expansion
or cooling and contraction, hindering stress arises from the un-melted portion on the
melted part, referred to as restraint stress (Figure 3c) [52]. Two types of restraint stresses
can be identified: the first is compressive stress resulting from the thermal expansion of the
injtially melted material in the melt pool, constrained by the colder surrounding substrate;
the second is tensile stress generated as the molten liquid metal is held by other colder
parts of the substrate during condensation and cooling shrinkage.

The constraint stress mainly comes from the constraints of the matrix, so the constraint
stress at the edge of the cladding layer is relatively small and less prone to cracking. Research
indicates that the middle section of the molten cladding layer is particularly susceptible to
cracking due to heat accumulation and limited heat dissipation area, thus requiring additional
constraints [53]. Appropriate heat treatment techniques can help reduce restraint stress [54].
In addition, the use of low transformation temperature (LTT) alloys can effectively reduce
the accumulation of tensile stress. This is because the low transformation temperature alloy
can use the expansion of martensite transformation to offset part or all of the heat shrinkage,
thereby reducing the residual tensile stress [55]. However, it is important to note that the
melting and cooling behavior of the laser cladding pool is highly complex, and residual
stresses are challenging to eliminate entirely. The non-uniform distribution of temperature,
stress, and flow fields within the melt pool exacerbates residual stresses, especially when there
is a significant temperature gradient or a mismatch in the thermal expansion coefficient and
elastic modulus between the molten material and the substrate. Consequently, regulating
thermal stress, organizational stress, and restraint stress during the laser cladding coating
process, minimizing the individual or interactive effects of these stresses, and preventing or
eliminating coating cracking remain significant challenges in current research.

3. Crack Control Method

To address the issue of cracking in laser-clad coatings, this paper provides a compre-
hensive review of several strategies aimed at controlling crack formation. These methods
include the preferential selection of clad layer materials [56-58], optimization of coating
process parameters [59], implementation of increased heat treatment [46], utilization of
auxiliary fields [60,61], and the use of numerical simulations [62]. Furthermore, this re-
view highlights recent advancements and novel approaches in the field, summarizing the
progress made in controlling coating cracking in recent years.

3.1. Preferred Cladding Material
3.1.1. Control of Hard-Phase Content in the Cladding Layer

There are many applications of laser cladding, among which the most prominent
application is the preparation of surface-strengthening coatings to improve the hardness
and wear resistance of parts. It has been demonstrated that the proper addition of hard-
phase particles with high melting points, such as WC, TiC, and ZrO,, can effectively
refine the grains of the coating. This refinement reduces organizational stresses caused
by elemental segregation and lowers the susceptibility of the coating to cracking [63].
For instance, Zhao et al. [64] observed that Ni-based WC-CeO, coatings exhibited smaller
secondary dendrite spacing and were free from cracks compared to Ni-based CeO; coatings.
This improvement can be attributed to the addition of WC hard-phase particles, which
increase the number of carbides in the eutectic structure and refines the grains, thereby
enhancing the coating’s toughness and reducing its crack susceptibility. However, it is
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crucial to control the number of hard-phase particles added, as excessive differences in
thermal expansion coefficient and elastic modulus between the coating and substrate
can lead to coating cracking. Shen et al. [65] investigated the cracking of NiCrSiBC-WC
composite coatings with WC mass ratios of 40%, 50%, and 60% on carbon steel substrates
(Figure 4a). The study revealed that the composite coatings with 40 wt.% WC exhibited no
cracks, while those with 50 and 60 wt.% WC showed cracks, with significant penetration
cracks observed in the middle due to the presence of large grains of WC.

Similar observations have been made regarding the effect of hard-phase particle content on
the surface quality and structure of coatings. Shen et al. [66] studied the cracking of NiCrSiBC-
WC composite coatings and found that coatings with 3040 wt.% WC exhibited no cracking or
fragmentation of WC particles, whereas coatings with 50-60 wt.% WC exhibited significant
deterioration and increased cracking. This can be attributed to the fact that the secondary
precipitation phases of WC, such as bulk carbides and rod carbides (laminated carbides), have
poor wetting properties with nickel and are highly susceptible to stress concentration, leading
to cracking [46]. Similarly, Liu et al. [67] investigated the effect of TiC volume fraction on the
microstructure and tensile properties of TiC/TA15 titanium-based composite coatings. They
discovered that composites with 5 vol.% TiC exhibited improved strength, whereas the tensile
properties deteriorated as the TiC volume fraction increased, resulting in coating cracking.
Similarly, Ignat et al. [47] found that when the volume fraction of ZrO; in the coating exceeded
15%, the surface quality of the coating deteriorated with the appearance of cracks.

60%WC
[ SSTRYY STULR -
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Figure 4. The effect of cladding materials on the microscopic morphology of coatings. (a) Micromor-
phology of NiCrBSi-WC coatings with different WC contents [65]; (b) microscopic photos of different
types of WC coatings in Ni60-30 wt.% WC composite coatings [68]; and (c¢) microscopic photos of
coatings with different silicon contents in IN738LC coatings [69].

In summary, when incorporating ceramic hard-phase particles into the coating, it
is important to limit the hard-phase content. The commonly used WC ceramic particle
content should be kept below 50 wt.%, and the content of other less dense hard-phase
particles should also be controlled. Otherwise, excessive stress may lead to cracking in
the coating.
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3.1.2. Preferred Hard-Phase Particle Type

Hard-phase particles can be categorized into microns and nanoparticles based on their
particle size [70]. They can also be classified as spherical, shaped, or flocculent based on their
shape [68]. Furthermore, hard-phase particles can be classified according to their structure
as mechanically mixed or encapsulated [71]. The addition of different types of hard-phase
particles results in variations in coating properties and the occurrence of coating cracks, and
the choice of preferred hard-phase particles can enhance the crack resistance of the coating.

Regarding the impact of hard-phase particle size on coating cracks, researchers have found
that larger particles can impede crack expansion. However, when the particle size is excessively
large, it can lead to stress concentration and subsequent coating cracking [72]. He et al. [73] in-
vestigated the influence of micron and nano-sized TiC particles on the structure and properties
of TiC-TiAl composite coatings. They discovered that the coating containing 20 wt.% micron-
sized TiC had 14 cracks, while the coating with 10 wt.% nano-sized TiC had only 6 cracks,
and the coating with 20 wt.% nano-sized TiC had a mere 3 cracks. Wang et al. [74] observed
the elimination of cracks near the substrate interface upon the addition of 1 wt.% nano-sized
Al O3 to NiCoCrAlY high-temperature protective coatings. Li et al. [75] further demonstrated
that nanoceramic particles not only eliminated coating cracks but also transformed columnar
crystals into equiaxed crystals with a more uniform and dense structure.

In terms of the influence of hard-phase particle shape on coating cracking, Zhang et al. [68]
investigated the effect of spherical, shaped, and flocculent WC particles (30 wt.%) on Ni60
coatings. They found that spherical WC particles mainly accumulated in the lower-middle part
of the coating, while shaped WC particles showed a similar distribution pattern. In contrast,
smaller flocculent WC particles were uniformly dispersed throughout the coating (Figure 4b),
and coatings prepared with flocculent WC particles exhibited a smaller tendency to crack.

Regarding the impact of hard-phase particle structure on coating cracks, mechanically
mixed WC particle coatings in a Ni-based substrate commonly exhibit cracking, whereas
coatings prepared with overlapping particles such as WC-Co and WC-Ni demonstrate
overall improved performance. Zhang et al. [76] observed that four Ni-Cu/WC-12Co
composite coatings with WC-12Co content ranging from 0 to 30 wt.% showed no cracks.
Similarly, the WC-Ni coating prepared by Tehrani et al. [77] was not only crack-free but
also 1.5 times tougher than the WC-Co thermal spray coating.

In summary, the proper addition of nano-sized hard-phase particles can refine the
grain structure of the coating and enhance its toughness. Flocculent hard-phase particles
can be evenly distributed within the coating, thereby preventing stress concentration caused
by particle aggregation. Encapsulated hard-phase particles possess good mobility and
wettability, improving the coating’s toughness and playing a stronger role in reinforcement
while impeding crack expansion. Therefore, when selecting the type of hard-phase particles,
consideration should be given to their particle size, shape, and structure.

3.1.3. Adding Alloying Elements

Studies have demonstrated that the presence of excessive residual stress in the coating
can lead to brittle cracking. However, the addition of alloying elements such as Co, Cr, Si, and
V05 to the coating can enhance fracture toughness and reduce its susceptibility to cracking.

In a study conducted by Dai et al. [78] on the effect of Co content on the cracking
susceptibility of WC/Fe laser-clad layers, it was observed that the toughness of the coating
increased with the addition of Co. When 8 wt.% Co was added, the toughness reached
nearly 1100 MPa, which was 1.3 times higher than the coating without Co. Hence, the
addition of the Co element effectively mitigates the tendency of the coating to undergo
brittle fracture and exhibits favorable toughening and plasticizing effects. Qi et al. [79]
investigated the mechanism behind the improvement in coating cracking through the
addition of the Cr element. They found that the presence of Cr gradually refined the
coating grains (Figure 4d). Moreover, the addition of the Cr element positively influenced
the reduction in the elastic modulus of the clad layer, thereby enhancing the coating’s
toughness and alleviating thermal stress and solidification shrinkage in the clad layer,
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ultimately reducing the susceptibility to coating cracking. Sun et al. [69] observed a crack
density of 0.85 mm/mm for an IN738LC high-temperature alloy coating with a 0.11 wt.% Si
content, whereas the sample with 0.03 wt.% Si content exhibited minimal cracking and only
a few pores (Figure 4c), consistent with the findings of Cloots et al. [24]. Wang et al. [23]
noted that high volume fraction and uneven distribution of hard phases such as chromium
boride and carbide in NiCrBSiC coatings resulted in thermal stress concentration. However,
the addition of V,0Os led to grain refinement, improved coating toughness, reduced crack
sensitivity, and the elimination of cracking when added at 5 wt.%.

In summary, the addition of alloying elements aims to enhance the toughness of the
coating, increase its yield limit, and transition it from a brittle to more ductile behavior.
Furthermore, it promotes grain refinement and uniform distribution within the coating to
avoid stress concentration, thereby reducing the coating’s susceptibility to cracking.

3.1.4. Addition of Rare Earth Oxides

Studies have revealed that the incorporation of rare earth elements, such as La, Ce,
and Y, which exhibit surface active properties, can effectively reduce the surface tension
of molten metal during coating formation. This reduction in surface tension improves the
mobility of the melt pool, consequently minimizing defects such as porosity and cracks in
the coating [16]. For instance, Sun et al. [80] synthesized (Ti, Nb) C/Ni coatings through in
situ synthesis and investigated the impact of CeO, additions ranging from 0 % to 9 wt.% on
the coatings’ microstructure and defect formation. It was observed that coatings without
CeO; or with excessive CeO, additions displayed more pores and cracks, whereas the
addition of 5 wt.% CeO; significantly improved the microstructure.

Moreover, rare earth elements undergo chemical reactions with impurity elements
(e.g., S, O, Si, and N) upon thermal decomposition, leading to the formation of stable
high melting point compounds that serve as crystalline nuclei. This process increases the
number of nucleation sites, resulting in a greater number of grains and a refined coating
structure. Consequently, the toughness of the coating is enhanced, and defects within the
coating are reduced [81]. Table 1 presents the impact of different rare earth oxides on the
improvement in coating cracks.

Table 1. Improvement effect of different types of rare earth oxides on coating cracks.

Coating/Substrate

Rare Earth Oxide wt.% Improvement Effect

Fe-based /5CrNiMo [82]

1%/2%/3% Y203 A 2% Y703 coating was added without cracks or pores

TiB-TiC/Ti6Al4V [83]

The average fracture toughness was increased from 8.32 MPa
2% Y,03 m!/2 to 17.36 MPa m!/2, and the cracking resistance
was improved

Ni-based /45 steel [84]

The addition amount was 0.6%; the coating had no cracks, and

o/ _10,
0.1%~1% Lay03 the microstructure was refined

Ni-60%WC/ASTM A36 [85]

A 1% LapO3 was added; the coating was tight and defect free
0.5%-2% Lay O3 When the addition amount was greater than 1.5%, the oxygen
content increased, and defects increased

Ti/Ti6Al4V [86]

Refined the coating structure and ensured that the coating had

1% CeO, and 1% Y03 no defects

CrTid-TiCx/Ti6Al4V [87]

1%—4% CeO, The addition amount is 2%; the coating has no cracks

The fluidity of the molten pool improved, and the addition

Ni60A/TC4 [88] 1%—4% CeO;, amount is 3%; there are no obvious cracks in the coating
Ni60/6063A1 [89] 5% Y503, CeO,, Dense organization, refined grain size, without obvious cracks
and LayO3 and pores

In summary, the selection and quantity of rare earth oxides added vary depending on
the specific molten coating material, typically within a controlled range of 5 wt.%. Notably,
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when the addition of rare earth oxides falls between 0.5 and 2 wt.%, the resulting coating
exhibits a dense structure with small grains and minimal observable defects. Excessive
addition of rare earth oxides leads to increased oxygen content within the coating and
the introduction of impurities at grain boundaries, thereby exacerbating defect formation.
Hence, strict control over the addition of rare earth oxides is crucial.

3.1.5. Adding a Transition Layer

Transition layers in laser cladding coatings can be classified into two categories. The
first category is the buffer layer, which possesses thermophysical properties like the sub-
strate. This buffer layer acts as an intermediary between the cladding layer and the
substrate, reducing the residual stress in the coating and minimizing the dilution effect
caused by the substrate [90]. The second category is step coating. In cases where the melt
layer contains a high concentration of hard-phase particles, a layer-by-layer incremental
approach can be employed to incorporate the hard-phase particles and alleviate the residual
stresses between different layers of the coating [91,92].

In studies focusing on buffer layers for stress reduction in coatings, Cao et al. [93]
successfully prepared Cr3C,-reinforced Ni60A-Ag self-lubricating composite coatings on
a copper alloy substrate using a NiCr buffer layer. This approach effectively addressed
issues related to segregation and cracks caused by coarse Cr;C3 columnar grains in single-
layer composite coatings. Similarly, through pre-coating a CoCrFeMnNi melt layer on
the substrate, Zhang et al. [94] achieved the successful formation of a 5-20 wt.% TiC
composite-reinforced coating, which reduced stress concentration and enhanced the coat-
ing’s resistance to cracking. Thawari et al. [95] utilized an Inconel 625 buffer layer to deposit
a wear-resistant Stellite 6 coating on an SS316 substrate, resulting in a coating with reduced
defects such as porosity and cracks. The buffer layer prevented direct contact between
Stellite 6 and the substrate, thereby minimizing the temperature gradient (G) and slowing
down heat loss in the molten layer.

Regarding the reduction in stress in step fusion coatings, Paul et al. [71] employed
a pulsed Nd: YAG laser to deposit multilayer heavy gradient fusion layers on a mild
steel substrate. This approach effectively addressed issues such as cracks, porosity, poor
bonding, and partial melting of WC particles in the Co substrate. Wang et al. [96] utilized
a gradient combination design in the preparation of WC-enhanced nickel-based gradient
composite coatings, significantly reducing the susceptibility to cracking in coatings with a
high concentration of hard-phase particles. Similarly, Li et al. [97] successfully prepared
crack-free 50 wt.% TiC-Ti6Al4V composite gradient coatings using a similar approach.

In summary, the buffer layer serves as a buffer to mitigate cracking issues in composite
coatings with a low concentration of hard-phase particles. On the other hand, step coatings
are employed to address cracking problems in composite coatings with a high concentration
of hard-phase particles. For instance, when the ceramic addition exceeds 50 wt.%, a multi-
layer step fusion coating should be selected to alleviate stress between the coatings and
reduce the susceptibility to cracking.

3.2. Optimization of Cladding Process Parameters
3.2.1. Main Process Parameters

The primary process parameters of laser cladding encompass laser power (P), scanning
path, scanning speed (V), powder feed (F), powder thickness (H), spot diameter (D), overlap
rate (O), and more. Among these parameters, laser power, scanning speed, and spot
diameter are interconnected and have a comparable impact on the cracking behavior of
the coating. To explore the relationship between laser power (P), scanning speed (V), spot
diameter (D), and the coating’s cracking behavior, the concept of laser energy density E
was introduced [98]: b

E=—
DV

4)
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From Formula (4), it can be seen that E is positively correlated with P and E is neg-
atively correlated with D and V. The process parameters of common cladding material
systems and their effects on the cracking behavior are shown in Table 2.

Table 2. Relationship between process parameters and crack behavior.

Coating/Substrate Process Parameters Influence Law
. P:1000-1800 W,
Ni60/40Cr . ) . Y =no P:1000-1800 W, the crack rate decreased from 0.2 to 0.11 N/mm. Defocus:
[99] V:20-25 mm/s, I;esf%;gngi’égnfnmm’ 0: 50%, and 0-4 mm, the crack rate increased from 0.1 to 0.23 N/mm.
. . o e When the heat input and H increased, the cracking first decreased and then
F%CCZC[ZI;I]I/ P: 800-1050 W, V:8 ;)2 ;n rl::n/1 s, F: 0.5-1 mm, and increased. When H was 0.75 mm, the crack rate was the lowest. The influence of

P and V on crack rate was much greater than that of H.

TiC/mild Steel [100]

P: 1000-2800 W, V: 4 mm, and Under four laser powers, the coating had no cracks or pores, the heat input was

D: 0.5 mm large enough, and the coating had no cracks.
WC-Co/ N e . . When F was higher than 5 g/min, the coating was discontinuous and had
Cr-Mo-V p 600-1000 W, F: 4-30 g/mm,' D:2 mm, and defects; under nitrogen protection, all samples had cracks and pores; and under
nitrogen and argon gas protection atmosphere .
[101] argon protection, all samples had no cracks.
7055AA/ P 1200-2000 W, V: 10-30 mm /s, D: 2 mm, linear The larger P was, the sn’}allgr V was, and the grgat.er residual compressive str.ess
2024AA ttern, and two £ £ ar ttern claddin. was; the residual stress in linear mode was minimized, and the optimal solution
[102] pattern, a © types otarc pattern cla & was obtained when the cladding angle was 0°.
StelliteX-40/ . . e 0 P: 1000 W, the coating was not fused; P: 3000 W, reheat cracks appeared;
GH4133 P: 1000 ?000 W, V:5-8 mm/_s, H:0.6-1.2 mm, H > 1.1 mm, the coating was not melted; and after treatment, only 3000 W
750 °C, and 16 h annealing treatment X .
[103] coating had intergranular reheat cracks.
I?;fgﬁélz%%/ P:2000-3000 W, V: 12-16 mm/s, D: 5 mm, and P was too small, or F was too large, leading to poor coating quality; increasing P,

[104]

25-300 °C preheating decreasing F, and preheating could reduce defects.

Ni60/45 Steel [105]

F: 15-21 g/min, O: 45-60%, and defocus: 16 mm

P: 1600 W, V: 5-11 mm/s, When F increased, the crack rate increased; when overlap rate increased, the

crack rate increased; the larger the V, the greater the crack rate.

Here are the revised and retouched paragraphs regarding the recommendations for
improving coating cracks:

(1) Increase the laser power appropriately, and reduce the spot diameter and scanning
speed. When the laser energy density (E) is low, the molten coating powder may not
melt sufficiently, leading to an increased rate of coating cracking. Increasing the laser
energy density (E) ensures sufficient melting of the metal in the molten pool, reducing the
susceptibility of the coating to cracking [106,107];

(2) Adjust the thickness of powder laying and the amount of powder feeding appropri-
ately. Increasing the thickness of powder laying and the amount of powder feeding results
in a larger amount of metal being melted. If the laser energy is insufficient to melt all the
powder, it can lead to impurities, pores, coarse coating structure, and, ultimately, cracks.
However, reducing the amount of powder feeding or powder thickness too much may result
in overburning, thermal deformation of the substrate, and reduced coating quality [105];

(3) Set the overlap rate reasonably. Excessive overlap can cause heat buildup, leading
to increased thermal stress and higher susceptibility of the coating to cracking. Conversely,
a very low overoverlap rate can result in a discontinuous coating surface and the formation
of defects. To ensure high-quality coating formation, the overoverlap rate is generally
chosen to be within the range of 30% to 60% [108].

Additionally, the scanning path employed can also impact coating stresses, conse-
quently affecting the propensity for coating cracking. Saboori et al. [109] analyzed the effect
of four main scanning strategies (raster, bi-directional, offset, and fractal) on the residual
stresses in the final coating. They observed different residual stresses in coatings produced
with different scanning paths. For instance, the use of the offset-out scanning strategy
reduced the coating residual stresses to one-third of those produced by the bi-directional
scanning strategy [110].

3.2.2. Other Process Parameters

In addition to the primary process parameters such as laser power, scanning speed,
and powder feed, other factors such as laser parameters (pulse frequency and pulse width)
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and the external environment (protective atmosphere and incidence angle) can also impact
the occurrence of coating cracks.

Decreasing the pulse frequency and increasing the pulse width have been found to
reduce coating crack defects. Javid et al. [111] observed a decrease in the number of coating
cracks as the pulse width increased. This is attributed to the fact that a wider pulse width
results in a lower cooling rate, increased dilution rate, decreased residual stresses, en-
hanced coating toughness, and reduced susceptibility to cracking. Ali Khorram et al. [112]
investigated the influence of parameters such as pulse width and laser frequency on the
occurrence of solidification cracking in coatings. They discovered that high dilution rates
and coating thickness cause the formation of longer solidification cracks, while crack-free
coatings can be achieved at lower dilution rates (28%). Furthermore, utilizing a lower laser
frequency can lower the dilution rate, enabling the preparation of crack-free coatings [29].

Although most studies have focused on laser melting coatings on flat surfaces, the
investigation of melting conditions on tilted substrates is still in the exploratory stage.
Bowen Shi et al. [113] examined the effect of substrate tilt angle on the cracking behavior
of high-hardness Ni60A coatings and observed that the cracking rate increased 3.5 times
for up-lap coatings and 4 times for down-lap coatings as the tilt angle increased from 0° to
60°. The cracking mode observed was a quasi-dissociative fracture. Therefore, choosing
an upward lap configuration can minimize the shielding and reflection of the laser by the
molten coating, leading to increased laser utilization, enhanced melt pool mobility, and
reduced coating cracking. Additionally, Yamaguchi et al. [114] discovered that reducing the
oxygen concentration can effectively prevent defects such as porosity and decarburization
resulting from the carbon-oxygen reaction in the coating. Therefore, using an inert gas such
as argon as a protective gas can help reduce coating defects such as porosity and cracks.

3.3. Increasing Heat Treatment

Residual stresses in coatings can be mitigated by employing suitable heat treatment
techniques during the laser fusion coating process. Commonly used heat treatments include
the preheating pretreatment, slow cooling post-treatment, and laser remelting.

Preheating the substrate can reduce the temperature gradient between the coating
and the substrate, thereby lowering thermal stress and decreasing the susceptibility of the
coating to cracking (Figure 5a). However, excessive preheating can lead to increased crack
length, necessitating careful control of the preheating temperature [29]. Ding et al. [115]
conducted experiments using different preheating temperatures on Q460E substrates with
12CrNi2 coatings and developed a finite element residual stress analysis model. Their
findings demonstrated that preheating effectively reduces residual stresses in the coatings.
Bidron et al. [116] conducted repair studies on CM-247LC high-temperature alloy and
determined that using low energy input and an induction preheating temperature close
to 1100 °C was highly effective in preventing specimen cracking. Moreover, to address
various concerns, Zhou et al. [117] proposed the laser induction hybrid rapid cladding
(LIHRC) technique, which solved the problem of substrate damage caused by preheat-
ing. This technique not only improved cladding efficiency but also resulted in crack-free
composite coatings.

Slow cooling post-treatment mainly involves adjusting the microstructure of the
coating and slowly releasing residual stress in the coating (Figure 5b). Li et al. [118] found
that the fracture toughness of coatings increased from 2.77 to 3.80 MPa-m'/2 at 1 and 2 h
of post-treatment with heat retention, thereby reducing the susceptibility to cracking. In
another study, Chen et al. [119] investigated the effect of post-melt stress relief treatment
on residual stresses in laser melting of AISI P20 tool steel on pre-hardened deformed P20
substrates. They observed that slow cooling post-treatment altered the volume fraction of
residual austenite in the coating and significantly reduced residual stresses, consequently
reducing the coating’s susceptibility to cracking. These findings align with the results
reported by Chen et al. [120] and Telasang et al. [121]. Dai et al. [78] found that slow cooling
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post-treatment was not as effective as substrate pre-treatment in eliminating cracks, as
some cracks had already formed during the cooling process and could not be eliminated.

[@C o]
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© Box furnace Setting:300 °C © Holding furnace Setting:500 °C T
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Slow down the cooling rate Secondary scanning; release stress

Figure 5. Heat treatments: (a) preheating treatment; (b) slow cooling post-treatment; (c) laser remelting.

Laser remelting is a secondary scanning of the laser cladding coating, which forms a
molten pool on the surface of the coating again, thereby releasing coating stress (Figure 5c).
Wang et al. [122] prepared iron-based amorphous coatings on H13 steel and observed a sig-
nificant reduction in coating cracks after laser remelting. Similarly, Lu et al. [123] prepared
Fe375Cro75C12B13Mo1g amorphous coatings and found that directly fused coatings exhib-
ited significant cracks, whereas the coatings showed minimal cracks after laser remelting.

In summary, pretreatment is the most effective method for inhibiting coating cracking
as it directly reduces thermal stresses. Slow cooling post-treatment functions as a ther-
mal insulation and gradual cooling process to release residual stresses over time. Laser
remelting creates a new melt pool on the substrate surface, filling some existing cracks and
releasing residual stresses from previous scans. Among the three mentioned techniques, the
preheating pretreatment is the most effective in preventing coating cracking. This is because
the preheating pretreatment directly reduces thermal stresses. In contrast, post-treatment
cannot eliminate existing cracks, and laser remelting may introduce new residual stresses.

3.4. Application of Auxiliary Field

Coating materials and laser coating process parameters have limited direct influence
on changes occurring in the melt pool. They can only be adjusted based on process require-
ments. However, off-field auxiliary technologies have emerged as a popular research topic
in recent years to address the cracking problem in laser-clad coatings. These technologies
directly impact the energy and mass transfer of the melt pool without physically contacting
the coating. They improve the uniformity of the coating structure, reduce elemental segre-
gation, and prevent local stress concentration, thereby slowing down or eliminating defects
such as cracks and holes in the coating [85,124-126]. Some commonly studied auxiliary
fields include friction stirring, electromagnetic fields, mechanical vibration, and compound
fields (Table 3).

Table 3. Effect and mechanism of different auxiliary fields on coating cracks.

Auxiliary Field Coating/Substrate Effect Function Mechanism

Magnetostrictive effect can effectively
reduce the coefficient of thermal
expansion and elastic modulus of
cladding layer, and reduce
element segregation

The cracks and pores are
reduced; the magnetic field
intensity is 20 mT, the
magnetostrictive effect is maximum

Magnetic Field [127] Co-based/42CrMo

Vibration causes tissue fragmentation
and secondary dendrite fracture, and
changes the orientation of the crystal
from (220) to (111), resulting in a
dense structure

Refine the microstructure of the
cladding layer, effectively
reducing micro defects such as
pores and cracks

Ultrasonic Vibrations [128] 316L/ASTM 1045
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Table 3. Cont.

Auxiliary Field Coating/Substrate Effect Function Mechanism
Refines grain size, obtains Rapid stirring increases friction heat
Friction Stir [125] Ni-Cr-Fe /45 steel nanostructured coatings, and and strain rate, which is beneficial for
eliminates coating cracks toughening and plasticizing

Electromagnetic Field [129]

Electromagnetic stirring causes CryCs
to fracture into an independent
rod-shaped structure, improving the
nucleation rate

The toughness of the coating is
Ni60/pure iron improved, and the number of
cracks is reduced

Ultrasonic-Electromagnetic
Field [130]

Refines organization, reduces Ultrasonic flow and electromagnetic
NiCrBSi/42CrMo element segregation, and force stirring cause the dendrites in
significantly reduces coating defects the cladding layer to be shattered

The electromagnetic field, for instance, can alter the trajectory of charged particles
within the melt pool. By using an alternating electromagnetic field, the melt pool can be
agitated, and the grains can be crushed. Studies have demonstrated that the magnetic field
refines the microstructure of the coating, and magnetostriction significantly reduces the
coating’s elastic modulus and enhances its elastic recovery. This improvement in crack
resistance was observed by Wang et al. [131], who utilized a steady-state magnetic field to
assist in melting a nickel-based alloy coating on a pure iron substrate. Without the auxiliary
field, five cracks were found on the coating’s surface, but as the magnetic induction inten-
sity increased, the number of cracks gradually decreased. When the magnetic induction
intensity reached 0.2 T, only two cracks remained.

Ultrasonic vibration-assisted techniques employ ultrasonic cavitation and acoustic
flow reinforcement to generate high-frequency and low-amplitude vibrations. These
vibrations agitate the melt pool, ensuring a more uniform distribution of elements and
stress fields. Zhang et al. [132] prepared a ceramic particle-reinforced iron-based composite
coating using ultrasonic vibration assistance and found that the acoustic flow caused by
ultrasonic vibration accelerated the melt pool flow, improved heat and mass transfer, and
facilitated the formation of nucleation points for ceramic particles. As ultrasonic power
increased, the ceramic particles in the coating became finer and more uniform. However,
further increasing the ultrasonic power resulted in the agglomeration of fine ceramic
particles, increasing the brittleness of the coating and leading to cracking.

Friction stirring involves the application of frictional heat and the coupling effect of
plastic deformation on the molten pool, leading to grain refinement and uniform distribu-
tion of carbides within the coating. This process enhances the toughness of the coating.
Niu et al. [133] employed friction-stirring thermal coupling to eliminate cracks on the top
surface of a Ni-16Cr-8Fe alloy coating. They successfully transformed reticulated carbides
into nanoparticles dispersed throughout the substrate austenite, thereby improving grain
toughness and refinement. Alibadi et al. [134] discovered that the friction stirring-assisted
technique outperformed the furnace remelting technique. It not only eliminated defects
such as cracks and porosity in the coating but also significantly increased the hardness and
wear resistance of the coating.

When it comes to coatings with low ceramic content, a single auxiliary field exhibits a
good crack suppression effect. However, for reinforced coatings with high ceramic content,
the crack improvement effect is limited. Consequently, researchers have explored composite
fields to address this issue. Zhang et al. [135] introduced the ultrasonic—electromagnetic
mixed field (UEM) into laser melting (LC) to prepare Inconel 718 + 60 wt.% WC metal
substrate composite (MMC) coatings on Inconel 718 substrates. Coatings without assistance
exhibited longitudinal and transverse cracks. However, the presence of a single ultrasonic
field caused cavitation and a nonlinear effect of acoustic flow, resulting in a more uniform
temperature distribution in the melt pool and a reduced temperature gradient. The single
UEM field generated two types of Lorentz force in the melt pool, enhancing Marangoni
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convection and reducing the temperature gradient, leading to a uniform temperature
distribution. The combined effect of acoustic and Lorentz forces assisted by mixed UEM
fields reduced the drag force of WC in the melt pool [130,136]. Consequently, a larger
stirring effect occurred in the melt pool, significantly reducing temperature inhomogeneity
and completely suppressing cracks.

In summary, magnetic field assistance exploits magnetostrictive effects, ultrasonic vi-
bration fields utilize acoustic flow reinforcement, electromagnetic fields employ Lorentzian
magnetism for stirring, and friction stirring often involves thermal coupling. While a
single auxiliary field can eliminate defects such as cracks and holes in general ceramic
composite coatings, a composite field is more effective for reinforced coatings with high
ceramic content. Both single-assisted and composite fields primarily aim to stir the melt
pool, achieving homogeneous tissue and refined grains. As a result, the toughness of the
coating improves, thereby reducing its susceptibility to cracks. Off-site auxiliary technology
is of great significance for improving the uniformity of microstructure in coatings, refining
grain size, reducing residual stress in coatings, and suppressing coating cracks and pore
defects in the future.

3.5. Numerical Analysis

Real-time monitoring of the intricate melting, cooling, and solidification processes
within the melt pool during laser cladding coating is challenging through experimental
means. However, numerical simulation offers a viable solution by simulating the coupled
behavior of temperature, stress, and flow fields. This simulation provides valuable insights
for optimizing laser cladding process parameters and predicting the expansion of cracks. By
employing numerical simulations, researchers gain a comprehensive understanding of the
complex phenomena occurring within the melt pool, enabling them to refine and improve
the laser cladding process. Additionally, these simulations aid in predicting and mitigating
crack formation and expansion, leading to more reliable and efficient coating outcomes.

3.5.1. Melt Pool and Physical Field Model

Regarding the melt pool model, Kumar et al. [137] developed a three-dimensional
Marangoni-Rayleigh-Benard convection model to investigate the impact of process param-
eters, such as power and velocity, on various aspects of the melt pool. Their study examined
the geometry of the melt pool, dilution level, melt pool temperature, and the microstructure
formation and scale along the solidification trajectory. The results revealed that enhanced
uniformity in melt pool flow reduced porosity, contributing to improved outcomes. Sim-
ilarly, Chew et al. [138] employed a three-dimensional finite element model to simulate
the residual stresses induced by laser coating AISI 4340 powders on a similar substrate
material. They also proposed a laser power decay model for the laser—-powder interaction
zone during coaxial powder feeding. Furthermore, researchers such as Aucott et al. [139],
using high-energy synchrotron micrographs, observed the formation and flow state of the
melt pool during laser cladding, investigating the temperature-dependent alloy surface
tension coefficient to optimize the laser additive manufacturing process.

In terms of the physical field model, Yao et al. [140] confirmed the significant advan-
tages of multi-dimensional high-frequency vibration in laser cladding and provided a basis
for revealing the potential mechanism of multi-dimensional vibration on rapid melting
and solidification. Figure 6a,b in their work displayed the temperature field and flow
field of 2D vibration at 0.45 s. Tian et al. [141] employed the stress-induced solid phase
transformation (SSPT) technique to mitigate residual stresses in coatings. They developed
a three-dimensional thermodynamic finite element model to analyze stress-induced solid
phase transformation and found that SSPT significantly reduced residual stresses in both
the transverse and longitudinal directions (Figure 6¢). By inducing the transformation of
austenite to martensite through melting, the residual stresses were released, resulting in
low-stress coatings. This approach offered a novel strategy for crack elimination. In another
study, Li et al. [142] established a multi-field coupled three-dimensional numerical model
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of IN625 powder laser disc-clad ductile iron. Their comprehensive model revealed the
transient evolution of temperature, flow, morphology, and stress fields within the clad layer.
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Figure 6. Physical field model and crack prediction. (a—c): physical field model (a) temperature
field with 2D vibration; (b) flow field with 2D vibration [140]; (c) stress field [141]; and (d,e): crack
prediction. (d) Single channel stress distribution; (e) actual distribution of coating cracks.

3.5.2. Process Parameters and Crack Prediction Model

When it comes to simulating laser cladding process parameters, Qiao et al. [143] found
through numerical simulation that as the overlap rate increases, the heat accumulation
and corresponding maximum residual stress tend to be located at the center of the melted
coating, at which point the coating has high crack sensitivity. Yu et al. [105] developed
a neural network prediction model that correlated the overoverlap rate, powder feed,
scanning speed, and coating crack density. They determined that the sensitivity of coating
cracks followed the following order: overoverlap rate > powder feed > scanning speed.
Song et al. [102] introduced a dual ellipsoidal heat source-based and sequential-coupled
thermal force analysis (SCTMA) method to analyze the distribution of temperature and
residual stress fields under different laser power, scanning speed, and laser melting pa-
rameters. Their findings indicated that the specimens exhibited minimal residual stresses
and the best crack resistance when the laser power was set at 1400 W and the scanning
speed was 10 mm/s. The simulated laser melting process parameters can provide the
theoretical optimal parameters, save the experimental time for optimizing the process
parameters, and facilitate the subsequent theoretical support for the crack prediction model.
Regarding the prediction of coating cracks, Li et al. [144] found by ANSYS finite element
simulation that a high stress concentration was generated between the coating and the
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substrate, which increased the susceptibility to crack formation, and the distribution of
transverse residual stress test was basically consistent with the actual crack orientation.
Krzyzanowski et al. [145] conducted numerical simulations to analyze the transient fields of
thermal and strain-stress during the melting process. The predicted results demonstrated
that the equivalent stress in the marked region on the top surface of the single-pass melting
layer exceeded the tensile strength limit of the melted material, resulting in the generation
of cracks in that region. This observation aligned with the location of longitudinal cracks
observed experimentally (Figure 6d,e). Li et al. [146] proposed a method for identifying
the state of the cladding layer and detecting cracks during laser cladding. By monitoring
the acoustic emission signal during the laser melting process, the presence of cracks in
the coating can be determined, along with identifying their location. Cracked clad layers
exhibit high-amplitude and high-energy impact signals, whereas the acoustic emission
signal collected from uncracked clad layers is more moderate. The crack prediction model
is mainly used to obtain the location of cracks by simulating the stress magnitude and
distribution, and to identify the cracks in the coating by detecting the acoustic signal when
cracks are generated to determine whether cracks exist in the coating.

In summary, numerous numerical simulations of the laser cladding process have been
witnessed in recent years. Scholars have analyzed the flow of the melt pool, as well as
the temperature, stress, and flow fields during cladding, while investigating the behavior
of cracking under different process parameters. Additionally, the proposed prediction
models for coating cracks have facilitated the detection and identification of cracks in laser
melting coatings, presenting a significant advancement in crack exploration within laser
melting coatings.

3.6. Other Methods

To address the issue of cracks in laser cladding coatings, researchers have proposed
innovative methods that go beyond numerical simulations and optimization processes.
These approaches mainly involve the development of the exploration of novel preparation
processes and new structural materials.

In terms of novel preparation processes, Cen et al. [147] proposed a method for sup-
pressing solidification cracks in Al-Cu-Mg alloy during laser melting using high-frequency
beam oscillation (Figure 7a). This method effectively reduced solidification cracks, induced
a columnar to equiaxed crystal transformation, and minimized coating cracks without
requiring additional auxiliary measures. Yang et al. [148] investigated the forming proper-
ties and solidification behavior of a high-reflectivity CuCrZr alloy coating on an AlSi7Mg
substrate under infrared (IR), blue, and hybrid lasers. Materials with high crack sensitivity
exhibited severe cracking and spheroidization tendencies when melted with IR and blue
lasers, respectively. However, the use of a hybrid laser source (960 W blue laser + low-
power IR laser of 100 and 200 W) successfully produced crack-free coatings (Figure 7b).
Zhang et al. [149] implemented a superposition method where two uniform rectangular
spots with different sizes and energy densities were used, resulting in the formation of
convex spots (Figure 7c). The thermal-force coupling analysis of the McrAlY coating
melted with uniform rectangular and convex beam spot processes demonstrated that the
convex spot provided preheating and slow cooling effects, reduced the temperature gradi-
ent between the substrate and the melted layer, decreased residual stress, and effectively
mitigated cracking tendencies in the melted layer.

In terms of novel structural materials, Feng et al. [150] successfully prepared a crack-
free Fe-C-B-W-Cr-Nb-V-5i-Mn coating with an ultrafine eutectic structure consisting of
shaped nanostructured dendrites. This coating exhibits the high toughness characteristic
of nanomaterials without agglomeration. The small microstructure length of the eutectic
structure matches the critical crack size, enabling the possibility of crack deflection at
the phase boundary. Another study by Wang et al. [151] involved the preparation of
a core-shell-structured composite powder consisting of 420 stainless steel powder and
nano WC-Co particles using high-energy ball milling. The composite powder exhibited
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excellent sphericity and fluidity, making it highly suitable for laser cladding (Figure 6e).
Consequently, the application of this core—shell composite powder resulted in the formation
of dense coatings with uniform hardness distribution and no cracks.
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Figure 7. New preparation processes. (a) Energy distribution of the circular oscillating laser beam;

(b) the laser power combination mode; and (c) schematic diagram of convex light spots formed by
overlapping rectangular light spots.

In summary, researchers have made significant advancements by exploring innovative
preparation processes and new structural materials to control cracks in laser cladding
coatings. These approaches offer promising strategies for achieving crack-free coatings
with improved properties.

3.7. Cracks Control Methods Comparison and Evaluation

In view of the problem that the variety of coating crack control methods is compli-
cated and the practicality is difficult to evaluate, this paper adds a comparative analysis
of various control methods, evaluating and analyzing them in terms of control effects,
economic benefits, applicability, and other aspects. Table 4 summarizes the practical effects,
advantages, and disadvantages of six crack control methods in order to provide an effective
reference value for laser cladding coating crack control.

As shown in Table 4, among the six coating crack control methods, the addition of
rare earth oxides, the preheating treatment, compound field assistance, new preparation
processes, and new structural materials are the most effective for the control of laser
melting coating cracks, while post-treatment and laser remelting are generally effective.
Numerical analysis can study the melt pool state and thus predict the cracking behavior,
where controlling the hard-phase content and optimizing the process parameters are the
most widely used. Application of auxiliary fields, numerical analysis, and development
of new structural materials and processes are the hotspots of current research with good
development prospects.
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Table 4. Practical effects, advantages, and disadvantages of the six crack control methods.

Control Methods Specific Types Practical Effects Advantages Disadvantages
Control of hard-phase contents in Easy to use, wide range of Difficult to eilmlr}ate Crackz, not
the layer 2 applications applicable without har
phase coating
Preferref:l hard-phase 5 Better research prospects Not applicable w1’Fh0ut
. particle types hard-phase coating
Preferred Cladding
Materials Adding alloying elements 1 Easy to use Few types of alloy clements 'and may
affect coating properties
Adding rare earth oxides 0 .Wide a‘pplicati_on range argd High cost, fewer types of rare
improving coating properties earth oxides
Adding transition layer 2 Canhlirgil;f:ril(—)}aaEgsgeccrgrcli(:n‘;mth Small scope of application
Difficult to eliminate cracks in
Optimization of Main process parameters 1 The widest range of applications coatings with high
le dding Process hard-phase content
Parameters Other process parameters 2 Better research prospects ngh requirements for
experimental equipment
Preheat treatment 0 Wide application range Longer waiting time
Inc;f:as;;ge?teat Post-processing 3 Easy to use The effect is average
Laser remelting 3 Improving coating properties Additional costs required
Magnetic field 1
Ultrasonic vibrations 1 Highly promising research High requirements for experimental
Application of Friction stirring 1 improving coating properties equipment, still in the
Auxiliary Field experimental stage
Electromagnetic field 1
Ultrasonic-electromagnetic field 0 Eliminates cracks in coatings with Complex coupling process,

high hard-phase content

extremely demanding equipment

Numerical Analysis

Melt pool and Physical field model

Provide stress distri-
bution diagram

Exploring the melt pool and
providing stress
distribution diagram

Model complexity and accuracy
need to be improved

Process Parameters and Crack

Predicts optimal

Highly promising research,
reducing experiment cost

Longer simulation time and more
difficult operation

Other Methods

Prediction Model processes and cracks
Novel preparation processes 0
Novel structural materials 0

Extremely high research prospect

The research is difficult and still in
the exploration stage

Notes: (0) No cracks, (1) almost no cracks, (2) small amounts of cracks, and (3) some cracks remain.

4. Conclusions and Outlook

This paper provides a comprehensive review of crack types, formation mechanisms,
and control methods in laser cladding coatings. Additionally, it introduces new approaches
involving innovative preparation processes and novel structural materials for crack control
in laser cladding coatings.

Cracks in laser cladding coatings primarily arise from residual stresses. The uneven
distribution of temperature, stress, and flow fields in the melt pool, along with the tem-
perature gradient and the difference in thermal expansion coefficients and elastic moduli
between the molten material and the substrate, make complete elimination of residual
stress challenging. Therefore, current research focuses on regulating thermal stress, organi-
zational stress, and restraint stress, reducing individual or interactive stress effects, and
inhibiting or eliminating coating cracks during the laser melting process.

To mitigate residual stresses, various control methods are employed, including the
selective choice of cladding layer materials, optimization of process parameters, implemen-
tation of heat treatment, and application of auxiliary fields. Optimal selection of cladding
materials involves choosing hard-phase particles with suitable size, shape, and structure,
as well as adding appropriate proportions of alloying elements or rare earth oxides. Pro-
cess parameter optimization, such as selecting suitable laser cladding parameters and
scanning strategies, is crucial. Heat treatment methods such as preheating, slow cooling
post-treatment, and laser remelting are employed. The application of auxiliary fields,
such as magnetic fields, ultrasonic vibration, electromagnetic fields, friction stirring, and
multi-field compounding, is also significant. Furthermore, numerical simulation of the
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laser cladding process and the identification and prediction of coating cracks offer valuable
perspectives for experimental analysis.

New preparation processes and new structural materials have become a new direction
for crack control in laser cladding coatings in recent years. These methods include the use of
high-frequency beam oscillation, hybrid laser sources, spot superposition technology, ultra-
fine eutectic organization, and core—shell-structured composite powders. These techniques
contribute to denser coating structures, reduced residual stresses, and effectively slowing
down crack formation tendencies.

However, the current research is mainly focused on the experiments of material
proportioning and cladding process parameters as well as the establishment of basic
mathematical models. Further control of cracks in laser cladding coatings should be carried
out from the following aspects:

(1) Given that the forming mechanism of the melt pool and stress distribution’s impact
on coating cracks remains unexplored, establishing a comprehensive mathematical model
to simulate the entire laser cladding process is necessary. This would provide a theoretical
foundation for analyzing crack control in the cladding layer and avoid blind trial and error.

(2) The selection of hard-phase particles in laser cladding coatings lacks sufficient
basis, necessitating the development of a standardized table to guide the particle selection
process and prevent cracks caused by the variation in actual stress due to different particles.

(3) While the addition of rare earth oxides greatly enhances coating quality, existing
additives are limited in variety, expensive, and not suitable for large-scale applications.
Thus, new low-cost, high-performance additives need to be developed.

(4) The development of real-time monitoring systems that utilize imaging, temperature
sensing, spectral analysis, and sound detection is essential. This would enable real-time
regulation of the melt pool temperature and power fluctuations, thereby reducing coating
defects and monitoring crack behavior.

(5) As new preparation processes and structural materials significantly improve coat-
ing quality and reduce stress, the further exploration and integration of crack control
technology with composite preparation processes are crucial to driving the industrial
application of laser cladding technology.
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