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A B S T R A C T   

Synchronous powder-feeding underwater laser cladding(SULC) has a great application prospect in underwater 
in-situ manufacturing/remanufacturing due to its advantages of small heat input to the substrate and adjustable 
of additive materials. In this study, the iron-based planar coating with no phase transformation and dilution zone 
less than 8 μm was prepared on A32 deck steel by SULC using self-designed powder-feeding nozzle and opti-
mizing process parameters. The powder-feeding gas flow rate directly determines the size and stability of the 
local dry region above the deposition point, and the laser power and powder-feeding rate are the key factors to 
compensate the laser energy dissipation. Due to the influence of local temperature gradient in SULC, the coating 
has obvious solidification structure distribution. Columnar grains are mainly distributed upon the trough of 
fusion line, while dendrites and equiaxed grains are distributed on both sides caused by the temperature gradient 
becomes smaller and the direction of heat flow changes due to the external environment. In the upper region of 
SULC coating the equiaxed grains tend to grow up with the increase of laser power. To gain better scientific 
understanding on differences between atmospheric laser cladding and SULC, the numerical simulation was used 
to reveal the temperature field changes and coating formation under SULC working parameters. The results show 
that under the same laser power, due to the forced cooling of larger gas flow and external water environment in 
SULC process, there is a larger temperature gradient at the deposition point, and the temperature drop rate of the 
coating and the substrate is greater. In the microstructure, it is shown as columnar grains has a greater direc-
tional growth trend. With the increase of laser power, this phenomenon becomes more obvious.   

1. Introduction 

Underwater additive manufacturing and in-situ repair have great 
significance for the daily maintenance and emergency repair of ships, 
energy pipelines and underwater facilities. Moffatt and Thomas (2017) 
studied in rapid-repair and indicated that rapid-repair concretes are 
currently used to repair structures such as bridge decks, substructure 
elements on bridges. High-efficiency underwater additive 
manufacturing and low-cost in-situ repair techniques have gradually 
become mainstream and attracted the attention of many researchers. 
Abbas and Shafiee (2020) suggested that improving the efficiency and 
effectiveness of maintenance management strategies is imperative. 

Seawater as a complex corrosive environment is prone to chemical, 
electrochemical, and biological corrosion. Submarine facilities are 
exposed to high-pressure and low-temperature environments for a long 
time, which makes it more difficult for rapid manufacturing and repair 
in underwater situations. Song et al. (2004) and Yan et al. (2012) 

reported effects of the seawater on underwater structure. Gonzalez et al. 
(2016) and Morita et al. (2006) pointed out that underwater welding 
and underwater plasma spraying are the two most common techniques 
of underwater in-situ repair and remanufacturing recently. Underwater 
plasma spray coatings are even denser than air environment, which can 
be used to prepare high-performance ceramic coatings as well, but the 
process parameters are extremely demanding, making it difficult to 
maintain the repeatability of the process. Joshi et al. (2016) indicated 
that underwater welding as in-situ repair can be further divided into 
underwater wet welding and underwater local dry welding. Underwater 
welding can improve component quality, but moisture and high cooling 
rates may reduce weld quality, reported by Rowe and Liu (2001). In 
addition, Wang et al. (2019) also pointed out that high porosity is a 
serious problem for the melt forming process, and the underwater arc 
stability of flux-cored wires is difficult to guarantee. Existing underwater 
in-situ repair and remanufacturing techniques cannot fulfill industrial 
requirements. 
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Laser cladding, which is a kind of planar additive strategy, is widely 
used in surface repair and remanufacturing in recent years for its wide 
range of coating selection, small thermal effect on the substrate, and 
easy to automated production, reported by Cao et al. (2020); Gao et al. 
(2007); Fiocchi et al. (2020). The introduction of laser additive 
manufacturing into underwater in-situ repair can effectively take 
advantage of the laser’s high energy density and low coating dilution 
rate. In recent years, researchers have used wire feeding and preset 
powder methods for underwater laser cladding studies. Hino et al. 
(2009) attempted to employ underwater laser cladding technique to the 
maintenance of radioactive containers and internal components of nu-
clear power plants through wire feeding and achieved certain results. 
Feng et al. (2018); (2019) studied the shape controllability of under-
water laser cladding 316 L and NAB coatings by the method of preset 
powder, and the coating was protected by the protective layer and 
volatile powder. However, these two methods still have limitations in 
practical applications. The preset powder method is limited by the ge-
ometry of the additive component, and at the same time, it increases the 
operation steps and process difficulty. The wire feeding method requires 
large heat input, which is easy to cause damage to the heat-sensitive 
metal substrate. 

As the rapid change of temperature during the laser cladding process, 
it is difficult to figure out the influence law by the experimental method 
alone, while many researchers research laser cladding through numer-
ical simulation. Seok et al. (2019) presented a methodology to evaluate 
the local and overall heat transfer characteristics in a short period un-
dergoing the SLM process. Zuo et al. (2019) carried out research on the 
thermal behavior and grain evolution of 24CrNiMoY alloy steel in laser 
cladding through a three-dimensional model. Du et al. (2018) studied 
the thermal behavior of Inconel 625 and its effect on the grain evolution 
during laser metal deposition. The above researches mainly focus on 
temperature change by loading heat source on the model in atmosphere. 
However, the temperature field of laser cladding in special environ-
ments, especially the underwater laser cladding has not been studied 
yet. 

Based on the drawbacks of the existing techniques and the advan-
tages of laser cladding, synchronous powder-feeding underwater laser 
cladding technique(SULC) was studied in this paper. While maintaining 
metallurgical bonding, the process steps are simplified in SULC as well 
as the heat input of the laser to the substrate is reduced, and the coating 
dilution rate is further decreased. The performance was verified by 
electrochemical analysis. Through the analysis of the grain and phase 
structure of the coatings, the characteristics of synchronous powder- 
feeding underwater laser cladding were further explained. 

2. Material and method 

Arrayago et al. (2019) researched steel used in structural material, 
A32 deck steel is used for substrate in this experiment for its widely used 
as a structural material in sea facilities. In this paper, the cladding 
powder is modified 434 ferritic stainless steel, the compositions are 
shown in Table 1. The experiment uses a 2.5 kW semiconductor laser 
with fiber coupled output as the heat source, the shape of laser spot is 
circular with a Φ2.5 mm focus diameter, the laser beam profile is a 
Gaussian shaped with the focal length of the laser beam is 199 mm. A 
homemade nozzle used in SULC method, improved the front-end 

structure to displace the local water thus promoting the powder aggre-
gation and deposition. The substrate and the front end of the 
powder-feeding nozzle are completely immersed in water, and the 
traversing device is controlled by a robot. Fig. 1 shows a schematic di-
agram of the experiment equipment. 

To explore the characteristics of SULC coatings, cross-sectional mi-
crostructures were examined by scanning electron microscopy (SEM; 
MIRA3-LMH; TESCAN, Czech Republic). Metallographic etching of 
coatings was carried out by using aqua regia solution to highlight the 
grain structure. Analysis of internal cracks and coatings corrosion 
resistance by CS310 electrochemical workstation (Corrtest Instruments 
Co., Ltd, Wuhan, China). 

3. Experimental results 

3.1. SULC coating macro morphology and performance 

Table 2 shows the experimental parameters for the single-pass of 
SULC, and the single-pass process is instructive to planar structures and 
can further form three-dimensional additive structures. The parameters 
different from atmospheric laser cladding reflects unique technical 
characteristics of SULC and can be shown in the microstructure of the 
component. In this experiment, Argon was used as the protective gas and 
the powder-feeding gas. The flow of the protective gas was 1.3m3/h, the 
pressure of the powder-feeding gas was 0.4Mpa, and the laser traverse 
speed was 20 mm/s. Fig. 2 shows the macro photos and cross-section 
SEM images of single-pass SULC iron-based coating. 

The morphology obtained by SULC with the same parameters of laser 
cladding in atmosphere is shown in Fig. 2(a). Under the same parame-
ters, it was found from the cross-section image that no cladding was 
formed. Meanwhile, since the poor corrosion resistance of A32 deck 
steel, the surface is severely oxidized and becomes yellow when the 
cladding is not formed underwater, cladding did not form under the 
parameters of (b)(c) neither. The powder-feeding gas flow rate was 
further improved in(d), (e), (f). It can be seen from the cross-sectional 
photos that a thin iron-based cladding with a thickness of 
20 μm–60 μm is formed on the substrate. Due to the attenuation effect of 
the underwater environment on the laser and the divergence phenom-
enon of the powder stream in the water, the thin cladding layer(d–f) has 
a low dilution rate on the substrate. The basic reason is that the heat 
input of the laser to the deposition spot is mostly absorbed by the 
“smoke” formed by water and powder, and fails to form a concentrated 
heat source. The energy input by the laser into the powder stream de-
creases, and reduced in the degree of powder melting, which results in a 
more unidirectional scaly shape on the surface in the underwater single- 
pass cladding. By increasing the flow of powder feeding gas to reduce 
the divergence of the powder and the blocking effect of the laser beam 
by the water environment, a better quality coating is formed as shown in 
Fig. 2(g)(h). According to the cross-sectional image, the cladding 
thickness reaches 300 μm–400 μm. 

It can be seen from Fig. 2(h) and (i) that further increasing the 
powder-feeding gas flow rate will not improve the quality of the clad-
ding but the surface of the coating showing a similar morphology to that 
the flow rate was insufficient. This phenomenon indicating that the 
powder did not absorb enough heat to melt in these two conditions. 
Although increasing the gas flow can reduce the local water content, it 

Table 1 
Composition of A32 substrate and Iron-based powder.  

Iron- based powder C Cr Si Mo Ni Mn Fe  

<0.13 18.96 1.18 0.52 0.94 0.36 ——   

A32 deck Steel C Si Mn P S Als Nb Fe  

0.08~0.13 0.3~0.4 1.0~1.3 ≤0.035 ≤0.035 ≥0.010 0.02~0.04 ——  

Y. Liu et al.                                                                                                                                                                                                                                      
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will seriously affects the continuity of the powder stream and its 
coupling efficiency with laser beam. At the same time, excessive airflow 
will cause particles other than the powder convergence point to be 
drawn into the deposition position, absorbing laser energy and further 

reducing laser efficiency. Fig. 3 shows the cross-sectional morphology of 
the single-pass cladding, no penetrating crack but a small amount of 
non-penetrating microcracks initiate from the surface, shown in Fig. 3 
(c), the length is about 60 μm–100 μm. Through subsequent electro-
chemical tests, the coating still maintains the open circuit potentials 
(OCP) of the iron-based alloy(Fig. 3(d)) and the corrosion current den-
sity is lower than that of the substrate (Fig. 3(e)), proving that no 
penetrating cracks in the coating that affect the electrochemical per-
formance. Longitudinal cracks are mainly due to the transverse tensile 
stress generated while the process of solidification. Underwater cladding 
exhibits tensile stress on the upper layer and compressive stress on the 
lower layer, which in turn causes the coating to crack. The thermal 
expansion coefficient of the cladding is close to that of the substrate, and 
the degree of shrinkage during the solidification process of the two is 
close, no longitudinal cracks appeared at the bottom of the cladding. A 
good metallurgical bond is formed between the cladding and the sub-
strate and a clear boundary is observed. 

Compared with the single-pass cladding, underwater planar coating 

Fig. 1. Schematic and photo of SULC experiment (a)Schematic of experimental equipment(b) photos of synchronous powder-feeding underwater laser clad-
ding experiment. 

Table 2 
Experimental parameters for single-pass of SULC.  

Iron- 
based 

Powder-feeding gas flow rate 
(L/min) 

Laser Power 
(W) 

Powder-feeding rate 
(g/s) 

a 8 1200 0.175 
b 8 2000 0.175 
c 16 2000 0.175 
d 16 2000 0.263 
e 20 2000 0.263 
f 22 2000 0.263 
g 24 2000 0.263 
h 26 2000 0.263 
i 30 2000 0.263  

Fig. 2. Macro photos and cross-section SEM images of single-pass SULC iron-based cladding with different parameters (a-i) in Table 2.  
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is subjected to secondary thermal cycling due to the overlap, and the 
overall structure is more uniform. It can be seen from Fig. 4 that the 
surface of the underwater planar coating is relatively flat and has 
obvious overlap marks. Through partial enlargement of Fig. 4(a), a small 
number of defects parallel to the cladding direction can be found on the 
surface of the underwater planar coating. These pores are distributed in 
the overlapping region, which is mainly due to the existence of a small 
amount of moisture not exhausted by the powder-feeding gas, and the 
vaporized water on the edge of the high temperature molten pool on 
both sides of single-pass cladding during the overlap process. By 
adjusting the overlap rate of the planar coating, the water content at the 
overlap region can be effectively reduced and the parallel defects can be 
eliminated. Fig. 4(b) and its partial enlargement show the cross- 
sectional morphology of the underwater planar coating. The wave-like 

fusion line produced by the reciprocating motion of the laser beam 
can be clearly observed. The coating has no obvious cracks, but there is a 
small number of powders stick on the surface, which is similar to a 
single-pass cladding. The powder-feeding gas cannot make the last 
flying particles fall off from the high-temperature surface, make it 
cannot completely protect the surface. 

3.2. Analysis of the forming process of SULC cladding 

In the process of atmospheric laser cladding, the laser beam would 
produce a diffusion radiation transmission mechanism between metal 
particles, Gusarov and Kruth (2005); Wang et al. (2002) reported this 
mechanism also exists in SULC process. The gas-liquid two phase flow 
formed due to the entrainment of the local water by the gas flow 

Fig. 3. The cross-sectional morphology of the single-pass cladding(a) macrostructure SEM image (b) bottom region (c) upper region with cracks (d) open-circuit 
potential (OCP) and (e)polarization curve (PDP) of iron-based coatings. 

Y. Liu et al.                                                                                                                                                                                                                                      
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interferes with the powder stream trajectory, and the coupling position 
between the laser beam and the particles is shifted. The laser energy not 
only produces diffusion radiation transmission between the deposited 
particles, but the high-concentration particle smoke further absorbs 
energy, so that the heat input to substrate and particles is reduced. 
Ideally, the laser beam only loses a small amount of energy through calm 
and clean water. As the airflow forms a locally complex multiphase 
medium around the laser beam, the deviations and energy loss of laser 
beam will occur. Kwiecień (2018) studied the deflection of laser under 
the influence of air turbulence, Fu et al. (2020) explained laser intensity 
attributed to the absorption and scattering of gas molecules and aerosol 
particles by Beer-Lambert law. These factors can lead to a decrease in 
coating quality. Based on this, the water content in the multiphase 
medium above the deposition point can be reduced by increasing the 
powder-feeding gas flow. Increasing the airflow of the protective gas can 
avoid the divergence of the powder flow caused by increment of 
powder-feeding airflow, so that the laser and the powder still meet at the 
high concentration position of the powder stream. Reducing the working 
distance of the powder feeding nozzle can also reduce the local water 
content. At the same time, the number of effective particles can be 
increased by increasing the powder-feeding rate. 

Compared with underwater plasma spraying that requires a stable 
flame, and underwater cold spraying powered by high-speed airflow, 
reported by Liu et al. (2020), laser as heat source allows the particle to 
have more loose deposition conditions. The state of two-phase flow 
above the deposition point is still extremely affect the melting of par-
ticles, and the trajectory of the powder stream is also affected by the 
two-phase flow. From the above parameters of SULC, continuously 
increasing the powder feeding gas flow rate to eliminate the water above 
the deposition point will cause the powder stream disordered, which 
indicates that there is an optimal parameter between making the 
multiphase medium turbid and making the powder stream trajectory 
disordered. 

Through the analysis of experimental parameters and coating 
morphology, the powder-feeding gas flow rate is the most critical factor 
to ensure a good coupling between the SULC powder stream and the 
laser beam. The laser power and powder feeding rate are the key factors 
to compensate for the laser energy dissipation during the deposition, 
while protecting gas play a role in balancing underwater pressure and 
improving the quality of underwater coating. Fig. 5 shows the formation 

process of underwater cladding. Fig. 5(a) is SULC with in-air parameters, 
since the powder-feeding gas flow rate and the protecting gas flow rate 
cannot form a local dry region, the multiphase medium above the 
deposition point is too turbid, continuous coating cannot be formed. 
Fig. 5(b) is a schematic diagram after increasing the flow rate of pro-
tecting gas and powder-feeding gas. Due to the formation of the local dry 
region, the multiphase medium becomes diluted and coating can be 
formed. However, the number of particles that can be effectively 
deposited is reduced for changing gas flow rate, the coating thickness 
and quality are poor. Fig. 5(c) shows the optimal parameters formed by 
further increasing the laser power and powder-feeding rate. 

3.3. Analysis of SULC coating microstructure 

Fig. 6 shows the bottom of the cladding zone(CZ) of single-pass 
cladding etched with hydrochloric acid and nitric acid at a ratio of 1:3 
for 40 s, and its element distribution diagram obtained by energy 
dispersive spectrometer (EDS). From Fig. 7(a1), it can be seen from the 
bottom of the CZ that the solidification structure of the cladding has a 
vertical growth trend. The XRD of iron-based powder, in-air coating and 
SULC coating is shown in Fig. 6(c). The characteristic peaks of the three 
materials are basically the same, and the diffraction angles are slightly 
different due to the difference of the grain size in the coating and the 
influence of the residual thermal stress, Alam et al. (2019) researched 
the influence of the residual stress of the coating on the microstructure. 
The XRD image shows that the SULC coating has no phase trans-
formation. The cladding growth depends on the heat flow gradient in the 
solidification process. After the powder melted, it solidifies from the 
upper surface of the substrate, and the local temperature gradient at the 
bottom of the CZ points to the upper layer of the CZ. The iron-based alloy 
CZ grows in parallel from the substrate in the opposite direction of the 
heat flow. When the temperature is stable and the temperature gradient 
is unchanged, the iron-based alloy grows with columnar grain orienta-
tion and gradually appears dendritic morphology. After the temperature 
gradient is insufficient to maintain the directional growth of the struc-
ture or the fractured structure appears in the liquid phase region, den-
drites (Fig. 6(a1) yellow dotted) and more equiaxed grain structures 
(Fig. 6(a2) yellow dotted) appear locally, which is similar to laser 
cladding in the air. 

The thermal affected of the laser on the substrate is the main reason 

Fig. 4. Planar SULC coating (a)surface overlap morphology and (b)cross-section morphology of underwater coating.  

Y. Liu et al.                                                                                                                                                                                                                                      
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Fig. 5. Schematic diagram of key factors in SULC cladding formation (a) SULC with in-air parameters (b)SULC with increased gas flow rate of powder-feeding gas 
and protecting gas (c)SULC with optimal parameters. 

Fig. 6. Bottom morphology of cladding zone (a1)SEM image with columnar grains and dendrites grain (a2) SEM image with nondirective equiaxed grain and(b) 
element distribution of single-pass underwater cladding (c)XRD pattern of iron-based powder, in-air coating and SULC coating. 

Fig. 7. Etched cross-sectional morphology of underwater planar coating(a) upper region in cladding zone and (b)bottom region in cladding zone with distribution of 
different grains structure (b1)equiaxed grain region (b2)directional growth of columnar grain region (b3)dendritic structure in the bottom region. 

Y. Liu et al.                                                                                                                                                                                                                                      
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for the elemental dilution of the coating. In SULC process, laser power 
has been increased, but the forced cooling of the molten pool by the 
water environment and the blocking of the laser energy by the stronger 
powder stream caused by the larger powder-feeding gas flow will play a 
reverse role. The dilution effect of the coating cannot be directly man-
ifested. As the difference of Cr content between the CZ and the substrate 
is most obvious, the Cr content is used as a calibration for cross-section 
elemental dilution. The EDS result from Fig. 6(b) shows that the content 
of Cr element gradually decreases from the CZ to the substrate due to the 
dilution effect. The thickness of the transition layer in the metallurgical 
bonding area between CZ and the substrate is less than 8 μm. Compared 
with the conventional cladding transition layer, the SULC cladding 
maintains the characteristics of low dilution rate, and the element 
diffusion is not obvious at the interface. 

Fig. 7(a) shows the etched structure of the upper region near the 
surface of the SULC planar coating cladding zone(CZ). The solidification 
structure of the upper region of the CZ is mainly affected by the forced 
cooling of the external water environment and the element segregation 
in the iron-based alloy. The overall structure is equiaxed grains, which is 
similar to the upper structure of the atmospheric cladding CZ. Since the 
grain nucleus temperature is higher than the melt temperature during 
equiaxed grains growth, it also confirms that the upper melt of CZ has a 
large degree of undercooling. 

Fig. 7(b) is grain growth of bottom region in CZ. From the figure, it 
can be found that the growth mode of the grains is not uniform, different 
types of grain can be observed in this region. Fig. 7(b1) is the obvious 
equiaxed grain region. During the solidification of CZ, no excessive 
temperature difference between the substrate and the bottom of CZ, and 
it is difficult to form a surface equiaxed grain region, while the region 
shown in (b1) is central equiaxed grain evolved from cellular grain. This 
region usually appears in the upper and middle region of coating. The 
growth of primary columnar grains is affected by the forced cooling and 
the multiphase flow formed by the water environment and powder 
stream during the solidification in SULC process. Branches that fall off 
the dendrites grow independently, and their solidification heat latent is 
radially derived from the supercooled liquid to form equiaxed grains 
region. Fig. 7(b2) shows the directional growth of columnar grain re-
gions at the bottom of the SULC planar cladding zone(CZ). It can be seen 
from the figure that it has a larger aspect ratio, which is because the 
grains without dendrite breakage have a greater directional growth 
trend under a larger temperature gradient and form columnar grains due 
to the forced cooling effect of water environment. Fig. 7(b3) shows the 
dendritic structure in the bottom region of the SULC planar CZ. This 

structure is formed by the gradual transformation to dendrites during 
the growth of columnar grains. 

The solidified structure at the bottom of the cladding zone(CZ) in 
SULC has different distribution. Fig. 8(a) is a typical region of solidifi-
cation structure in the fusion line. The unidirectional growth of 
columnar grains (red dashed frame) is mainly concentrated in the trough 
of the fusion line. The substrate and coating at this location will absorb 
more laser energy and be forced to cool down by the external water 
environment, resulting in a greater temperature gradient. In this region, 
the grains whose growth direction is antiparallel to the heat flow would 
grow faster, while the grains of other orientations are eliminated. 
Compared with atmospheric laser cladding coatings, these columnar 
grains have a slender structure in the specific direction. It can be seen 
from Fig. 8(b) that the wave-shaped fusion line produced by the laser 
overlap of the underwater planar coating. This is because the laser 
irradiated on each single-pass cladding is partially absorbed by the 
previous pass, which results in only part of the laser energy being 
absorbed by the substrate. The grains structure is regularly distributed 
with the peaks and trough of the fusion line. 

In the yellow frame in Fig. 8(a), equiaxed grains and dendrites 
evolved from columnar grains are mainly distributed, and the overall 
distribution is shown in the yellow region in Fig. 8(b), which is located 
on both sides of the columnar grain in the trough of the fusion line. The 
temperature gradient is relatively gently in this region. In addition, since 
the solidification direction at this region is not completely parallel to the 
direction of heat flow, gravity and Marangoni effect are more obvious 
during the solidification process, (Reuther et al., 2019; Kühn G., et al. 
1984) researched flow behavior in molten pool due to temperature field. 
It is easier to break when the grains grow, and produce new fine-nucleus, 
which form equiaxed grains in uniform directions. 

4. Discussion 

4.1. Comparison between coatings of SULC and atmospheric laser 
cladding 

Fig. 9(a) is a macroscopic comparison photo of the single-pass at-
mospheric laser cladding coating and SULC coating prepared with the 
same experimental parameters (the optimal parameters in atmosphere). 
Using the same powder feeding gas flow as the atmospheric laser clad-
ding is not enough to make the powder in the SULC process form a 
continuous coupling state with laser beam, and the powder cannot 
absorb the laser energy to melt and fly to the substrate for solidification. 

Fig. 8. Grain growth mode distribution of underwater planar coating(a) different region with different grain structure (b) macrostructure image and schematic of 
grains structure distribution. 

Y. Liu et al.                                                                                                                                                                                                                                      
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At the same time, the protecting gas in SULC cannot make the surface of 
the coating protected due to the external water pressure, which further 
increases the formation conditions of the SULC coating, resulting no 
continuous coating formed in atmospheric parameters. As mentioned 
earlier, simply increasing the powder feeding gas flow rate can 
remarkable improves the quality of the coating within a certain range, 
but the best coating cannot be obtained. The best underwater coating 
can be obtained by increasing the laser power and the powder feeding 
speed together. This shows that the most important factors in the SULC 
process are to maintain the complete trajectory of the powder stream 
and maintain a good coupling with the laser beam. 

Fig. 9(c) is the SEM images of the etched coating at the upper part of 
CZ by two methods. In the cross-sectional image of the atmospheric 
coating(c1), the residual dendrite branches that grow obliquely upward 
can be observed. Combined with the location of(b1), it is deduced that 
which is due to the solidification of cellular dendrite being disturbed and 
the solute segregation. The grain of CZ solidifies in the direction of heat 
flow. Mainly structure in the upper part of the atmospheric cladding CZ 
is non-oriented equiaxed grains formed due to solute segregation and 
supercooling. (c2) is cross-sectional image of the upper part of the SULC 
cladding zone(CZ), the microstructure is biased towards equiaxed 
grains, and there is no obvious cellular grain morphology related to the 
heat flow. Equiaxed grains are grown using supercooled melt as a heat 
sink, and the equiaxed grains in the alloy are affected by melt convection 
and solute segregation. From the second images of(c1) and (c2), the 
grain size of upper region in the SULC coating is larger than that of 
conventional laser cladding, which is combined effect of the larger laser 
power causing the grain to grow and the forced cooling of the upper 
surface with the water environment produces a larger temperature 
gradient to inhibit the grains growth. 

The bottom of cladding zone with two methods are shown in Fig. 9 
(d). The two kinds of coatings have a lower solute enrichment at the 
interface, a larger temperature gradient, and smaller crystallization rate, 
which is conducive to the growth of planar grains. The planar grain 
width of the underwater cladding is larger than that of the conventional 
cladding, which may be because the temperature gradient at the 

interface of the underwater cladding is larger and the composition has a 
lower degree of undercooling, which is more conducive to the growth of 
planar grains. The growth width of the planar grains does not represent 
the dilution of the elements. Due to the low solute enrichment and the 
large temperature gradient at the bottom of the SULC coating, the 
dilution zone does not increase significantly when the laser power 
increases. 

The microhardness as a mechanical property can directly reflect the 
microstructure. Fig. 10 shows the hardness of the coating prepared by 
the two methods. As shown in the figure, the hardness of the coating 
prepared by the SULC in the heat-affected zone of the substrate is 
slightly higher than that of the same iron-based coating prepared in 
conventional laser cladding. This may be due to the forced cooling of the 
SULC by the water environment and large gas flow, resulting in a smaller 
dilution zone near the interface, which is verified in subsequent simu-
lation results. Above the interface, the hardness of the SULC coating is 
close to the original iron-based powder, and slightly lower than in-air 

Fig. 9. Comparison of iron-based coating in two methods (a)atmospheric and SULC laser cladding under the same parameters (b)macrostructure and SEM image of 
two kinds of coatings (c)upper part of two kinds of planar coatings (d)bottom of two kinds of planar coatings. 

Fig. 10. Microhardness of the coating prepared by the two methods.  
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coating. Through the comparison of Fig. 9, this is because larger 
columnar grains in the bottom region caused by larger heat flow 
gradient and larger equiaxed grains in upper region formed by the 
higher laser power, which makes the hardness at this position lower. 

4.2. Numerical simulation results 

To further explore the reasons for the difference in the coating 
structure between the two methods, the temperature field of laser 
cladding in different external environments was simulated by finite 
element numerical simulation. Song et al. (2021) and Geng et al. (2020) 
researched heat transfer and solidification morphology of molten pool in 
laser cladding and laser welds. Considering that SULC is an additive 
process, a three-dimensional model coupling heat transfer in solid and 
fluid and solid mechanics modules was used in the COMSOL software 
(Version 5.4 COMSOL Inc.) by using explicit transient methodology. The 
heating effect of the laser on the substrate is simulated by an equivalent 
heat source. Different external environmental convection heat transfer 
coefficients correspond to different external environmental medium. A 
node activation model is utilized to simulate the formation of the 
coating, melting temperature as a criterion to activate the node. 

The model shown in Fig. 11(a) described the generation of iron- 
based coating under laser heat source with and without water envi-
ronment. Only 1/2 of the entire model was solved by using symmetry 
conditions for saving memory of computer so that simulations of 
coupling multiphysics could be performed in the future. The substrate 
domain used free tetrahedral mesh, the activation domain used a hex-
ahedral mesh and the mesh is encrypted at the heat source concentration 
location to improve calculation convergence and save calculation space, 
as shown in Fig.11(a2). Because of the traverse speed is 20 mm/s, 
Tamanna et al. (2019) explained the Gaussian model can better reflect 
the heat effect than the double ellipsoidal model, as shown in Eq.1. Wei 

et al. (2016) and Li et al. (2020) discussed the shape and heat flow 
distribution of the melting pool by means of the heat transfer mode in 
the laser cladding process using the two-dimensional model and the 
section of three-dimensional model. In the model, natural convection is 
used on the vertical wall and bottom of the calculation domain, and 
forced convection of water is adopted on the top surface while forced 
convection of Ar is adopted on the surface of activation region due to the 
forced airflow of powder-feeding gas. as shown in Fig. 11(a1) and Eqs. 
2–4. 

− n∙q = Qb = (1 − ε)( 3∙plaser

pi∙rspot
2)∙e

− 2∙r focus2

r spot2 (1)  

Where ε is surface emissivity of substrate and additive material, plaser is 
laser power of equivalent heat source, rspot is the radius of laser spot and 
r focus is distance to the center of the heat source. The heat flux from the 
equivalent heat source to the surface is Qb. 

Q0 = h∙(Text − T)h =
k
L

⎛

⎜
⎜
⎜
⎜
⎜
⎝

0.68 +
0.67∙Re

1/4

(

1 +

(
0.492∙k

μ∙Cp

)9/16
)4/9

⎞

⎟
⎟
⎟
⎟
⎟
⎠

(2)  

Q1 = h∙(Text − T)h =
k
L

0.54Re1/4
L (3)  

Q2 = h∙(Text − T)h =
2k
L
∙ 0.3387Pr

1/3Re1/2
L

(

1 +

(
0.0468

Pr

)2/3
)1/4 (4)  

Where Text is external temperature, k is heat transfer coefficient, L is 
characteristic length and Pr is the Prandtl criterion. 

Fig. 11. Numerical simulation model of SULC (a1) geometric model and (a2) mesh of calculation domain and temperature field without cladding domain in water 
and atmospheric environment (b1)1200 W atmospheric laser cladding (b2) 1200 W SULC (b3) 1600 W SULC. 
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Fig.11(b) shows the temperature field of underwater laser cladding 
and atmospheric laser cladding without cladding material domain. From 
the temperature field, it can be found that as the low traverse speed of 
the heat source, the heat is mainly concentrated in the center spot of the 
equivalent heat source, however, compared with the temperature field 
after introducing water environment heat exchange in (b2) and (b3), 
(b1) has a more obvious heat source wake. The wake of the heat source 
indicates that there is higher heat accumulates in the substrate, and it is 
difficult for the heat to be dissipated in a short time after the heat source 
leaves. Under the same laser power of 1200 W, the temperature of the 
center spot of two processes is very close, and the underwater cladding is 
slightly lower than that in atmosphere. Affected by the forced convec-
tion of the water environment on the top surface of the calculation 
domain and the natural convection on the vertical wall, the temperature 
rise region more concentrated, and the heat dissipation is faster, which 
could be easier find in the cross-section of the temperature field. As 
shown above in Fig.8, it is easier to observe columnar grains with 
obvious growth trend near the substrate of SULC, which is consistent 
with the simulation results of a more concentrated and larger local 
gradient temperature field. 

Due to the difference between synchronous powder-feeding laser 
cladding and powder bed laser sintering, the equivalent heat source is 
applied between the coating and the substrate instead the surface. The 

temperature field of the substrate in Fig.11(b) shows heat dissipation 
and the depth of the heat source, while the temperature of the cladding 
calculation domain could directly shows the surface heat dissipation of 
the cladding formation and deposition process in Fig. 12. Fig. 12(a) is 
isotherm diagram of 1200 W atmospheric cladding, Fig. 12(b) (c) are 
underwater cladding isotherm diagram with 1200 W and 1600 W. The 
thermal distribution of SULC is more concentrated at the deposition 
point. With the increase of laser power, the wakes of coating and sub-
strate tend to be shorter, which indicates that the cooling rate of SULC is 
more obvious with the increase of laser power. From the cross-section in 
Fig.12(b)(c), the temperature distribution is extremely uneven in sub-
strate and cladding calculation domain, the heat dissipation in the 
cladding zone is faster than substrate, and the macro behavior is that the 
cladding has a higher cooling rate because of the forced convection on 
the top surface by larger gas flow and multiphase flow containing water. 
Corresponding to the results of numerical simulation, it is difficult to 
keep enough temperature gradient during atmospheric laser cladding 
and form stable columnar grains near the substrate, grains tend to grow 
laterally into dendrites, as shown in Fig.12(d). With the increase of laser 
power, the local temperature gradient becomes larger and the columnar 
grains becomes slender in (e)(f). Fig.12(g) is the typical grain growth of 
the coating in atmospheric laser cladding near surface and (h)(i) are 
SULC cladding grain growth near surface with laser power increasing. In 

Fig. 12. Isotherm diagrams and typical grain growth modes in SULC and in-air laser cladding (a)atmospheric 1200 W (b) SULC 1200 W (c) SULC 1600 W. (d) 
atmospheric cladding grain growth near substrate (e-f) SULC cladding grain growth near substrate with laser power increasing (g) atmospheric cladding grain growth 
near surface (h-i) SULC cladding grain growth near surface. 
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the upper part of the coating, equiaxial grains are dominant in both 
methods. However, the grain size of SULC coating increases with the 
increase of laser power. 

Activating nodes through temperature criterion could qualitatively 
judge the generation of cladding and simulate the process of cladding 
formation. Fig. 13(a)(b)(c) show the mesh activation results at in-air 
1200 W, underwater 1200 W, and underwater 1600 W, respectively. 
The graphs of the change of the nodes temperature with time corre-
sponding to the (0, 0, Z) coordinates are shown below. Comparing the 
mesh activation cloud diagram, it is found that atmospheric cladding has 
the most activated nodes, that is, most nodes reach the temperature 
threshold. With the laser power increasing in underwater cladding, more 
nodes are activated. The experimental results corresponding to the 
simulation results are given under the cross-section of mesh activation 
cloud diagram, and the experimental results are the same as the simu-
lation trend. Under the same laser power, the thickness of SULC coating 
is lower than that of in-air conventional laser cladding. With the increase 
of laser power, the thickness of SULC coating increases. This is mainly 
due to the forced cooling of the upper surface of the cladding by gas flow 
and multiphase flow during SULC process. Only a small amount of 
powder can absorb enough energy to form the coating. With the increase 
of laser power, the energy loss caused by forced cooling is further 
compensated, so that the thickness of the coating increases. The nodes in 
the ellipse circle are the nodes that are activated, which is consistent 
with the cloud diagram and the experiment. The cooling curve after the 
first temperature rise corresponds to the smaller temperature wake of 

underwater cladding in Fig. 11(b), proving a higher cooling rate in 
SULC. 

4.3. Model of SULC coating solidification mechanism 

The solidification structure of the SULC coating is consistent with the 
calculation simulation of temperature field and conforms to the solidi-
fication law. Tan et al. (2020) studied the microstructure of titanium 
alloy by laser-solid-formed-produced, which provided a reference for 
the study of laser cladding solidification structure. The model of 
iron-based SULC coating solidification mechanism in water environment 
can be basically summarized as Fig. 14. 

Due to the influence of the water environment containing powder 
and gas above the deposition point, while increasing the laser power and 
powder feeding rate to form a good quality coating. The substrate ab-
sorbs more laser energy and forms a more obvious fusion line at the 
interface, the numerical simulation results show that the maximum 
temperature of the substrate and coating under the optimal parameters 
of SULC is higher than that of the in-air conventional laser cladding. 
However, the diffusion of elements in the coating to the substrate is still 
controlled within 8 μm. Since the solidification process of the SULC 
coating starts after laser irradiation, the slope of the local melting point 
curve at the front of the solid-liquid interface is greater than the slope of 
the actual temperature distribution curve, and the temperature gradient 
is used as the driving force to solidify, forming an unstable interface. 

It can be seen from the Fig. 14 that the large temperature gradient 

Fig. 13. Simulation and experimental results of activation domain and change of the nodes temperature with two cladding methods (a) atmospheric 1200 W (b) 
SULC 1200 W (c)SULC 1600 W. 
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and low solute enrichment caused by the water environment in the 
initial stage of solidification make the coating have a greater tendency to 
grow planar grains. At the bottom of the coating, the forced directional 
growth of dendrites grains is concentrated in the trough of the fusion 
line. The columnar grains are formed by preferential orientation in the 
anti-parallel direction of heat flow, which grows perpendicular to the 
fusion line, Fu et al. (2021) showed similar phenomenon in underwater 
in-situ wire-feeding laser cladding 304 stainless steel. The temperature 
gradient in the underwater environment promotes a more significant 
growth trend in the direction of the primary dendrite, and the growth of 
columnar grains is narrower than that in atmospheric coating. Com-
bined with the isotherm diagrams in Fig. 12, this is mainly due to the 
changes in the thermodynamic coefficients caused by the SULC process 
parameters and the underwater environment, thereby forming a locally 
larger temperature gradient. With the growth of the columnar grains, 
the area of constitutional supercooling will gradually decrease, and the 
supercooling exists at the tip of the primary dendrite to form the den-
dritic structure. In the growth process of the directionally grown 
columnar grains, the branches shed from the dendrites and grow inde-
pendently, forming equiaxed grains on both sides. The middle and upper 
part of the cladding is mainly the central equiaxed grain, since the in-
crease in laser power, the grains in upper region are slightly larger than 
in-air conventional laser cladding. Using the growth form of the solidi-
fied structure, a coating with a specific structure can be obtained. 

5. Conclusion 

In this study, the synchronous powder-feeding underwater laser 
cladding(SULC) iron-based coating with a uniform structure and fine 
quality was prepared, and the influence of water environment on laser 
cladding was analyzed by solidification structure and numerical simu-
lation. The main conclusions are as follows:  

1) By optimizing the structure of the powder-feeding nozzle and 
adjusting the process parameters, the iron-based coating with a 
thickness of more than 500 μm can be deposited on A32 steel by 
synchronous powder-feeding underwater laser cladding(SULC).  

2) The powder-feeding gas flow rate, laser power and powder-feeding 
rate are the key factors to determine the deposition and quality of 
SULC coating. The powder-feeding gas flow rate directly determines 
the size and stability of the local dry region above the deposition 
point, and the laser power and powder-feeding rate are the key 
factors to compensate the laser energy dissipation.  

3) Under the optimal parameters, the dilution zone of SULC coating is 
less than 8 μm, there is no through cracks and the corrosion current 
density of the coating is lower than that of the substrate. The 
microhardness of SULC coating is about 550Hv, slightly lower than 
that of atmospheric coating due to the increase of laser power and 
larger grains.  

4) Due to the influence of local temperature gradient in SULC, columnar 
grains are mainly distributed upon the trough of fusion line, and the 
equiaxed grains in the upper region of SULC coating tend to grow up 
with the increase of laser power. By further adjusting the parameters, 
the functional coating with more uniform solidification structure can 
be obtained.  

5) The numerical simulation results show that under the same laser 
power, due to the forced cooling of larger gas flow and external water 
environment in SULC process, there is a larger temperature gradient 
at the deposition point, and the temperature drop rate of the coating 
and the substrate is greater. In the microstructure, it is shown as 
columnar grains has a greater directional growth trend. With the 
increase of laser power, this phenomenon becomes more obvious. 

Although the interaction between laser and powder in the multi-
phase medium of water environment in synchronous powder-feeding 
underwater laser cladding needs to be studied, it will be widely used 
in the field of marine repair or the preparation of special solidified 
structure coating in the future due to its small heat input and large 
material adjustability. 
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