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The aim of this paper is to investigate the effect of laser re-melting on the morphology and mechanical properties 
of cladding layer under different laser power conditions. In this study, the laser re-melting tests were performed 
on YCF102 cladding layer with different laser power, and the morphology and microstructure of each cladding 
layer were researched by optical microscopy. Meanwhile, the microhardness and wear resistance of YCF102 
cladding layer after laser re-melting with different laser power were studied. The results show that laser re- 
melting can not only improve the morphology of cladding layer, but also improve the microhardness and 
wear resistance of cladding layer. However, the excessive re-melting laser power leads to the increase of the 
number of defects in the cladding layer and the deterioration of the mircrohardness and wear resistance of 
cladding layer. When the re-melting laser power is 650 W, the cladding layer not only has a small surface 
roughness and no defects, but also has good mechanical properties.   

1. Introduction 

Laser cladding is a kind of surface modification technique in which 
the alloy powder is rapidly melted on the surface of substrate by laser 
irradiation. With the advantages of small heat-affected zone, well 
metallurgical combination with substrate and low cost, it has attracted 
more and more attention [1–3]. Currently, laser cladding has been 
applied in aerospace, repair of damaged machine tools and automotive 
industry [4,5]. However, many problems still exist in the application of 
laser cladding, and forming quality is one of the key factors restricting 
the development of laser cladding. 

In the laser cladding process, there are many defects in forming 
quality such as incomplete melting powder, pores and cracks. In order to 
improve the forming quality, some researches aiming at the relationship 
between process parameters and forming quality of laser cladding [6–8] 
were conducted. Some scholars also improved the forming quality of 
laser cladding by adding ceramic phase, changing material form and 
controlling heat rate [9–11]. Although there are many different methods 
to improve the forming quality, the effect is not obvious. As a new 
technology to improve the forming quality of laser cladding, laser re- 
melting has attracted more and more attention. Yu et al. [12] studied 
the effect of laser re-melting strategy on the surface roughness and 
porosity of cladding layer, and the results showed that the optimization 

of laser re-melting strategy can effectively reduce the surface roughness 
of cladding layer. Laser re-melting can also eliminate the number of 
pores in the cladding layer, shorten the process cycle and achieve the 
purpose of reducing cost of secondary operations [13,14]. In addition, 
the microstructure and phase composition of re-melted cladding layer 
were also studied. Sun et al. [15] presented that the microstructure of 
cladding layer after laser re-melting is more uniform and finer, and has a 
significant impact on the element distribution in the cladding layer. Gao 
et al. [16] studied the relationship between re-melting laser scanning 
speed and microstructure of cladding layer, and the results showed that 
the increase of re-melting laser scanning speed leads to the decrease of 
the area and crystalline size of refined zone. Cai et al. [17] confirmed 
that laser re-melting has no effect on the phase composition of the Ni-Cr- 
Co-Ti-V high entropy alloy coating, but the wear resistance is improved. 
In addition, Yao et al. [18] confirmed that laser re-melting has a sig-
nificant effect on the surface mechanical properties. Moreover, Balla 
et al. [19] confirmed that laser surface melting can significantly improve 
the surface hardness and wear resistance. Laser surface melting can also 
improve the surface hardness of AISI 410 stainless steel [20]. Zhou et al. 
[21] studied the effect of laser re-melting on the corrosion resistance and 
microhardness of in-situ WC reinforced Fe-based amorphous composite 
coating, and the results showed that the re-melted composite coating has 
good corrosion resistance and higher microhardness. Xin et al. [22] 
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presented that laser re-melting can enhance the bonding between 
adjacent layers, thereby improving the tensile strength and yield 
strength. 

The current research mainly focuses on the comparison and analysis 
of the morphology and properties of re-melted and unremelted cladding 
layers, while the research on the forming characteristics and mechanical 
properties of re-melted cladding layers after different laser power re- 
melting should also be addressed. Therefore, the forming characteris-
tics and mechanical properties of YCF102 coating after re-melting under 
different laser power conditions were systematically explored and 
analyzed. 

2. Experimental details 

The laser cladding system of this research consists of an IPG fiber 
continuous wave pulsed laser generator (YLR-1000W), a vertical 
machining center (VMC1100P), a set of water-cooling system and 
powder feeding system. The laser generator is produced by Anhui 
Yuchen Laser Technology Co., Ltd., with the spot diameter of 1.1 mm. 
The laser wavelength used in the experiments ranges from 1070 nm up 
to 1080 nm. The laser generator is installed on vertical machining 
center, and the powder feeding mode is coaxial powder feeding as 
shown in Fig. 1. The injection angle of powder is 31.41◦. In order to 
ensure the performance of cladding layer and the well metallurgical 
bond between cladding layer and substrate, the distance from the laser 
nozzle to the substrate is fixed at 16 mm. Due to high processing tem-
perature during laser cladding, alloy powder and substrate undergo 
oxidation reaction, resulting in a decrease in the properties. To avoid 
this phenomenon, argon gas is used as shielding gas and powder feeding 
gas, and the powder is flowed by 6 l/min of the argon gas to form a 
powder flow. 

Considering AISI1045 steel is often used in machine tool parts, the 
substrate is an AISI1045 steel plate of medium carbon content with the 
dimensions of 110 mm (Length) × 120 mm (Width) × 10 mm (Thick-
ness). To ensure the surface of substrate is flat and clean, the surface of 
substrate is ground with metallographic sandpaper. Then, the impurities 
and oil stains on the surface are removed by acetone and alcohol. 
YCF102 is an Fe-based alloy powder (100–270 mesh) produced by Anhui 
Yuchen Laser Technology Co., Ltd. Because of its low cost, high hardness 
and wear resistance, similar linear expansion coefficient and well 

metallurgical bond with the substrate, it is widely used in the field of 
repairing machine tool damaged parts. The composition of YCF102 alloy 
powder and substrate material is shown as Table 1. 

According to the previous experimental results, when the laser 
power is from 550 W to 850 W, the cladding layer has good morphology. 
Therefore, 550 W to 850 W were used as the re-melting laser power. The 
process parameters of laser cladding and re-melting are shown in 
Table 2. In the process of laser re-melting, argon gas was still used as 
shielding gas. The spot diameter is 1.1 mm, and the defocusing amount 
is 16 mm. After the experiments, the cross section of each sample was 
obtained by wire electrical discharge machining (WEDM), and the top 
layer of each sample was removed by grinding machine for wear resis-
tance tests. The cross section of each sample was ground by metallo-
graphic sandpaper, and then it is polished by a polisher. Finally, the 
microstructure of each sample was obtained after it was etched by aqua 
regia. 

Surface morphology and microstructure of each sample was 
researched by optical microscopy (OM). In terms of mechanical prop-
erties, the micro-hardness of each sample was measured by MH-500 
Micro-hardness tester with a load of 10 N and a loading time of 10s. 
In addition, the wear resistance of each sample was measured by MFT- 
4000 multifunctional material surface performance tester, and wear 
track was measured by Olympus 3D measuring laser microscope 
(OLS4100). To avoid the large error of weighting method before and 
after wear test, the wear weight was calculated by the volume function. 

Fig. 1. Schematic diagram of laser cladding and coaxial powder feeding.  

Table 1 
Chemical composition of the YCF102 alloy powder and AISI1045 steel (wt%) (provided by manufacturer).  

Powder model C Si Mn Ni Cr N Mo Nb Cu P,S Fe 

YCF102 0.05 0.9 0.4 6.5 15.5 0.22 1.0 0.31 – – Bal. 
AISI1045 steel 0.42–0.5 0.17–0.37 0.5–0.8 ≤0.25 ≤0.25 – – – ≤0.25 ≤0.045 Bal.  

Table 2 
The process parameters of laser cladding and re-melting.  

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)  

1  750  7  4 – –  
2  750  7  4 550 4  
3  750  7  4 650 4  
4  750  7  4 750 4  
5  750  7  4 850 4  
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3. Results and discussion 

3.1. Surface morphology 

Fig. 2 shows the surface morphology of different samples. It is 
noticed that the morphology of each sample is obviously different. As 
shown in Fig. 2(a), there are many incompletely melted particulate alloy 
powders on surface of YCF102 cladding layer without laser re-melting, 
resulting in a rougher surface. Possible reasons of this phenomenon 
may be concluded as: (1) Due to a part of alloy powder collides in the 
laser beam, the part of alloy powder is irradiated for a short time in the 
laser beam, which leads to the part of alloy powder to be not completely 
melted and adhered to the cladding surface. (2) A part of alloy powder is 
still fallen on the surface of cladding layer after the laser beam moves 
away. This phenomenon is caused by short laser irradiation time for this 
part of alloy powder in the laser beam. In addition, the overlapping 
marks between each cladding track are obvious. Due to a longer distance 

between the overlapped region and the focus of laser beam, the alloy 
powder of this region is subjected to a relatively weak laser irradiation, 
which results in a less amount of powder melted in this area. Fig. 2(b), 
(c), (d) and (e) show the surface morphology of cladding layer after 
different laser power re-melting. It is noticed that the incompletely 
melted alloy powders on surface of cladding layer disappear. Moreover, 
the overlapping marks between each cladding track are less obvious, and 
the surface of cladding layer is smoother. The cause of this phenomenon 
can be concluded as: when the laser beam passes through the surface 
again, the cladding layer and the incompletely melted alloy powder are 
melted and solidified again, resulting in a smoother cladding layer. 

Fig. 3 shows the three-dimensional optical profile of the cladding 
layer with different samples. As shown in Fig. 3(a), the surface of the 
cladding layer without laser re-melting is very rough. However, the 
surface of cladding layer after different laser power re-melting is smooth 
as shown in Fig. 3(b), (c), (d) and (e). As shown in Fig. 4, the surface 
roughness of cladding layer after different laser power re-melting is 

Fig. 3. Three-dimensional optical profile of the cladding layer of (a) sample No.1, (b) sample No.2, (c) sample No.3, (d) sample No.4 and (e) sample No.5.  

Fig. 2. The surface morphology of cladding layer of (a) Sample No.1; (b) Sample No.2; (c) Sample No.3; (d) Sample No.4; (e) Sample No.5.  
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lower than that without laser re-melting. However, the surface rough-
ness of cladding layer does not decrease with the increase of laser power, 
but takes on a tendency of decreasing first and then increasing. The most 
probable cause of this phenomenon is that laser re-melting can indeed 
re-melt the incompletely melted parts in the cladding layer and the 
incompletely melted particulate alloy powders on the surface, leading to 
the lower surface roughness. However, with the increase of laser power, 
the heat energy input into the cladding zone increases, which leads to 
the increase of temperature gradient. Therefore, the residual stress in-
creases [23]. Moreover, the residual stress in the coating area is mainly 
compressive residual stress, which increases significantly along the 
transverse, longitudinal and normal directions with the increase of the 
laser power [24]. Therefore, as the residual compressive stress increases, 
the warpage and the surface roughness of the cladding layer increase. 

3.2. Dilution rate of different samples 

Dilution rate is a key factor to measure the properties of the cladding 

layer: 

λ =
D

(H + D)
(1)  

where H is the clad height, and D is the melting pool depth. 
As shown in Fig. 4, the dilution rate of cladding layer after different 

laser power re-melting is higher than that without laser re-melting, and 
the dilution rate increases if re-melting laser power increases. This 
phenomenon is caused by the increase of re-melting laser power, and the 
fusion between cladding layer and substrate is more sufficient, resulting 
in an increase of dilution rate. Therefore, laser re-melting is not suitable 
for heat sensitive materials. 

3.3. Cross section morphology of different samples 

Fig. 5 shows the cross section morphology of different samples. As 
shown in Fig. 5(a), there are cracks and defects in the cross section of the 
cladding layer without laser re-melting, and there are many “grooves” 
between each cladding track. This phenomenon is due to the fact that 
the laser cladding is a process of rapid melting and solidification. High 
residual stress often exists in the cladding layer, leading to the formation 
of the cracks and pores. Moreover, the overlapping zone is at the edge of 
the laser beam with lower energy density, and less energy is obtained 
from the laser, resulting in less melted powder than other zones. 
Therefore, there exists grooves in the overlapping zone of sample No.1. 
As seen from Fig. 5(b) and (c), when the re-melting laser power is 
changed from 550 W to 750 W, no cracks and defects are observed in the 
cross section of cladding layer. However, when the re-melting laser 
power is 850 W, the cracks exist again in the cross section. This phe-
nomenon is due to the increase of temperature gradient with the in-
crease of re-melting laser power, which leads to the increase of residual 
stress. As a result, cracks appeared in the cladding layer of Sample No.5. 
Moreover, it is indicated that laser re-melting can eliminate defects in 
the cladding layer. However, excessive re-melting laser power causes 
defects to form again in the cladding layer. 

3.4. Microstructure of different samples 

Fig. 6 shows a part of the cross section morphology of different 
samples. As shown in Fig. 6(a), (e) and (i), a large number of equiaxed 

Fig. 5. Cross section morphology of (a) sample No.1, (b) sample No.2, (c) sample No.3, (d) sample No.4 and (e) sample No.5.  

Fig. 4. Surface roughness and dilution rate of cladding layer with 
different samples. 
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Fig. 6. Microstructure of (a) top of sample No.1, (b) middle of sample No.1, (c) Bottom of sample No.1, (d) heat affected zone of sample No.1 (e) top of sample No.3, 
(f) middle of sample No.3, (g) Bottom of sample No.3, (h) heat affected zone of sample No.3 (i) top of sample No.5, (j) middle of sample No.5, (k) Bottom of sample 
No.5, (l) heat affected zone of sample No.5. 
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crystals are formed in the top of the cladding layer. Shielding gas and 
powder feeding gas have little effect on heat dissipation, resulting in the 
growth speed of crystal nucleus in all directions is basically same. 
Therefore, the phenomenon mentioned earlier occurs. Fig. 6(b), (f) and 
(j) show the middle of the cross section morphology of different samples, 
and a large number of uniform equiaxed crystals are formed in the 
middle of the cladding layer. Since the distance between the middle of 
the cladding layer and the substrate is relatively long, and the temper-
ature gradient is relatively small. The growth speed of crystal nucleus in 
all directions is basically same. Therefore, a large number of uniform 
equiaxed crystals are formed in the middle of cladding layer. As shown 
in Fig. 6(c), (g) and (k), a large number of columnar crystals are formed 
in the bottom of cladding layer. The cause of this phenomenon is that the 
distance between the bottom of cladding layer and substrate is close, and 
the temperature gradient is large, leading to a large number of columnar 
crystals. As shown in Fig. 6(d), (h) and (l), during the laser cladding and 
laser re-melting process, the substrate near the bottom of melting pool is 
heated to the recrystallization temperature. When the substrate is cooled 
to room temperature, the martensite transformation occurs to form lath 
martensite. In summary, with the increase of re-melting laser power, the 

grain size in each zone of cladding layer changed, but the grain type did 
not change. It is indicated that re-melting laser power has little effect on 
the distribution pattern of the crystals in the cladding layer. 

3.5. Mechanical properties of different samples 

Fig. 7 shows the microhardness distribution along the cross section 
depth of different samples. As shown in Fig. 7, the average microhard-
ness of the coating with different samples are followed in the given 
order: sample No.3(543HV1.0) > sample No.2(535HV1.0) > sample No.1 
(526HV1.0) > sample No.4(518HV1.0) > sample No.5(515HV1.0), and 
the average microhardness of sample No.3 coating is 2.3 times that of 
substrate. According to the results of dilution rate and microstructure of 
different coatings, when the re-melting laser power is increased from 
550 W to 650 W, the dilution rate shows a downward trend and the 
defects in the coating disappear. Moreover, the size of crystal grains 
inside coating becomes smaller. Therefore, due to the effect of fine-grain 
strengthening, the microhardness of coating with sample No.1, 2 and 3 is 
increased. When the re-melting laser power is increased from 750 W to 
850 W, the dilution rate shows an upward trend and defects in the 
coating appear. At the same time, the size of crystal grains inside coating 
becomes larger. It may be due to heat accumulation under laser re- 
melting. When the re-melting laser power is relatively high, the accu-
mulated heat makes the temperature difference of coating smaller and 
leads to the decrease of cooling rate, resulting in a coarse crystal phase. 
Therefore, the microhardness of the coating with sample No.4 and 5 
shows a downward trend. In addition, Fig. 7 shows that the average 
microhardness of heat affected zone (HAZ) is significantly higher than 
that of substrate, which may be due to the effect of fine-grain 
strengthening and solid solution strengthening. 

Wear resistance is one of the most important macroscopic features of 
cladding layer. Therefore, the wear resistance of each sample was 
evaluated by the friction coefficient, wear morphology and wear rate. In 
order to objectively reflect the wear resistance of each sample, each 
sample was tested under the same experimental conditions. Fig. 8 shows 
the friction coefficient curves of different samples. It is noticed that the 
friction coefficients of different samples fluctuate greatly at the begin-
ning, but the friction coefficients of different samples tend to be stable 
after a period of wear. In this paper, the friction coefficient of each 
sample is selected from 30 min to 40 min to calculate the average fric-
tion coefficient. As shown in Figs. 8 and 9, the average friction co-
efficients and wear rate of different samples are both followed in the 
given order: sample No.3 < sample No.2 < sample No.1 < sample No.4 
< sample No.5. When the re-melting laser power is 650 W, the wear rate 
and the average friction coefficient of the cladding layer are minimum 
value, which shows that the wear resistance of sample No.3 is the most 

Fig. 8. Friction coefficient curves of different samples.  Fig. 9. The wear rate and average friction coefficient of different samples.  

Fig. 7. Microhardness distribution along the cross section depth of coating.  
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Fig. 10. Wear morphology of (a) sample No.1, (b) sample No.2, (c) sample No.3, (d) sample No.4 and (e) sample No.5.  

Fig. 11. Three-dimensional wear morphology of (a) sample No.1, (b) sample No.2, (c) sample No.3, (d) sample No.4 and (e) sample No.5.  
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excellent. This result is due to the fact that the cladding layer of sample 
No.3 has the highest microhardness and no defects in the cladding layer. 
In addition, the average friction coefficient of sample No.3 is 0.76 times 
than that of sample No.5, and the wear rate of sample No.3 is 0.63 times 
than that of sample No.5, which indicates that the re-melting laser 
power has a great effect on the wear resistance of the cladding layer. 

Figs. 10 and 11 show the wear morphology of each sample. As shown 
in Figs. 10 and 11, there are many grooves, smooth wear surfaces, 
spalled pits and cracks on the wear morphology, which indicates that the 
wear form of each sample is the combination of abrasive wear, adhesive 
wear and fatigue wear. In addition, as shown in Figs. 10 and 12, the wear 
depth and width decrease first and then increase, wherein the wear 
depth and width of sample No.3 is the smallest and sample No.5 is the 
largest. When the load is remaining constant, the crushed surface area 
decreases if microhardness increases. Therefore, when the microhard-
ness tends to increase, the wear depth and width tend to decrease. 

4. Conclusions 

In summary, re-melting under different laser power conditions was 
carried out on YCF102 cladding layer, and the morphology and me-
chanical properties were studied. Re-melting laser power has little effect 
on the distribution of the crystals in the cladding layer, but it causes 
grain refinement. In addition, laser re-melting can not only improve the 
surface morphology of cladding layer, but also reduce the number of 
defects and improve the mechanical properties. However, excessive re- 
melting laser power leads to the increase of dilution rate and the for-
mation of defects, which result in the degradation of the performance. 
When the re-melting laser power is 650 W, the microhardness of clad-
ding layer is 2.3 times than that of the substrate, and the average friction 
coefficient and wear rate are 0.76 times and 0.63 times than that of 
YCF102 cladding layer after re-melting at the laser power of 850 W 
respectively. 
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