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A B S T R A C T

In this study, the effects of five different interlayer bonding modes on the microstructure, mechanical properties, 
friction, and wear resistance of In625 laser cladding were investigated. XRD, EDS, tensile, hardness, friction and 
wear tests were conducted. XRD analysis results have revealed that Nb6C5 was detected in rectangular ring mode 
and the long, wide and rectangular ring overlay mode, indicating that the rectangular ring mode may promote 
the formation of secondary phase. EDS analysis has indicated a slightly higher Nb content in the rectangular ring 
mode, while the long and wide direction overlay mode exhibited a more uniform grain distribution and smaller 
grain size. Tensile tests revealed ductile fractures in the long direction, wide direction, the long and wide di-
rection overlay modes, while the rectangle ring mode and the long, wide, and rectangular ring overlay modes 
showed brittle fractures. The long and wide direction overlay mode had the highest average elongation (35.46 
%), and the long, wide, and rectangular ring overlay mode had the highest tensile strength (957.13 MPa). 
Hardness test results showed that the rectangle ring mode had the highest hardness (325.1 HV (0.2)). Friction 
and wear tests indicated that the long and wide direction overlay mode exhibited the smallest wear volume 
(0.08899 mm3) and the best overall friction performance. These findings indicate that the properties of the 
cladding layer can be effectively tailored by selecting appropriate interlayer bonding modes to match the specific 
material requirements in distinct application scenarios.

1. Introduction

Laser cladding (LC) is favored for machine parts repair and func-
tional claddings due to its low dilution, minimal heat-affected zone, and 
strong metallurgical bonding [1]. It shows great potential in improving 
material properties and realizing customized manufacturing [2,3]. 
Existing studies have explored the effect of different process parameters 
such as power, scanning speed, and powder flow rate on the properties 
of the cladding layer. Chen et al. [4] used LC to prepare Ni-base cladding 
and optimized the process parameters. The optimized cladding param-
eters can increase the microhardness of the cladding to 520 HV0.3, 
which is about 2.5 times that of the substrate. Yu et al. [5] used the 
Taguchi grey correlation method to optimize the laser power, scanning 
speed, and powder feeding speed and selected the optimal process 
parameter combination with the maximum cladding layer width of 
1107.63 μm, the minimum cladding layer height of 276.74 μm and the 
dilution rate of 38.65 %. Zhang et al. [6] using RSM and NSGA-II, this 
study optimized laser cladding parameters for Fe-based alloy on Q345B 
steel, achieving superior cladding performance with 990 W laser power, 

381 mm/min scanning speed, and 0.65 r/min powder feed rate. Weng 
et al. [7] Co-based composite claddings, produced by laser cladding, 
significantly improved the microhardness and wear resistance of Ti-6Al- 
4 V titanium alloy. Optimized laser process parameters further enhanced 
these properties. Xi et al. [8] used YCF102 high-strength weal-resistant 
alloy powder to prepare a covering layer on the steel substrate by laser 
cladding technology, established a relationship model of deposition 
Angle, covering layer width and cladding area, and calculated the 
dilution rate through the cladding layer and melting area. The proposed 
theoretical model provided a basis for the estimation of dilution rate in 
laser cladding. Bourahima et al. [9] used a 4 kW continuous laser to clad 
Ni-based powder on Cu-Ni-Al substrate, studied the effects of laser 
power, scanning speed, and powder feeding rate on cladding geometry 
and bonding quality, and used the ANOVA method to optimize process 
parameters to improve cladding quality

42CrMo is widely utilized due to its excellent toughness, impact 
resistance, and superior fatigue performance. However, its corrosion 
resistance in high-temperature or corrosive environments is relatively 
poor [10]. In625, a solid-solution strengthened nickel-based superalloy, 
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is enhanced by the addition of molybdenum and niobium, which impart 
high strength, as well as excellent corrosion resistance and high- 
temperature stability [11]. By laser cladding In625 powder onto a 
42CrMo substrate, the performance of 42CrMo in high-temperature and 
corrosive environments can be improved, effectively addressing its 
limitations under these conditions. Laser cladding of In625 has been 
extensively studied [12,13], particularly for its critical applications in 
extreme environments such as those found in aero-engines and nuclear 
reactors [14]. Rafiei et al. [15] used the finite element method and the 
moving mesh method to simulate the cladding process of WC/In625 
composite material, evaluating the cladding performance, and using the 
Taguchi experimental design method and linear regression model to 
study and optimize the effects of process parameters on dilution rate, 
cladding geometry, heat, and stress. Xu et al. [16] prepared the TiC- 
enhanced In625 composite cladding by cladding with 4000 W fiber 
laser, and the study showed that the microhardness, tensile strength, and 
corrosion resistance of the cladding were significantly improved under 
appropriate cladding process parameters. Su et al. [17] first used a four- 
beam coaxial wire-feeding laser cladding system to study the effects of 
ZrC and CNTs reinforcement particles on the microstructure, mechanical 
properties, and corrosion resistance of In625 cladding. The results 
showed that the addition of reinforcement particles significantly 
improved the mechanical properties and corrosion resistance of the 
cladding. Wang et al. [18] prepared In625 cladding on Q245R steel 
substrate by high-speed laser cladding and found that the microstructure 
and performance of the cladding were different at different scanning 
speeds, and the cladding at 2 m/min showed the best high-temperature 
wear resistance.

However, the interlayer bonding modes have a significant impact on 
the properties of the final cladding layer, especially on the microstruc-
ture and mechanical properties of the material [19,20]. Yu et al. [21]
studied the effect of different deposition modes (fractal, offset, and 
grating) on part deformation, internal quality, and mechanical proper-
ties in the LSF process by applying fractal deposition mode. The results 
showed that fractal deposition mode can minimize part deformation and 
put forward strategies to improve part quality. Wang et al. [22] suc-
cessfully fabricated oblique thin-walled parts of AISI316L stainless steel 
by using DLF technology and studied the deposition strategy, micro-
structure, and mechanical properties. The results showed that the par-
allel deposition method was more suitable for manufacturing oblique 
thin-walled parts. Paydas et al. [23] studied the preparation of Ti-6Al- 
4 V deposition layers with variable thickness using laser cladding to 
evaluate their application as a remediation technique and studied the 
influence of construction strategy (BS) and incident energy (IE) on the 
metallurgical characteristics of the deposition layer. X et al. [24]
established 12 kinds of ring cross-scanning strategy models for laser 
cladding of radial grooves of ring thin-walled parts, carried out thermo- 
mechanical coupling simulation to study the temperature, stress, and 
deformation under different scanning strategies, and finally determined 
the scanning strategy with minimum deformation. Zhao et al. [25] laser- 
clad Ni204 cladding on the surface of 45# steel alloy significantly 
improved microhardness and wear resistance by adjusting microstruc-
ture evolution and properties through overlapping modes. Yang et al. 
[26] studied the relationship between the forming shape of a 3D laser- 
forming metal sheet and process parameters. Nd: YAG laser was used 
to conduct experimental research on stainless steel 1Cr18Ni9Ti sheet, 
and the results showed that the cross spider scanning strategy could 
form the square and round sheet into a spherical dome, and the radial 
line scanning strategy could form the rectangular sheet into a saddle. 
Petrat et al. [27] study investigate the influence of different zigzag and 
spiral strategies on temperature distribution using laser metal deposition 
(LMD), emphasizing the importance of developing and selecting build- 
up strategies for different part geometries in LMD.

Systematic research on the impact of inter-layer lap modes on the 
performance of the cladding layer is still lacking in existing literature, 
despite some studies on this topic in the laser cladding process. The 

interlayer bonding modes play a crucial role in determining the thick-
ness, compactness, and grain structure of the cladding layer, conse-
quently influencing the material’s hardness, wear resistance, and tensile 
strength. Different interlayer bonding modes can result in different 
cooling rates of the fused cladding resulting in differences in the internal 
temperature of the material, subsequently impacting the overall per-
formance of the cladding. Therefore, this study aims to comprehensively 
compare the effects of five different interlayer lap modes on laser 
cladding In625. By utilizing techniques such as scanning electron mi-
croscope (SEM), X-ray diffraction (XRD), tensile test, hardness test, and 
friction and wear test, the specific influences of different interlayer 
bonding modes on the microstructure, mechanical properties, and wear 
resistance of the cladding layer were thoroughly examined. The findings 
of this research not only establish a scientific foundation for enhancing 
laser cladding technology but also offer technical backing for the utili-
zation of In625 and other high-performance materials in demanding 
application scenarios.

2. Experimental method

42CrMo substrate size 100 mm × 100 mm × 10 mm. The elemental 
composition was 0.38–0.45 wt% C, 0.9–1.2 wt% Cr, 0.15–0.25 wt% Mo, 
0.5–0.8 wt% Mn, 0.17–0.37 wt% Si, with the balance being Fe. The 
deposited powder used was In625 spherical powder, with a particle size 
of 82.39 ± 16.2 μm. The EDS elemental composition and particle size 
statistics were depicted in Fig. 1. Before the experiment, the substrate 
was polished with sandpaper and cleaned to remove any oil or impu-
rities present on the surface. The powder was then placed in a 110 ◦C 
drying box for 2 h to dry.

The experimental setup consists of an open-loop controlled coaxial 
powder feeding system, as depicted in Fig. 1. In this study, the length 
and width of the single cross-section of the cladding layer are 1091 μm 
and 241 μm, the depth of the molten pool is 99 μm, the overlap rate is 33 
%, and the Z-axis lifting is 180 μm. The specific process parameters are 
shown in Table 1. The trajectories were generated by the offline pro-
gramming software RobotArt and imported into the control system. The 
KUKA robot then recognizes and executes these trajectories. The overlay 
paths, bonding methods, and specimen dimensions are shown in Fig. 2. 
Path1 represents a serpentine trajectory in the long direction, Path2 
represents a serpentine trajectory in the wide direction, and Path3 
represents a ring of a rectangle. B1 corresponds to the interlayer bonding 
mode for Path1, B2 corresponds to the interlayer bonding mode for 
Path2, B3 corresponds to the interlayer bonding mode for Path1 and 
Path2, B4 corresponds to the interlayer bonding mode for Path3, and B5 
corresponds to the interlayer bonding mode for Path1, Path2, and Path3. 
No. 1, No. 2, and No. 3 serve as tension specimens for each sample. No. 4 
is for SEM and hardness testing, while No. 5 is for XRD and friction-wear 
testing. The overlayed specimens were obtained through wire cutting, 
and the measured surfaces of the specimens were sanded and polished 
before being etched with aqua regia for 15–25 s. XRD analysis was 
conducted using a Rigaku SmartLab diffractometer. The measurement 
conditions were set as follows: 45 kV, 200 mA, with a wavelength of 
1.541 Å, utilizing a copper target. The microstructure was observed with 
an Olympus microscope. The fracture morphology and microstructural 
analysis were performed using a Zeiss Ultra PLUS scanning electron 
microscope. Tensile tests were conducted on a WDW-100E universal 
testing machine at a tensile speed of 0.5 mm/min. Hardness tests were 
carried out with an MH-500 microhardness tester, with measurements 
taken along the direction of the cladding layer starting from the melt 
pool. Indentations were spaced 300 μm apart, with a load of 200 kg and 
a holding time of 10 s. Each height was measured three times, and the 
average value was reported as the microhardness of the cladding layer. 
The friction and wear tests were carried out using MFT-4000 multi-
functional material surface performance tester, with a load of 15 N, a 
reciprocating stroke of 5 mm, a sliding speed of 220 mm/min, and a 
sliding duration of 40 min. The counter material was an Al2O3 ball with 
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a diameter of 5 mm and a hardness of 90 HRC (~900 HV).

3. Results and Discussion

3.1. Microstructure

The XRD patterns of the five claddings are shown in Fig. 3. XRD 
analysis indicated that the five claddings were primarily composed of 
In625 and γ-Ni solid solutions in an FCC structure [28]. B1 showed only 
one distinct (111) peak, suggesting a strong preferential alignment along 
this crystallographic plane. B2 exhibited a strong (111) peak, along with 
weaker (200) and (220) peaks, which are characteristic of the FCC 
structure. B3 revealed prominent (200) peaks, with weaker (111) and 
(220) peaks, which differed from B1 and B2. This difference may be due 
to the alternating interlayer bonding mode in the long and wide di-
rections, promoting different preferred crystallographic planes. B4 
showed stronger (111), (200), and (220) peaks, as well as weaker (131) 
peaks, with [Nb6C5] diffraction peaks detected. Variations in cooling 
rates during solidification may have contributed to the formation of the 
[Nb6C5] phase in this sample. B5, a combination of Path1, Path2, and 
Path3, was similar to B4 but with weaker (200), (131), and (111) peaks, 
as well as weaker [Nb6C5] diffraction peaks. Notably, Sample B5′s 

[Nb6C5] peak intensity is lower than that of B4, suggesting a potential 
attenuation of secondary phase precipitation in the interlayer bonding 
mode characterized by long and wide directions.

Fig. 4 shows the EDS spectra of the cladding layers under different 
interlayer bonding modes, and Fig. 5 presents the grain length statistics. 
The longer the path of each pass, the longer the cooling time; however, 
with a faster cooling rate, the grain size becomes smaller. Previous re-
searchers enhanced the cooling rate by adjusting the process parame-
ters, which also refined the grain size [29]. Since B2 follows a wide 
direction path with the shortest path length per pass, the cooling time for 
the melt pool in the previous pass is minimized, and the process quickly 
moves to the next cladding pass. Additionally, the overlap zone is 
cladded again, reducing the overall cooling rate. As a result, the cooling 
rate for B2 is the slowest, and the grain length is the largest, with most 
grains exhibiting a honeycomb structure. In contrast, B1, which follows 
a long direction path, experiences a faster cooling rate than B2, resulting 
in smaller grains. The grain size is more uniform, and the grains mostly 
exhibit a honeycomb structure. B4, which uses a ring of a rectangle path, 
shows variable cooling rates—initially faster and then slower—as the 
ring-shaped path decreases in size. Consequently, the grain size for B4 is 
smaller than B2 but larger than B1, with the grain structure predomi-
nantly dendritic. B3, which combines both the long direction and wide 
direction paths, results in the smallest grain length and the most uniform 
distribution, with most grains exhibiting a dendritic structure. B5, which 
integrates all three path types, shows a larger temperature gradient, 
leading to non-uniform grain lengths. The grain structure is predomi-
nantly dendritic, with some areas displaying reticulated grains. The EDS 
elemental distribution results for all samples are shown in Table 2, and it 
is noteworthy that B4 contains the highest concentration of Nb. When 
compared with the XRD results, diffraction peaks corresponding to the 
secondary phase [Nb6C5] were detected in both B4 and B5, which may 
be attributed to the variation in the different interlayer bonding modes.

Fig. 6 illustrates the cross-sectional morphology of the cladding 

Fig. 1. Laser cladding preparation process and morphology of deposited material.

Table 1 
Process parameter.

Process parameter Value

Laser power (W) 450
Scanning speed (mm/s) 9
Powder feeding rate (g/min) 10.21
Track spacing (mm) 0.73
Z axis increasing (mm) 0.18
Sending powder gas (L/min) 8
Shielding gas (L/min) 15
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under different interlayer bonding modes, revealing varying degrees of 
pores and cracks across all samples. The metallurgical bonding quality is 
generally good in the lap areas of B1–B4, whereas B5 exhibits slag 

inclusion defects in its lap area. The different interlayer bonding alters 
the distribution direction of the heat-affected zone, modifying the 
remelting process and subsequently affecting the temperature of the 
cladding, which in turn leads to the formation of various defects [19,30]. 
Among all the samples analyzed, B3 exhibits the fewest pores and 
cracks.

3.2. Compressive strength

Different interlayer bonding modes affect crystallographic plane 
alignment, grain boundaries, bonding interfaces, and microscopic de-
fects, thereby influencing the material’s strength. The engineering 
stress–strain curves and statistical data of the five claddings are shown in 
Fig. 7. The fracture morphology of the top layers of the five claddings is 
presented in Fig. 8. The fracture surfaces of B1 and B2 both exhibit 
numerous small, evenly distributed dimples, which enhance the mate-
rial’s energy absorption, toughness, and impact resistance [31]. How-
ever, the average tensile strength of B1 is higher than that of B2, while 
the average elongation of B2 exceeds that of B1. This can be attributed to 
the more orderly alignment of grains in a specific direction for both B1 
and B2, allowing the material to exhibit greater strength and toughness 
along that direction. In contrast, B3 also shows evenly distributed 
dimples at the fracture surface, further improving its energy absorption, 
toughness, and impact resistance. Notably, B3 exhibits the highest 
average elongation (35.46 %), and the average tensile strength is also 

Fig. 2. Description of experimental design.

Fig. 3. XRD patterns of the five claddings.
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high. This is because B3′s grains grow alternately in the longitudinal and 
transverse directions, reducing the orientation bias and resulting in 
more uniform material properties in all directions, thereby minimizing 
anisotropy. On the other hand, B4 and B5 display typical brittle fracture 
characteristics, with smooth fracture surfaces and fewer dimples. B5 
exhibits the highest average tensile strength (957.13 MPa). Although 
they have relatively high average tensile strength, their average elon-
gation is very low.

This may be due to the inclusion of a ring of a rectangle path in B4 
and B5, which resulted in uneven cooling rates. This, in turn, led to more 
complex crystallographic plane alignment. Previous researchers have 
suggested that the existence of these intricate crystallographic plane 
arrangements within the composite material can lead to brittle fracture 
characteristics during tensile testing [32]. The tensile tests indicate that 
different interlayer bonding modes significantly affect tensile strength, 
elongation, and fracture modes. According to the ASTM B564 standard, 
compared to forged Inconel 625 material, B1, B3, B4, and B5 meet the 
minimum tensile strength requirement, but only B2 and B3 satisfy the 
minimum elongation standard.

3.3. Microhardness

Fig. 9 presents the hardness statistics for the five claddings. The 
average hardness of B1 is 316.3 HV (0.2), with a gradual increase 
observed from the melt pool to the cladding. The average hardness of B2 
is 301.9 HV (0.2), showing a gradual increase from the melt pool to 
approximately 300 μm, after which the hardness remains relatively 
stable. The average hardness of B3 is 316.9 HV (0.2), with a more uni-
form distribution and minimal fluctuations. B4 exhibits the highest 
average hardness at 325.1 HV (0.2); however, there is a significant 
variation in hardness between the melt pool and the top of the cladding 
layer, leading to an uneven hardness distribution and substantial hard-
ness fluctuations. B5 has an average hardness of 301.4 HV (0.2), with 
higher hardness at the top of the cladding layer and considerable fluc-
tuations. Combined with the XRD results, the secondary phase [Nb6C5] 
was detected in both B4 and B5 claddings. The highest average hardness 
was observed in B4, primarily due to the use of only a rectangular ring 
path, which facilitated the formation of the secondary phase [Nb6C5]. 
According to previous studies, the second phase strengthening can 
hinder the formation of plastic deformation and wear marks of the 
cladding and can improve the hardness and wear coefficient of the 
cladding [33]. In contrast, B5 exhibited the lowest average hardness, 

Fig. 4. EDS elemental mapping of the five claddings.

Fig. 5. Statistical chart of grain length of the five claddings.

Table 2 
EDS element distribution of the five claddings.

No. Element (At%)

C O Cr Fe Ni Nb Mo

B1 22.52 2.71 19.7 1.13 47.5 2.05 4.36
B2 27.47 2.47 17.9 1.16 44.4 2.81 3.79
B3 26.51 3.76 17.8 1.31 44.5 2.52 3.62
B4 25.66 3.48 17.9 1.35 44.7 2.85 4.03
B5 30.54 2 17.6 1.15 42.6 2.58 3.56
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and the diffraction peaks of the secondary phase [Nb6C5] were slightly 
lower than those in B4. This phenomenon can be attributed to B5′s use of 
a combination of long, wide, and rectangular ring paths, which resulted 
in different cooling rates across the cladding layers, leading to a lower 
average hardness and an uneven hardness distribution.

3.4. Wear resistance

The friction coefficient curves of the five claddings are shown in 
Fig. 10. At the beginning of the friction and wear experiment, the sur-
faces of the sample and the grinding ball made initial contact, and the 
microstructure of the sample surface gradually adapted to the grinding 
ball surface, entering the adaptive friction stage. After about 5 min, the 
friction process stabilized and transitioned into the steady-state friction 
phase. After 10 min, the friction and wear rate between the sample 
surface and the grinding ball became relatively stable, marking the onset 
of a stable friction state. The friction coefficients of B4 and B5 were 
relatively high in the initial stage, primarily due to the instability caused 
by their internal crystal structures and defects. In the 30–40 min wear 
stage, the friction coefficient order was as follows: B3 (μ = 0.5824) > B2 
(μ = 0.5645) > B5 (μ = 0.5482) > B1 (μ = 0.5456) > B4 (μ = 0.5446). 
Notably, B4 exhibited the lowest friction coefficient.

Fig. 11 illustrates the wear morphology and EDS analysis results of 
the five claddings. Typical adhesive wear and abrasive wear features 
such as ploughing, adhesion, and spalling zones, were observed on the 
surfaces of the five claddings [34]. EDS analysis subsequently detected 
the presence of Al elements from the counter-abrasive balls in the wear 
scars, confirming the occurrence of adhesive wear. The hardness of the 
claddings was about 310 HV (0.2). A greater difference in hardness 
between the cladding and the counter-abrasive ball increases the like-
lihood of adhesive wear. During adhesive wear, material from the 
cladding surface adheres to the counter-abrasive ball upon contact, and 
during separation, this adhered material flakes off, resulting in further 

wear of the cladding surface and negatively impacting the overall wear 
resistance of the cladding.

Fig. 12 illustrates the wear trajectories, scratch depths, and volume 
losses for the five claddings. The wear of B1-B5 is 0.09449 mm3, 0.1127 
mm3, 0.08899 mm3, 0.11611 mm3and 0.12385 mm3, respectively. It 
can be observed that, although B3 has the highest friction coefficient, it 
exhibits the smallest wear volume. In contrast, B4 and B5 have lower 
friction coefficients but larger wear volumes. This agrees with the 
findings of Chen et al. that the coefficient of friction is not directly 
proportional to the wear rate [35]. When analyzed in conjunction with 
the results of tensile experiments and hardness tests, B3 demonstrates 
minimal wear loss, primarily due to its more uniform hardness distri-
bution, better toughness, and fewer defects in the cladding layer. On the 
other hand, the increased wear volumes in B4 and B5 can be attributed 
to their uneven hardness distribution and poor toughness. When a ma-
terial has poor toughness, its surface may initially exhibit a lower co-
efficient of friction due to smoother surfaces or reduced deformation. 
However, such materials tend to be more brittle and prone to microcrack 
formation. During the wear process, these microcracks grow and form 
larger particles, which subsequently accelerate the wear. Therefore, 
while the coefficient of friction reflects the sliding resistance between 
two contact surfaces, it does not directly indicate the material’s wear 
resistance. Instead, wear resistance is more accurately assessed by the 
amount of material loss. A smaller wear volume suggests that the ma-
terial has a greater ability to resist wear during sliding friction, leading 
to superior frictional properties. Hence, B3 exhibits the best overall 
frictional performance.

4. Conclusions

The effects of five different interlayer bonding modes on the prop-
erties of laser cladding In625 were systematically analyzed in this study. 
It was found that the microstructure, mechanical properties, and wear 

Fig. 6. Cross-sectional morphology of the five claddings.

Y. Zhang et al.                                                                                                                                                                                                                                   Optics and Laser Technology 182 (2025) 112191 

6 



resistance of the cladding layer are significantly influenced by the 
interlayer bonding modes. 

1. XRD results: X-ray diffraction results reveal that different interlayer 
bonding modes have significant effects on the alignment of 

crystallographic planes and phase formation. In particular, the 
detection of Nb6C5 in B4 and B5 suggests that a rectangle ring 
interlayer bonding mode may promote the formation of a secondary 
phase, which could contribute to enhancing the material’s hardness.

Fig. 7. Engineering stress–strain curves and statistics of the five claddings.

Fig. 8. Morphology of fracture of the five claddings.
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2. Microstructure and composition analysis: EDS analyses show that B4 
has a slightly higher Nb content than the other samples, and B3 has 
the smallest grain size and the most uniform distribution.

3. Mechanical properties: Tensile test results show that B1, B2, and B3 
show a ductile fracture, while B4 and B5 show brittle fracture. B3 
exhibits the highest average elongation (35.46 %). B5 exhibits the 

Fig. 9. Microhardness of the five claddings.

Fig. 10. Coefficient of friction (COF) of the five claddings.
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Fig. 11. Wear morphology and EDS analysis results of the five claddings.

Fig. 12. Wear tracks, scratch depths, and volume loss of the five claddings.
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highest average tensile strength (957.13 MPa). In the hardness test 
results, B4 shows the highest hardness is 325.1HV(0.2).

4. The friction and wear test results show that there are significant 
differences among different samples, among them, B3 exhibits the 
smallest wear volume (0.08899 mm3) and the best overall friction 
performance.

The results of this study provide a valuable reference for further 
optimization of laser cladding technology in industrial applications. The 
properties of the cladding layer can be effectively regulated by selecting 
appropriate interlayer bonding modes to meet the specific requirements 
of material properties in specific application environments.
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