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a b s t r a c t 

Laser remelting is a processing technique to improve the quality of forming. The remelting power and the remelt- 
ing time are the key factors affecting its processing quality. Laser remelting tests were conducted on Fe-based 
clad layers with different remelting power and remelting time, and the morphological characteristics of each 
clad layer was investigated by laser microscopy. The microhardness, wear resistance and wear mechanism of 
each clad layer were investigated by Vickers microhardness tester and reciprocating friction and wear tester, 
respectively. The results show that an increase in remelting power or remelting time leads to a decrease in clad 
height and an increase in melting pool depth, clad width and dilution rate. When the remelting time is 1 and the 
remelting power is 650 W, the clad height is higher than that of YCF102 clad layer, although the melting pool 
depth, clad width and dilution rate of the clad layer are greater than that of YCF102 clad layer. In addition, an 
increase in remelting power or remelting times leads to a decrease in the microhardness of the clad layer and a 
deterioration in the wear resistance, which leads to an increase in the wear rate, but does not change the trend 
of microhardness, wear resistance and wear rate. Neither the increase in remelting power nor the remelting time 
leads to a change in the wear form, but causes the wear between the clad layer and the grinding ball to become 
more intense. The clad layer with 1 remelting time and 650 W remelting power has higher average microhardness 
and more outstanding wear resistance than the YCF102 clad layer. 
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. Introduction 

Laser remelting is a process in which the surface of the clad layer
s rapidly melted and solidified by the radiation of a laser beam with-
ut the addition of any metallic elements [ 1 , 2 ]. This processing method
as the advantages of a small heat-affected zone, ease of operation, and
ontrollability of processing quality [ 3 , 4 ]. When laser cladding is im-
lemented, defects such as sticky powder located on the surface of the
lad layer and pores or cracks located inside the clad layer often occur
 5 , 6 ]. Although methods such as milling, grinding, polishing and opti-
ization of the laser cladding process parameters are potential options

o solve these problems, the hindrances such as the limited location to
e machined and the irregularity of the machined area led to the in-
bility to guarantee the quality of the process [ 7 , 8 ]. Given the ability of
aser remelting to refresh the solidification process of the clad layer, it
ives the potential ability to change the surface quality and properties
f the cladding layer. 

There is a close relationship between laser remelting and the surface
uality and corrosion resistance of the coating. Richter et al. [9] de-
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eloped a model of laser remelting, and confirmed that laser remelting
esulted in a more uniform distribution of elements and compounds,
hich led to a flatter surface topography. Gok et al. [10] proposed

hat suitable remelting parameters can refine the coating organization
nd reduce the surface roughness. Qunshuang et al. [11] demonstrated
hat remelting not only resulted in a more uniform distribution of car-
ides in the coating, but also changed the shape of carbides from ir-
egular to polygonal. Mat ějíček and Holub [12] confirmed that spot di-
meter and scan speed had a significant effect on the surface quality.
as et al. [13] pointed out that remelting can eliminate the number of
oles and reduce porosity. Gao et al. [14] demonstrated that remelting
an significantly improve the coating finish and reduce the cost of post-
rocessing. Amaya-Vazquez et al. [15] proposed that remelting led to
ot only changes in microstructure, but also changes in corrosion resis-
ance. Wang et al. [16] demonstrated that remelting can enhance the
ositive corrosion sites and reduce the corrosion current density of Ni-
r-Mo coatings, thus improving the corrosion resistance of the coatings.
ang et al. [17] showed that although remelting leads to the reduction

f amorphous content in the coating and the reduction of defects such
s cracks and pores on the surface of the coating to improve the corro-
ion resistance of the coating, it also leads to trans granular cracks in the
oating. Tian et al. [18] showed that although defects such as cracks and
022 
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Fig. 1. Chemical composition of (a) YCF102 alloy 
powder and (b) AISI1045 steel (wt%) (Provided by 
manufacturer). 
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orosity still existed in the remelted coatings, remelting still improved
he surface properties of the coatings. 

In addition, remelting has an effect not only on the surface qual-
ty and corrosion resistance of the coating, but also on the mechani-
al properties of the coating significantly [19] . Iwaszko [20] showed
hat remelting significantly reduced the porosity of coatings and im-
roved the mechanical properties of coatings. Cai et al. [21] suggested
hat remelting significantly reduced the wear quality loss and improved
he wear resistance of coatings made of high-entropy alloys (Ni-Cr-Co-
i-V). Habib et al. [22] proposed that remelting also significantly re-
uces the accumulated wear of coatings under lubricated conditions.
ai et al. [23] demonstrated that remelting significantly improved the
pheroidization rate, size uniformity, and particle distribution of ce-
amic particles in the coating, which reduced the surface stress of the
oating and thus improved the wear resistance of the coating. Mukher-
ee et al. [24] investigated the relationship between remelting power
nd wear resistance of coatings and showed that appropriate remelt-
ng power significantly reduced the wear depth of coatings and im-
roved the wear resistance of coatings. Gao et al. [25] suggested that
emelting improves the mechanical properties of coatings because of
he denser columnar crystal zone in remelted coatings. Ciubotariu et al.
26] showed that remelting not only refines the coating microstructure
ut also improves the cavitation resistance of the coating. 

In summary, the current research on laser remelting is mainly fo-
used on the effects of remelting on the surface quality of the coating,
he effects of remelting on the properties of the coating, and the rela-
ionship among the remelting power, the surface quality and proper-
ies of the coating, while the research on the effect of remelting power
nd remelting time on the morphological characteristics and mechanical
roperties of coating is still limited. In this study, single-factor remelting
ests were conducted on YCF102 clad layers using different remelting
ower and remelting times, and the forming characteristics of each clad
ayer were investigated by measuring the clad width, clad height, melt-
ng pool depth and dilution rate of each layer. The mechanical properties
nd wear mechanism of the remelted clad layers were investigated by
bserving and calculating the microhardness, real-time friction coeffi-
ient curve, wear profile and wear rate under different remelting time
nd remelting power conditions. Finally, the clad layer with good mor-
hology and mechanical properties were obtained. 

. Research methodology 

A diode-pumped near-infrared fiber continuous-wave laser generator
YLR-1000 W) with a spot diameter of 1.1 mm and a laser wavelength
ange of 1070 nm to 1080 nm was used for the test. The alloy pow-
er is injected into the laser beam in a coaxial feeding pattern and is
oated on the substrate surface. In this case, the powder is injected at
n angle of 31.41° and the powder carrier gas is argon with 99.99% pu-
 t  

2 
ity. Also, argon was used as a barrier gas to stop the oxidation reaction
uring the laser cladding process. The flow rate of the barrier gas was
2 L/min and the distance between the laser nozzle and the substrate
as 16 mm. The laser head is mounted on a vertical machining center

VMC1100P). A water-cooling system is installed in the laser cladding
ystem in order to ensure that the laser cladding system is in the right
perating temperature range under all operating conditions. 

AISI1045 steel was selected as the base material. The surface of the
ubstrate is milled by a milling machine and the surface is ground by
etallographic sandpaper to achieve a flat substrate surface. In order

o remove the dirt and oil residues on the substrate surface during pro-
essing, acetone and alcohol solvents were successively used to clean
he substrate surface. The test used YCF102 iron-based alloy powder,
hich has the advantages of low cost and good mechanical properties.
he composition of the substrate material and YCF102 alloy powder is
hown in Fig. 1 . 

In a previous study by the authors [27] , when the laser power was
50 W, the powder feeding rate was 7 g/min, the laser scanning speed
as 4 mm/s, and the remelting laser power was 650 to 850 W, the clad

ayer had a good surface morphology. Therefore, the process param-
ters used in this paper are shown in Table 1 . In order to analyze and
tudy the cross sections of the samples, each sample was first wire cut by
ire EDM (WEDM), and then each sample was etched by aqua regia. Fi-
ally, the cross-sectional parameters and cross-sectional microstructure
f each sample were obtained by Olympus three-dimensional measure-
ent laser microscope (OLS4100), and the microhardness of each sam-
le was measured by Vickers microhardness tester (MH-500). The load-
ng force was 10 N and the loading time was 15 s. The top layer of each
ample was removed by grinding machine, and the top surface of each
ample was sanded and polished by metallographic sandpaper and pol-
shing machine successively. Reciprocating friction and wear tests were
erformed on each sample by a multifunctional material surface prop-
rty tester (MFT-4000), and the parameters of the reciprocating friction
nd wear tests are shown in Table 2 . The wear volume and wear mor-
hology of each sample were obtained by Olympus three-dimensional
easurement laser microscope (OLS4100). 

. Results and discussion 

.1. Morphological characteristics parameters and dilution rate of the clad 

ayer 

Figs. 2 and 3 show the morphological characteristics parameters
nd dilution rates of the 𝐿 

0 
0 clad layer and clad layer after remelting

ith different remelting power and remelting times, respectively. From
ig. 2 (a), it can be seen that when the remelting time is 1, the clad
idth and melting pool depth show a monotonic increasing trend with

he increase of remelting power, but the clad height shows a decreasing

18340355586@163.com
高亮
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Table 1 

The process parameters of laser cladding and remelting. 

No. Laser power (W) 
Powder feeding 
rate (g/min) 

Laser scanning 
velocity(mm/s) 

Re -melting laser 
power (W) 

Re -melting laser scanning 
velocity (mm/s) 

Number of 
re-melting 

Work condition 
of tag 

1 750 7 4 – – – 𝐿 
0 
0 

2 750 7 4 650 4 1 𝐿 
1 
650 

3 750 7 4 650 4 2 𝐿 
2 
650 

4 750 7 4 650 4 3 𝐿 
3 
650 

5 750 7 4 750 4 1 𝐿 
1 
750 

6 750 7 4 750 4 2 𝐿 
2 
750 

7 750 7 4 750 4 3 𝐿 
3 
750 

8 750 7 4 850 4 1 𝐿 
1 
850 

9 750 7 4 850 4 2 𝐿 
2 
850 

10 750 7 4 850 4 3 𝐿 
3 
850 

Note: The working condition mark L in Table 1 represents the number of times without remelting and different remelting power and remelting times. The superscript 
of L is the remelting time and the subscript is the remelting power. 𝐿 0 0 indicates no remelting. When changing the remelting time and remelting power, the powder 
feeding rate is 0 g/min and the laser scanning speed is kept constant. 

Table 2 

Wear parameters of the YCF102 clad layer with different remelting power and remelting times. 

Wear parameters Load Wear time Wear distance Wear velocity Diameter of the grinding ball Material of grinding ball 

Value 10 N 40 min 5 mm 240 mm/s 4 mm GCr15 

Fig. 2. Characteristic parameters of the clad layer morphology (a) No remelting and remelting once with different remelting power (b) Remelting twice with different 
remelting power (c) Remelting three times with different remelting power. 
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Fig. 3. Dilution rate of YCF102 clad layer without remelting and after remelting 
under different remelting power and remelting time conditions. 

t
c  

l  

t  

a  

i  

t  

p  

i  

Y  

m  

h

a  

t  

c  

o
 

r  

o  

s  

i  

t  

i  

s  

t  

T  

c  

t  

p  
rend. The clad height of the 𝐿 

1 
650 clad layer is higher than that of the 𝐿 

0 
0 

lad layer. However, the clad heights of the 𝐿 

1 
750 and 𝐿 

1 
850 clad layers are

ower than that of the 𝐿 

0 
0 clad layer. This phenomenon may be attributed
3 
o the fact that when the surface of the YCF102 clad layer is again radi-
ted by the laser beam, the incompletely melted powder on the surface
s melted and a clad layer is formed, resulting in a higher clad height of
he 𝐿 

1 
650 clad layer than that of the 𝐿 

0 
0 clad layer. When the remelting

ower is further increased, more of the substrate is melted, resulting
n more YCF102 clad layer fused into the substrate. When the mass of
CF102 clad layer fused to the substrate due to remelting exceeds the
ass of the incompletely melted powder forming the clad layer, the clad
eight shows a decreasing trend. Therefore, the clad heights of the 𝐿 

1 
750 

nd 𝐿 

1 
850 clad layers are lower than that of the 𝐿 

0 
0 clad layer. At the same

ime, the increase in remelting power leads to the melting of the YCF102
lad layer as well as more of the substrate, resulting in the same trend
f increasing clad width and melting pool depth. 

As can be seen from Fig. 2 , when the remelting time is 1, 2 and 3,
espectively, the clad height shows a decreasing trend with the increase
f remelting power, while the clad width and melting pool depth both
how an increasing trend. The results show that the increase of remelt-
ng time does not change the trend of the morphological parameters of
he clad layer with the remelting power. Meanwhile, when the remelt-
ng power is 650 W, 750 W and 850 W, respectively, the clad height
hows a decreasing trend with the increase of remelting time, while
he clad width and melting pool depth both show an increasing trend.
he results showed that the change of remelting power also does not
hange the trend of the morphological parameters of the clad layer with
he remelting time. Therefore, although the increase of both remelting
ower and remelting time leads to the change of the morphological pa-
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Fig. 4. Microhardness of the clad layer at different depths (a) No remelting and remelting once with different remelting power (b) Remelting twice with different 
remelting power (c) Remelting three times with different remelting power. 
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Fig. 5. Average microhardness of the clad layer without remelting and after 
remelting with different remelting power and remelting times. 
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ameters of the clad layer, it does not affect the change the trend of the
orphological parameters of the clad layer. 

As can be seen from Fig. 3 , when the remelting time is kept constant,
he dilution rate shows an increasing trend with the increase of remelt-
ng power. When the remelting power is kept constant, the dilution rate
lso shows an increasing trend with the increase of remelting time. This
henomenon is due to the fact that the increase in remelting power and
emelting time both result in more YCF102 clad layer incorporated into
he substrate, which leads to an increase in dilution rate. In addition,
he dilution rate of the 𝐿 

1 
650 clad layer is higher than that of the 𝐿 

0 
0 clad

ayer. This phenomenon is due to the fact that under 𝐿 

1 
650 condition, the

ncrease in clad height due to remelting is smaller than the increase in
elting pool depth, which leads to an increase in dilution rate. 

.2. Microhardness of the clad layer 

Figs. 4 and 5 show the microhardness and average microhardness of
he clad layer at different depths of 𝐿 

0 
0 clad layer and clad layers after

emelting with different remelting power and remelting times, respec-
ively. From Figs. 4 (a) and 5 , it can be seen that the average microhard-
ess of the 𝐿 

1 
650 clad layer is higher than the average microhardness

f the 𝐿 

0 
0 clad layer, while the average microhardness of both the 𝐿 

1 
750 

nd 𝐿 

1 
850 clad layers is lower than the average microhardness of the 𝐿 

0 
0 
4 
lad layer. Meanwhile, it can be seen from Figs. 4 and 5 that the av-
rage microhardness all showed a decreasing trend with the increase
f remelting power when the remelting time is 1, 2 and 3, respectively.
his phenomenon may be explained by the fact that when the laser beam
ith a remelting power of 650 W passes over the surface of the YCF102

lad layer, the powder adhering to the surface is melted and a clad layer
s formed, resulting in the disappearance of defects and the expulsion of
asses that have not been completely expelled from the clad layer. At
he same time, the remelting acts as a fine grain reinforcement, which
eads to an increase in the average microhardness. However, with fur-
her increase in remelting power, the effect of heat accumulation due to
emelting and thus the grain size in the clad layer becomes larger. As
 result, the average microhardness shows a decreasing trend with in-
reasing remelting power. From Figs. 4 and 5 , it can be seen that when
he remelting power is 650 W, 750 W and 850 W, respectively, the aver-
ge microhardness shows a decreasing trend with the increase of remelt-
ng time. This phenomenon is due to the increase in the remelting time,
hich leads to the increase in the heat accumulated in the clad layer,

esulting in a smaller temperature difference and lower cooling rate. As
 result, it leads to larger grains and a decrease in the average micro-
ardness. 

In addition, it can be seen from Fig. 4 that the microhardness curves
f both the 𝐿 

0 
0 clad layer and the clad layer after remelting with different

emelting time and remelting power conditions show a continuous vari-
tion. The results show that each clad layer forms a good metallurgical
ond with the substrate. At the same time, the average microhardness of
he heat affected zone (HAZ) of each sample is higher than the average
icrohardness of the substrate due to fine grain strengthening and solid

olution strengthening. 

.3. Tribological properties of the clad layer 

Figs. 6 (b), 7 (b) and 8 (b) show the real-time friction coefficients of
 

0 
0 clad layer and clad layers after remelting with different remelting
ower and remelting times, where the real-time friction coefficients for
ear times from 0 to 1 min are shown in Figs. 6 (a), 7 (a) and 8 (a). The

esults show that the friction coefficient of 𝐿 

0 
0 clad layer and clad lay-

rs after remelting with different remelting power and remelting times
howed a short "plateau" period with small fluctuations at the beginning
f wear. This phenomenon is caused by the fact that the surface of each
lad layer is processed by wire cutting, grinding and polishing in order
o ensure the surface flatness of each sample before the friction wear
est. During the process, a hard processing layer is created on the sur-
ace of each sample. As a result, a short "plateau" period was observed in
he real-time friction coefficient curves of each sample at the beginning
f the wear phase. At the same time, the length of the "plateau" period
aried from sample to sample due to the different thickness of the hard
rocessing layer. When the hard processing layer of each sample is worn



W. Xi, B. Song, Z. Sun et al. Optics and Lasers in Engineering 161 (2023) 107330 

Fig. 6. Friction coefficient of the clad layer without remelting and after remelting once with different power (a) Wear time of 0–1 min (b) Wear time of 0–40 min 
(c) Wear time of 30–40 min. 

Fig. 7. Friction coefficient of the clad layer after remelting twice with different power (a) Wear time of 0–1 min (b) Wear time of 0–40 min (c) Wear time of 
30–40 min. 

Fig. 8. Friction coefficient of the clad layer after remelting three times with different power (a) Wear time of 0–1 min (b) Wear time of 0–40 min (c) Wear time of 
30–40 min. 
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way, the friction coefficient increases significantly and undergoes large
uctuations. At this time, each sample is in the stage of intense friction.
ith the increase of the wear time, the fluctuation of the real-time fric-

ion coefficient gradually tends to be smooth. At this point, each sample
s in the stable friction stage. The real-time friction coefficient as well
s the average friction coefficient of each sample in the wear time inter-
al of 30 to 40 min were selected to study the wear resistance of each
ample. 

As shown in Fig. 6 (c), the average friction coefficients of the 𝐿 

0 
0 clad

ayer and clad layers after remelting once with different remelting power
onditions are in the following order: 𝐿 

1 
650 < 𝐿 

0 
0 < 𝐿 

1 
750 < 𝐿 

1 
850 . The average

riction coefficient of the 𝐿 

1 
650 clad layer is lower than the average fric-

ion coefficient of the 𝐿 

0 
0 clad layer. Also, the average friction coefficient

f this clad layer is the minimum value of the average friction coefficient
f all samples. However, the average friction coefficients of the 𝐿 

1 
750 and

 

1 
850 clad layers are higher than the average friction coefficients of the

 

0 
0 clad layer. Moreover, as shown in Figs. 6 (c), 7 (c) and 8 (c), the av-
rage friction coefficient shows an increasing trend with the increase
5 
f remelting power when the remelting time is kept constant. This phe-
omenon is due to the fact that the average microhardness of the 𝐿 

1 
650 

lad layer is higher than the average microhardness of the 𝐿 

0 
0 clad layer,

o the average friction coefficient is lower than the average friction co-
fficient of the 𝐿 

0 
0 clad layer, and has better wear resistance. And with

he increase of remelting power, the average microhardness shows a
ecreasing trend. As a result, the average friction coefficient tends to
ncrease and leads to the deterioration of wear resistance. As shown in
igs. 6 (c), 7 (c) and 8 (c), when the remelting power is kept constant, the
verage friction coefficient shows an increasing trend with the increase
f remelting time. This phenomenon is attributed to the decrease of the
verage microhardness with the increase of the remelting time when
he remelting power is kept constant. Therefore, the wear resistance be-
omes worse with the increase of remelting time. In addition, as can
e seen from Figs. 6–8 , an increase in the remelting time or remelting
ower leads to an increase in the average friction coefficient and a dete-
ioration in wear resistance. However, changing the remelting time does
ot have a significant effect on the variation pattern of the average fric-
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Fig. 9. Wear morphology of the clad layer without remelting and after remelting once with different power (a) No remelting (b) Remelting power is 650 W (c) 
Remelting power is 750 W (d) Remelting power is 850 W. 
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Table 3 

EDS analysis results of clad layer after wear with different 
remelting power and remelting times. 

Sample Point Fe Cr Ni Si O 

𝐿 
0 
0 A 65.49 13.13 6.02 0.88 14.48 

B 75.37 16.49 6.70 0.93 0.51 
C 67.01 14.83 6.24 1.01 10.91 

𝐿 
1 
650 A 64.82 12.84 5.55 0.66 16.13 

B 77.73 13.30 6.88 0.79 1.30 
C 71.99 11.75 5.04 0.33 10.89 

𝐿 
2 
650 A 70.39 11.49 5.40 0.72 12.00 

B 79.83 12.81 6.22 0.70 0.44 
C 72.75 12.21 5.35 0.58 9.11 

𝐿 
3 
650 A 69.05 12.23 5.60 0.76 12.36 

B 77.18 14.29 7.04 0.88 0.61 
C 71.57 11.92 5.57 0.77 10.17 

𝐿 
1 
750 A 70.76 13.02 6.35 0.73 9.14 

B 77.09 14.17 7.07 0.80 0.87 
C 72.77 14.45 5.55 0.47 6.76 

𝐿 
2 
750 A 66.86 12.21 5.98 0.72 14.23 

B 77.19 14.24 6.97 0.76 0.84 
C 69.51 13.11 5.67 0.50 11.21 

𝐿 
3 
750 A 68.61 12.22 5.96 0.78 12.43 

B 78.61 13.53 6.59 0.85 0.42 
C 69.70 14.15 5.47 0.26 10.42 

𝐿 
1 
850 A 69.40 12.67 6.02 0.77 11.14 

B 77.91 13.68 6.54 0.85 1.02 
C 71.88 13.60 6.23 0.65 7.64 

𝐿 
2 
850 A 66.20 13.02 5.99 0.72 14.07 

B 78.27 13.55 6.85 0.74 0.59 
C 70.18 13.38 5.87 0.62 9.95 

𝐿 
3 
850 A 67.43 11.36 5.73 0.68 14.80 

B 78.52 13.20 6.66 0.80 0.82 
C 70.15 11.94 5.57 0.69 11.65 

i  

c  

b
 

p  

e  
ion coefficient with remelting power. Similarly, changing the remelting
ower does not significantly affect the variation pattern of the average
riction coefficient with the remelting time. 

Fig. 9 shows the wear morphology of the 𝐿 

0 
0 clad layer and the clad

ayer after remelting once with different remelting power. As shown
n Figs. 9 (a1)–(d1) and 12 , more cracks are found in each wear mor-
hology. The occurrence of friction between grinding ball and surface
sperities causes the surface of sample to be in alternative compressive-
ensile stress state, which leads to the development of cracks. Therefore,
urface fatigue wear occurs on the clad layers. Also, more abrasive chips
nd grooves are found in each wear morphology. This phenomenon may
e caused by the formation of abrasive chips between the grinding ball
nd the clad layer when wear occurs. These chips roll and slide recip-
ocally on the surface of the clad layer, resulting in the occurrence of
lastic deformation and the formation of grooves on the wear surface.
 part of chips is embedded in the wear surface under the action of load
nd friction force. It shows that abrasive wear is also occurring during
he wear process. In addition, sticking zones are found in the wear mor-
hology. This indicates that a portion of the clad layer adheres to the
rinding ball when wear occurs. As the wear progressed, the shearing
henomenon occurs due to the relative sliding of the adhered parts. As
 result, adhesive wear occurs between the grinding ball and the clad
ayer. 

Figs. 10–12 show the wear morphology after two and three remelts
or different remelting power conditions, respectively. There are a large
umber of sticking zones, cracks, grooves and abrasive chips on the wear
urface. The results show that the increase in remelting time does not
ead to a change in the wear forms of the clad layers. However, as shown
n Figs. 10 (c1) and 11 (c1), deeper grooves and more sticking zones were
ound in the central region of the wear morphology of the 𝐿 

2 
850 and 𝐿 

3 
850 

lad layers. This phenomenon is due to the tendency of the average mi-
rohardness to decrease with the increase of remelting power or remelt-
ng times. When the wear parameters are kept constant, the volume of
he grinding ball embedded in the clad layer increases with the decrease
f the average microhardness, leading to the above phenomenon. Fur-
hermore, as shown in Figs. 9 (d1), 10 (c1) and 11 (c1), when the remelt-
ng power is kept constant, the grooves at the central region of the wear
orphology become wider and deeper with the increase of the remelt-
t  

6 
ng times. This result indicates that when the remelting power is kept
onstant, the increase in the remelting times leads to more intense wear
etween the clad layer and the grinding ball. 

Fig. 12 and Table 3 show the results of EDS analysis of wear mor-
hology of 𝐿 

0 
0 clad layer and the clad layer after remelting with differ-

nt remelting power and remelting times, respectively. The results show
hat wear surface undergo oxidation reactions and form oxide films dur-
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Fig. 10. Wear morphology of the clad layer after remelting twice with different power (a) No remelting (b) Remelting power is 650 W (c) Remelting power is 750 W 

(d) Remelting power is 850 W. 

Fig. 11. Wear morphology of the clad layer after remelting three times with different power (a) No remelting (b) Remelting power is 650 W (c) Remelting power is 
750 W (d) Remelting power is 850 W. 
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ng the wear process, but the oxide films are not continuous. It can be
een from Fig. 12 and Table 3 that the sticking zone (A) has a higher oxy-
en content. The results show that continuous oxide films are formed on
he sticking zone of each sample. The reason for this phenomenon is that
hen the frictions occur between the surface of clad layer and grinding
all, a portion of clad layer adheres to grinding ball and then is sheared
way with the reciprocating motion. The sheared surface undergoes ox-
dation reaction and forms oxide films under the promotion of friction
eat. In addition, it can be seen from Fig. 12 and Table 3 that the oxygen
ontent in sticking zone (A) and abrasive chips (C) is higher than that
f groove zone (B). The results show that oxide films are formed on the
ear surface, but the rate of formation is lower than that of removal.
hen the critical thickness is reached, the oxide film fractures and abra-

ive chips are formed. As a result, the oxygen content in groove zones is
ower and the oxide film of wear surface is not continuous. The alterna-
ion between formation and fracture of oxide films is one of the factors
eading to the fluctuation of friction coefficient. According to the previ-
us literature, the composition of oxide film is Fe 3 O 4 and Fe 2 O 3 [28] .
n addition, it can be seen from Figs. 9–12 that despite the changes of
emelting power and remelting time, a large number of sticking zones,
racks, grooves and abrasive chips are found on wear morphology of
7 
ach sample. The results show that surface fatigue wear, abrasive wear,
dhesive wear and oxidative wear occur during the wear process. Chang-
ng the remelting power or remelting time does not change the wear
orm. 

Based on the wear morphology and the results of EDS analysis, the
ear mechanism of each sample is shown in Fig. 13 . The wear surface
ndergoes plastic deformation during the wear process, and the local
ulge occurs near two end points of wear track. The friction between
rinding ball and surface asperities causes the wear surface to be in an
lternating state of compressive stress and tensile stress, which leads
o the formation of cracks. During the wear process, oxide films are
ormed on the wear surface. Meanwhile, the generation of friction heat
eads to an increase in the formation rate of oxide films. However, the
ormation rate of oxide films is lower than the removal rate, so a portion
f clad layer is spalled off and abrasive chips are formed. Among them,
art of chips accumulate near two end points of wear track. part of
hips roll and slide between grinding ball and clad layer, which leads
o the fracture of oxide films and the formation of grooves. When the
hips roll and slide between grinding ball and clad layer, a portion of
hips collapses and forms smaller chips under the action of friction force
nd load. At the same time, some of chips are embedded in the wear



W. Xi, B. Song, Z. Sun et al. Optics and Lasers in Engineering 161 (2023) 107330 

Fig. 12. Mapping scanning results of wear morphology with different remelting power and remelting times. 
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s  
urface. In addition, a portion of clad layer adheres to grinding ball and
hen is sheared away, which result in relatively smooth planes on the
ear surface. The smooth planes are oxidized and oxide films are formed
nder the promotion of friction heat. Therefore, abrasive wear, surface
atigue wear, adhesive wear and oxidative wear occur during the wear
rocess. 

Figs. 14 and 15 show the cross-sectional wear morphology, wear
idth and wear depth of 𝐿 

0 
0 clad layer and the clad layer after remelt-

ng with different remelting power and remelting times, respectively.
rom Figs. 14 (a) and 15 , it can be seen that the wear width and wear
epth of the 𝐿 

1 clad layer are smaller than those of the 𝐿 

0 clad layer.
650 0 a  

8 
owever, the wear width and wear depth of both the 𝐿 

1 
750 and 𝐿 

1 
850 clad

ayers are greater than those of the 𝐿 

0 
0 clad layer. Combined with the

est results of the average microhardness of each clad layer, the average
icrohardness of clad layer 𝐿 

1 
650 is higher than the average microhard-

ess of clad layer 𝐿 

0 
0 . The average microhardness of the 𝐿 

1 
750 and 𝐿 

1 
850 

lad layers is lower than the average microhardness of the 𝐿 

0 
0 clad layer.

hen the wear parameters are kept constant, the decrease in the aver-
ge microhardness leads to an increase in the volume of the grinding ball
mbedded in the clad layer. As a result, the wear width and wear depth
how a tendency to increase. In addition, it can be seen from Figs. 14 (a)
nd 15 that when the remelting time is kept constant, the wear width
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Fig. 13. Schematic diagram of the wear mechanism. 

Fig. 14. Cross-sectional wear patterns of the clad layer without remelting and after remelting with different remelting times and remelting power. 

Fig. 15. Wear width and wear depth of the clad layer without remelting and 
after remelting with different remelting times and remelting power. 

a  

o  

r  

i  

1  

w  

c  

t  

l  

t  

i  

w  

v  

L  

p
 

e  

F  

t  

𝐿  

e  

d  

b  

s  

W  

i  

o  

t  

r  

c  

t  

i  

t  

p  

w

nd wear depth increase with the increase of remelting power. The trend
f their changes is opposite to that of the average microhardness. This
esult shows that the decrease in the average microhardness leads to an
ncrease in the wear width and wear depth. From Figs. 14 (b), (c) and
3 , it can be seen that when the remelting power is kept constant, the
9 
ear width and wear depth also show an increasing trend with the in-
rease of remelting time. This phenomenon is caused by the decrease of
he average microhardness with the increase of remelting time, which
eads to the increase of the wear width and wear depth. At the same
ime, it can be seen from Figs. 14 and 15 that an increase in the remelt-
ng time or remelting power leads to an increase in the wear width and
ear depth. However, changing the remelting time does not change the
ariation pattern of wear width and wear depth with remelting power.
ikewise, changing the remelting power does not change the variation
attern of wear width and wear depth with the remelting time. 

Fig. 16 shows the wear rates of the 𝐿 

0 
0 clad layer and the clad lay-

rs after remelting with different remelting power and remelting times.
rom Fig. 16 (a), it can be seen that when the remelting time is 1,
he wear rates of the clad layers are arranged in the following order:
 

1 
650 < 𝐿 

0 
0 < 𝐿 

1 
750 < 𝐿 

1 
850 . This result indicates that the decrease in the av-

rage microhardness leads to an increase in the wear width and wear
epth, which results in an increase in the wear rate. In addition, it can
e seen from Fig. 16 (a)–(c) that when the remelting time is kept con-
tant, an increase in remelting power leads to an increase in wear rate.
hen the remelting power is kept constant, the wear rate shows an

ncreasing trend with the increase in the remelting time. This trend is
pposite to the trend of the average microhardness and is the same as
he trend of the wear width and wear depth with remelting power and
emelting time. This result indicates that the average microhardness de-
reases with increasing remelting power or remelting time, which leads
o a deterioration of wear resistance. However, changing the remelt-
ng time does not have a significant effect on the variation pattern of
he wear rate with remelting power. Similarly, changing the remelting
ower does not have a significant effect on the variation pattern of the
ear rate with the remelting time. 
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Fig. 16. Wear rate of the clad layer without remelting and after remelting with different remelting times and remelting power. 
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. Conclusions 

Laser remelting tests with different remelting power and remelting
imes were conducted on YCF102 clad layer respectively, and the fol-
owing conclusions were obtained: 

1) An increase in the remelting time or remelting power leads to an
increase in clad width, melting pool depth and dilution rate as well
as a decrease in clad height. The clad height of the 𝐿 

1 
650 clad layer

is higher than that of the 𝐿 

0 
0 clad layer, while the clad height of the

clad layer after remelting with other conditions is lower than that of
the 𝐿 

0 
0 clad layer. The clad width, melting pool depth and dilution

rate of the clad layer after remelting with different remelting time
and remelting power conditions are greater than those of the 𝐿 

0 
0 clad

layer. 
2) The increase of remelting time or remelting power leads to the de-

crease of average microhardness, increase of wear rate and deterio-
ration of wear resistance, but it does not change the trend of average
microhardness, wear rate and wear resistance with remelting power
or remelting time. 

3) The increase in the remelting time or remelting power does not
change the wear forms of the clad layer, but leads to an increase
in the volume of the grinding ball embedded in the clad layer and a
more intense wear of the clad layer. 

4) Under 𝐿 

1 
650 condition, the clad layer has not only high microhard-

ness, but also good wear resistance as well as low wear rate. 
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