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Abstract

The serviceability of cladding layers manufactured by laser depends on the microstructure formed by the metallurgical
solidification. The microstructure in the clad layer is influenced by several factors. Among them, the elemental distribution
state of the molten powder in the molten pool plays a dominant role. The diffusion distribution of elements is closely related
to the non-equilibrium metallurgical behavior in the additive manufacturing process. Therefore, it is important to conduct
an in-depth study on the multi-field coupling behavior and the heat and mass transfer mechanism in laser additive manufac-
turing process. In this study, a coupled thermal-fluid—solid multi-physical field numerical model for the laser cladding of
316L stainless steel powder on 45 steels was developed. The transient change patterns of the temperature, flow and stress
fields for the cladding process were quantitatively revealed. The diffusion process of the powder elements within the molten
pool was considered to reveal the element distribution law in the clad layer. The effects of the surface tension, buoyancy for
molten pool, and Marangoni convection on the flow field also were considered, and the validity of the numerical model was

verified. This study provides a theoretical basis for optimizing the laser cladding process.

Keywords Laser additive manufacturing - Multi-field coupling - Heat and mass transfer mechanism - Marangoni stream

1 Introduction

Laser cladding is an emerging green additive manufacturing
technology with the high efficiency, accuracy and reliabil-
ity, which can provide coatings with excellent quality for
various materials. It has the advantages of the great metal-
lurgical bonding performance, high powder utilization rate,
small heat input to the workpiece, low dilution rate, and
green energy saving. It is widely used in the metal material
processing, medical device manufacturing, power industry,
energy exploration, and other fields[1-3]. The quality of
the cladding layer directly determines the service life for
the metal part. It is important to conduct an in-depth study
for the melting process on the multi-field coupled transient
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evolution mechanism and the elemental diffusion behavior
of the molten powder material.

In recent years, a large amount of research on the mech-
anism for laser cladding process has been conducted by
domestic and foreign researchers. In 2008, Huang Y L [4]
investigated the concentration distribution of the molten
component and the junction coupling for the substrate com-
ponents. The distribution coefficient of non-equilibrium
solute and the distribution for Fe element were calculated,
and the results were in agreement with the expectation. In
2011, Fallah V [5] simulated the transient change pattern
of molten pool morphology during laser deposition using
the birth—death cell method. The deposition of Ti45Nb on
Ti-6Al-4 V substrate was simulated by the continuous trans-
formation of the cladding layer for the “birth” unit into the
“death” unit during the cladding. And the model calculation
results accorded with the experimental results. In 2012, Hu
Y W [6] established a numerical simulation of spot weld-
ing process for stainless steel-nickel heterogeneous material.
The influence of heat and mass transfer on the molten pool
flow was analyzed, and the convection effect was explored.
The results show that molten pool convection affects the heat
and mass transfer behavior in the welding process. In 2017,
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Gan Z T [7] developed a numerical model for the heat and
mass transfer in laser cladding process based on the multi-
field coupling method. The material transfer of the cladding
process was analyzed. And the validity of the numerical
model was verified by comparing the numerical calculation
results for the molten layer profile with the experimental
results. However, there is a 17% error in the distribution of
Co elements in this study, mainly due to that the numerical
model ignores the influence on thermal physical parameters
of the substrate and powder materials by the temperature. In
2018, Wirth F [8] developed a three-dimensional numeri-
cal model of the coaxial laser cladding process. The mod-
eling process considered factors such as the heat transfer,
fluid flow, and surface tension. In 2019, Li C [9] analyzed
the variation of the coupled thermal-elastic—plastic-fluidic
multi-field in the laser cladding process. The mechanism of
multi-physics field coupled transient evolution was revealed,
and the model accuracy was also verified by experiments.
In 2019, Song B X [10] analyzed the transient evolution
law inside the molten pool by building a numerical model
of laser cladding. Studies showed that there is a circular
convection inside the molten pool, with molten metal flow-
ing from the pool bottom to the surface and liquid metal on
the surface flowing back to the bottom along the sides of the
pool. In 2019, Liu H [11] developed a numerical model of
laser cladding using a wide beam, which studied the evolu-
tion of the temperature field in the cladding process. The
interrelationships among the temperature gradient G, cool-
ing rate &, and solidification rate R were analyzed, and the
microstructure of the cladding layer was investigated. The
results showed that the cooling rate of the cladding layer
gradually decreases after the laser sweep, and the G/R shows
a trend of decreasing and then increasing.

At present, most of the studies are on the temperature and
flow fields in the cladding process, and there are few studies
on the transient changes of thermal stresses in the cladding
process. This study established a numerical model of the
laser cladding process, which coupled the heat-flow-solid
multi-physical fields and quantitatively revealed the changes
of the temperature, flow and stress fields in the cladding
process. The study lays an important theoretical foundation
for further improving the cladding quality and optimizing
the process parameters.

2 Finite element model and theoretical
basis

The theoretical model is based on the following assumptions:

(1) The laser power is constant and the energy density is

Gaussian distributed.
(2) The fluid is laminar and incompressible.
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(3) The material is isotropic.
(4) The clad material meets the von-Mises yield criterion.

2.1 Control equations

The melting process involves temperature and fluid changes,
and the controlling equations are as in Eq. (1) to Eq. (5)
[12-14].

where Eq. (1) is the continuous mass equation, which are
expressed as

dp

=+ V- (pu) =0 (1)

where p is the material density, measured in kilogram
per cubic meter (kg/m3), t is the working time, measured
in seconds (s), V is the Hamiltonian, and u is the molten
metal flow rate, measured in cubic meters per second
(m’/s).

The energy equation is shown as follows. The first term on
the left side of Eq. (3) indicates heat accumulation, and the
second term indicates heat convection. The first term on the
right-hand side of the equation represents heat conduction,
which are expressed as

oT oH
CPE+pCPu-VT=V-(hVT)—E—pu-AH 2)

p
where T is the working temperature, measured in kelvin (K);
C, is the material specific heat capacity, measured in joule
per kilogram per kelvin (J/(kg-K)); h is the thermal conduc-
tivity, measured in watt per meter per kelvin (W/(m-K)); and
AH is the latent heat of melting, measured in joule per kilo-
gram (J/kg). Among them, the latent enthalpy expression is

AH = Lf, 3)

where L is the latent heat, measured in joule per kilogram
(J/kg) and f; is the mass fraction of molten metal, and the
expression is

1.T>T,
T-T,
fi=y 2 LT<T, @)

0,T<T,

where 7, is the solid-phase line temperature measured in
kelvin (K) and 7; is the liquid phase line temperature, meas-
ured in kelvin (K).

The N-S momentum equation is shown as follows. The left
side of Eq. (5) represents the inertial force, the first term on the
right side represents the pressure, the second term represents
the viscous force, and the last term represents the momen-
tum dissipation in the solid-liquid mixing zone, which can be
quantified according to the Carman-Kozeny equation, which
are expressed as
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where u is the molten metal viscosity, measured in pascal-
second (Pa-s) p is the liquid pressure, measured in pascal
(Pa) K, is the morphological correlation constant of the
porous medium during the melting, and B is a very small
number.

The stress equation is shown as follows, which are
expressed as

2
% =V-S+F, (6)
where £ is the displacement, measured in meter (m); S is the
stress, measured in pascal (Pa); and F), is the body force for
deformation measured in newton (N).

The absorption rate of laser energy by the substrate is not
only influenced by the laser properties, but also related to the
substrate properties. The interaction is given by the Hagen-
Rubens equation, with the expression [15]

a= L Xal= 7
0 o (N
where a is the absorption rate of the laser by the sub-
strate, r, is the material resistivity, measured in ohm-
meter (£2-m), and 4, is the laser wavelength measured in
meter (m).
The degree of mixing of the substrate material with the
cladding material affects the physical parameters of the clad-
ding pool, which are expressed as

Woix = W + (1 = )W, 8)
where W, is the molten pool physical property parameter;

W, and W), are the physical property parameters of substrate
and cladding, respectively; and f is the mixing fraction,
mainly the mass fraction of Fe elements.

2.2 Source terms and boundary conditions

2aP 2((x = v)* +?)
e N T )
where P is the laser power, measured in watts (W); a is the
energy absorption rate; R is the laser radius, measured in
meters (m); v is the scanning speed, measured in meters
(m/s); x and y are the positions of the spot centers in the
Cartesian coordinate system, measured in meters ().

Heat exchange and heat radiation occur between the matrix
and the surrounding environment, and the expression is

ge = —h (T = Ty) — 0,e(T* = T}) (10)

where h, is the heat transfer coefficient, measured in watt
per square meter per kelvin (W/(m?-K); ¢ is the emissivity
of the substrate surface; o, is the Stefan-Boltzmann con-
stant, measured in watt per square meter per kelvin to the
fourth power (W/(m?-K.#)); and T, is the initial temperature,
293.15 K. The molten pool surface is the gas/liquid inter-
face, and the boundary condition is the momentum equation
with the expression [16]

Fp g =onx — VXTZ_; (11)
where o is the molten pool surface tension, measured in
newton per meter (N/m), n" is the molten pool surface nor-
mal vector, and k is the molten pool surface curvature, meas-
ured in per meter (m™.

The coaxially fed powder laser melting process takes
into account the molten pool gas/liquid interface motion,
and the molten pool movement velocity is expressed as
[17]

Vijg=u-n"+V,-n* (12)
where u is the molten pool flow rate measured in meter
per second (m/s) and V, is the gas/liquid interface excur-

sion velocity, measured in meter per second (m/s), which is
expressed as [18]

2myn,, <—2((x - V1)* +?) )
V, = 4

. . . . )= = (13)

During the melting, the laser heat source is a Gaussian heat P p
source, and its expression is
Table 1 ‘4}5 steel materials C Cr Ni Mn P S Si Fe
composition (Wt%)

0.42-0.50 <0.25 <0.25 0.50-0.80 <0.035 <0.035 0.17-0.37 Residual
Table 2 .??16L materials C Cr Ni Mn p S Mo Si Fe
composition (Wt%)

<0.030 16.0-18.0 12.0-15.0 <2.0 <0.035 <0.030 2.0-3.0 <1.0 Residual
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Table 3 Cladding process parameters Gaussian source
Process parameters Value

Laser power (W) 700,850,1000

Scanning speed (mm/s) 6

Spot radius (mm) 3

Surface emissivity (1) 0.8 S
Boltzmann constant (Wem™ 2K 1) 5.67x10% ; '&“'@11‘ D
Convective heat transfer coefficient (Wem?eK ™) 100 < ,ég:l#ﬂ‘
Environment temperature (K) 293.15

Laser absorptivity (1) 0.8

Fig.2 Geometric model and meshing

where mfis the amount of powder delivered, measured in

kilogram (kg); 7, is the powder particle pooling efficiency;
P, 18 the powder material density, measured in kilogram per
cubic meter (kg/m3 ); Rp is the powder flow radius, measured
in meter (m); and z is the unit vector in z direction.

@ Springer

During the laser cladding, when the powder passes
through the laser beam, the powder particles absorb some
of the laser energy, while the remaining energy acts on
the substrate surface. The temperature of the powder
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Fig. 3 Distribution of molten pool temperature under different laser powers

Fig. 4 Extract data location distribution

particles increases before entering the molten pool due
to the absorption of laser energy [19-21]. According to
Lambert—Beer light transmission theorem and Mie theory,
the powder stream has an attenuating effect on the laser
energy, the effect is related to the laser power, laser wave-
length, powder properties, and powder stream concentra-

tion, and the expression is
q/(r, ) = qexp(=5N ) (14)

where g '(r, ¢) is the power density ¢ of the laser at a distance
of nozzle center point r, g is the equivalent heat flux, meas-
ured in watt per square meter (W/m?), 6 is the absorption

@ Springer
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Fig.5 Temperature variation curves at different positions at 1000 ms

rate of laser energy by the powder, and N is the number of
powder particles in the unit volume.

The expression for the yield criterion of the melting pro-
cess is [22]

s)

g\/(al - 52)2 + (0, - ‘73)2 + (03— 61)2 =< 05

where ¢/, 0,, and o5 are the principal stresses in different
directions of x, y, and z, respectively, measured in pascal
(Pa), and o is the yield limit measured in pascal (Pa).

@ Springer

The cladding process involves a multi-alloy system,
which requires consideration of the inter-diffusion and
interaction of the individual components. The mass transfer
equation of the multi-alloy system is

aC"+ u-V)C, =V -(pD"VC, + CD’"VM” +S
p or plu i = pL; i TP M ¢
(16)
a7

n

Se=V- (PD:"V(CZ - Ci)) -V (pfsv(cl - Cs)”)
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where C; is the concentration of the ith component, meas-
ured in mole fraction (mol/mol), D;” is the average multi-
component mixing factor, and M,, is the average molar mass
of the mixed components, measured in gram per mole (g/
mol). In this case, the right-hand side of the equal sign of
Eq. (16) is the multicomponent diffusion term, and the mul-
ticomponent diffusion mechanism is formulated using the
mixed averaging method [23].

2.3 Laser cladding material, parameter selection,
and geometric model

The cladding material is 316L stainless steel powder, and
the substrate is 45 steel. 45 steel is a carbon structural steel,
mainly containing carbon, silicon, and manganese, with
high strength and moderate hardness, suitable for applica-
tions requiring strength and wear resistance; the element
composition is shown in Table 1. 316L stainless steel is a
kind of corrosion resistant stainless steel, mainly composed
of chromium, nickel, and molybdenum, and has excellent
corrosion resistance and oxidation resistance, suitable for
high temperature environment; the element composition is
shown in Table 2. The thermal property parameter curve of
the material is shown in Fig. 1. The process parameters are
shown in Table 3.

According to the characteristics of laser cladding form-
ing, a 1/2 model is established, and the physical field is con-
strained by the symmetry surface. The geometric model and
meshing are shown in Fig. 2.

The model as a whole is tetrahedrally meshed, with local
refinement of the mesh for the fusion area. The model is
meshed with a total of 68799 cells, 4368 boundary cells,
and 209 edge cells. To effectively reflect the change in the
geometry of the cladding layer during the melting, the laser

m/s
A 0.25

V¥ 1.24x1071°

(a) Velocity distribution at 500 ms

Fig.8 Velocity distribution at 700 W laser power

¥ 2.87x107°
(b) Velocity distribution at 1000 ms
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Fig.9 Velocity distribution at 850 W laser power
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Fig. 10 Cloud map of molten pool flow rate distribution at laser power of 1000 W

cladding model is deformed using the deformation geometry
technique.

3 Analysis of model calculation results
3.1 Analysis of temperature field results

The model is solved using a multi-field coupled numeri-
cal computation platform, and the computational results are
analyzed.

During the melting, the temperature variation has a great
influence on the molten pool size and the quality of the
molten. The temperature field distribution clouds for dif-
ferent laser powers at 1000 ms are extracted and shown in
Fig. 3. The figure shows that the molten pool is smaller at the
laser power of 700 W. The highest temperature appears in
the center of the molten pool at 2.24 x 10° K. The maximum
molten pool temperature is 2.30 x 10° K at a laser power

@ Springer

of 850 W. At a laser power of 1000 W, the molten pool
increases slightly and the maximum molten pool tempera-
ture is 2.35x 10° K. The calculation results show that as the
laser power increases, the maximum molten pool tempera-
ture gradually increases, and the molten pool size gradually
increases.

To accurately analyze the temperature change trend of the
melting process, data are collected for acquisition lines 1, 2,
3 and acquisition points P1, P2, P3, P4, P5 in Fig. 4, and the
calculated results are analyzed.

Figure 5 shows a graph of the temperature variation trend
to the melting process at 1000 ms. Figure 5a shows the tem-
perature variation curve on acquisition line 1. The figure
shows that the temperature gradually increases as the collec-
tion line approaches the center of the molten pool, and the
rate of temperature rise becomes faster with increasing dis-
tance. At 8 mm, the temperature inflection point occurs, and
thereafter the temperature rises at almost the same rate. Fig-
ure 5b shows the temperature variation curve on line 2. The
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Fig. 12 Variation curve of molten pool flow rate at different positions
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Fig. 14 Variation curve of melt pool flow rate at P3

graph shows that the temperature decreases as the distance
increases. At 3 mm, the temperature was reduced to 300 K.
It shows that the highest temperature of the cladding occurs
in the center of the molten pool and the edge of the sub-
strate is close to the ambient temperature. Figure 5S¢ shows
the temperature variation curve on line 3. The figure shows
that the temperature gradually decreases with the increase of
distance, and the decreasing speed gradually decreases. By
comparing Fig. 5a, b, and c, it can be seen that the melting
temperature is always the highest at laser power of 1000 W,
followed by 850 W, while the melting temperature below
700 W is always the lowest.

The temperature variation curves of different acquisi-
tion points at the extraction power of 1000 W are shown
in Fig. 6. The graph shows that the temperature change

@ Springer

and the temperature is lower. The temperature varia-
tion at different acquisition points shows that the melt-
ing process ramps up faster and cools down slower
after reaching the peak. This is because the warming is
mainly influenced by the laser energy input, while the
cooling is mainly influenced by the thermal convec-
tion and thermal radiation between the substrate and
the environment.

The variation curve of the melting temperature at
extraction P3 at different power is shown in Fig. 7. As
can be seen from the figure, the temperature at P3 shows
a trend of increasing and then decreasing, and the heat-
ing rate is greater than the cooling rate, and the melting
temperature increases with the increase of laser power.

3.2 Analysis of flow field results

During the cladding, the molten metal flow is difficult to
be observed experimentally, and numerical simulations are
effective in bridging the research gap. The cloud map of
molten pool flow rate distribution at 700 W laser power is
extracted and shown in Fig. 8. The figure shows that the
maximum molten pool flow rate is 0.32 m/s at 500 ms. The
flow rate is radial on the surface of the molten pool. The
maximum flow rate is 0.25 m/s at 1000 ms. Larger flow rate
behind the molten pool and smaller molten pool size. The
cloud map of the molten pool flow rate distribution at 800 W
laser power is extracted and shown in Fig. 9. The maximum
molten pool flow rate was 0.34 m/s at 500 ms. At 1000 ms,
the maximum molten pool flow rate is 0.28 m/s. The molten
pool size is larger compared to when the laser power is 700
W. The cloud map of the molten pool flow rate distribution
at 1000 W laser power is extracted and shown in Fig. 10.
At 500 ms, the maximum molten pool flow rate is 0.38 m/s.
The maximum molten pool flow rate was also 0.38 m/s at
1000 ms. The molten pool flow rate increases at 1000 W, and
the molten pool size is larger.

To further observe the internal flow state of the molten
pool, a transverse section of the molten pool was performed
along the Marangoni convection center. The extracted power
is 1000 W at different moments of the flow direction cloud
diagram, as shown in Fig. 11. From the figure, it can be seen
that at 100 ms, the molten pool is not enough to form a com-
plete Marangoni flow inside due to the short laser irradiation
time. At 200 ms, the continuous input of laser energy, the
surface tension of the molten pool gradually increases, and a
Marangoni convection trend appears inside the molten pool.
At 500 ms, the Marangoni effect is evident in the molten
pool and a complete Marangoni convection is formed. The
flow state of the molten metal at 1000 ms is similar to that at
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Fig. 15 Substrate plastic stress distribution under different laser powers

500 ms, indicating that the internal flow of the molten pool
is stable from 500 to 1000 ms, all in the form of Marangoni
flow.

The flow rate variation curves at different positions at
1000 ms are extracted and shown in Fig. 12. On the straight
line 1, the molten pool flow rate shows a trend of increasing,
then decreasing, and then increasing due to the Marangoni
effect. The Marangoni convection center is at 10 mm and its
flow velocity is low. Marangoni convection center positions
at 0 mm on straight line 2. The figure shows that the Maran-
goni convective effect is strongest, and the flow velocity is
lowest in the central region when the laser power is 1000 W.
At 700 W, the Marangoni convection effect is weaker, and
the flow velocity is higher in the central region. The molten
pool flow rate gradually increases as it moves away from
the Marangoni convection center. Gradually approaching the
edge of the molten pool, the molten pool flow rate gradually
decreases.

The variation curves of the molten pool flow rate at differ-
ent positions at 1000 W are extracted and shown in Fig. 13.
It can be seen in the figure that the Marangoni flow is not
formed at P1 due to the short irradiation time by the laser,
and the flow velocity is small. At P2, P3, P4, and P5, due to
the longer laser irradiation time, an obvious Marangoni flow
was formed inside the molten pool, and the molten pool flow

rate showed two peaks, and the first peak was larger than the
second peak.

The flow rate variation curves at P3 with different laser
powers are extracted and shown in Fig. 14. As can be seen
from the figure, the molten pool size is larger at 1000 W
laser power, and the flow rate is not much different from
that at 850 W. When the laser power is 1000 W, the flow
rate in front of the molten pool is larger than that in the
back, but the flow rate distribution in front of the molten
pool is smaller. At different powers, the molten pool flow
rate changes with time showing a trend of increasing, then
decreasing, then increasing, and then decreasing. The first
peak occurs when the maximum flow rate is at the front side
of the molten pool. The second time the peak occurs when
the molten pool flow rate distribution is located at the back
side of the molten pool.

3.3 Analysis of stress field results

A cloud of plastic stress distribution at different powers at
1000 ms is extracted and shown in Fig. 15. The figure shows
that the substrate plastic stress is mainly distributed on the
laser scanning path. Due to the difference in physical param-
eters between the substrate and the clad material, the stresses
are more concentrated on both sides of the clad channel.
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Fig. 16 Stress section view under different laser powers

Fig. 17 Stress extraction location

In the laser irradiated region, the stress in the center of the
molten pool is close to 0 MPa due to the solid and liquid
phase change of the molten metal. In front of the molten
pool, the plastic stress is ellipsoidally distributed due to the
higher temperature. The maximum substrate plastic stress
is 305 MPa at a laser power of 700 W. Due to the low laser
power, the heat-affected zone formed is smaller, and the
stress distribution is narrower. As the laser power increased
to 850 W, the heat-affected zone formed increased, and the
stress distribution became wider, with the maximum plastic

@ Springer

stress reaching 308 MPa. The maximum plastic stress is
290 MPa at a laser power of 1000 W, and the plastic stress
distribution range is relatively larger.

The stress distribution clouds of the cut surface around
the molten pool at different laser powers are shown in
Fig. 16. The figure shows that there is almost no stress inside
the molten pool. Stress exists at the bottom of the molten
pool, and the higher the laser power, the greater the stress
range at the bottom of the molten pool. Less stress around
the molten cladding layer compared to the area behind the
scan.

To reveal the stress field change pattern during the melt-
ing, the line 4 to line 7 stress data were extracted, as shown
in Fig. 17. In particular, line 4 is 1 mm from the left end
of the workpiece, line 5 is 20 mm from the left end of the
workpiece, line 6 passes through the center of the molten
pool, and line 7 is 3 mm from the center of the molten pool.

The stress variation curve is extracted according to the
collection line in Fig. 17, as shown in Fig. 18. The figure
shows that the straight line 4 is located at the initial position
with higher stresses on both sides of the molten channel and
lower stresses near the middle. The peak of plastic stress is
maximum at laser power of 1000 W. The stress peak is mini-
mized at 700 W. In a straight line 5, the stress at the center
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Fig. 18 Stress variation curve at different positions

of the fusion channel is slightly lower than at the sides. The
stress distribution generated at 1000 W has a large range,
and at 700 W, the stress distribution is relatively small. Since
the straight line 6 passes through the center of the molten
pool, less stress is generated inside the molten pool. As the
laser power increases, the stress inside the molten pool tends
to decrease. Straight line 7 is located in front of the molten
pool, and the plastic stress shows a trend of increasing and
then decreasing. The plastic stress was maximum with a
peak value of 179.26 MPa at 1000 W laser power and mini-
mum at 150.33 MPa at 700 W laser power.
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(d) Stress distribution on line 7

3.4 Analysis of elemental distribution results

The distribution clouds of Fe, C, Cr, and Ni elements in
the molten layer at the laser power of 1000 W are shown
in Fig. 19. Figure 19a shows that the initial content of
elemental Fe in the substrate is 98%. At the initial stage of
cladding, the molten pool is not fully formed, the molten
pool flow rate is small, and the 316L powder material in
the molten pool is not fully mixed with the base material,
resulting in the elemental Fe content in this area close to
the elemental Fe content in the base. As the cladding work
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(a) Distribution of Fe elements in the cladding layer
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(c) Distribution of Cr elements in the cladding layer

Fig. 19 Concentration of Fe, C, Cr, and Ni elements

proceeds, the molten metal flows fully under the influence
of Marangoni effect, and the 316L powder material is fully
mixed with the base material, when the minimum value
of Fe element content is 84%. Figure 19b shows that the
base material is 45 steel with an initial element C content
of 0.45%. In the initial stage of cladding, the C element
content is close to the substrate. As the cladding work
proceeds, there is a decreasing trend of C element content
in the clad layer. After the molten pool is stabilized, the
minimum content of element C in the clad layer is 0.252%.
Figure 19c shows that the initial content of elemental Cr in
the substrate is 0.25%, and the content of elemental Cr in
the molten powder is 16%. At the initial stage of cladding,
the Cr element content did not change significantly. As the
cladding work proceeds, the Cr element content gradually
increases to a maximum of 8%. Figure 19d shows that the
initial content of elemental Ni in the substrate is 0.25%,
and the content of elemental Ni in the molten powder is
12%. The maximum content of Ni element in the clad layer
is up to 6%.

The cloud plot of Fe element concentration distribution
on the molten surface at different moments when the laser
power is 1000 W is shown in Fig. 20. It can be seen in the
figure that at 100 ms, due to the short laser irradiation time,
the molten pool formed is smaller, and the molten metal
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(d) Distribution of Ni elements in the molten layer

flows slower, so the Fe element concentration changes less,
from 98 to 93%. At 200 ms, the laser energy is continuously
fed, the molten pool becomes larger, and the minimum Fe
element concentration decreases to 90%. At 300 ms, the
molten pool stabilized and the minimum value of Fe element
concentration was 86%. The minimum value of Fe element
concentration in the molten layer is 84% at 500 ms. At this
point, it is the same as the minimum value of Fe element
concentration at 700 ms and 1000 ms. The calculation shows
that the trend of Fe concentration in the clad layer changes
from gradually decreasing to stabilizing as the cladding
work proceeds. The concentration of elemental Fe is lower
in the center of the molten pool and behind the molten pool
due to Marangoni convection.

The cloud plot of C element concentration distri-
bution on the surface of the molten layer at different
moments when the laser power is 1000 W is shown in
Fig. 21. The graph shows that the element C concentra-
tion decreases from 0.451 to 0.383% at 100 ms. At this
time, the molten pool is not fully formed, and the molten
metal does not have solidification behavior. At 200 ms,
the molten pool was expanded due to the continuous
laser irradiation, and the lowest value of C element
concentration was 0.344%. At 300 ms, the elemental C
concentration was further reduced to a minimum value
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Fig. 20 Cloud map of Fe concentration distribution at different moments

of 0.298%. At 500 ms, the melting process reaches a The cloud plot of Cr element concentration distribution
steady state with a minimum value of 0.264% C element  on the surface of the molten layer at different moments when
concentration, which is less different from the C element  the laser power is 1000 W is shown in Fig. 22. The figure
content at 700 ms and 1000 ms. shows that the elemental Cr content is 3% at 100 ms, at
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(e) 700 ms elemental concentration distribution

Fig.21 Cloud map of C concentration distribution at different moments

the initial stage of melting and cladding. At 200 ms, the
molten pool was initially formed, and the elemental Cr con-
tent increased to 4%. At 300 ms, the molten pool is fully
formed, and the elemental Cr content increases to 6%. At
500 ms, the molten pool gradually increased, and the maxi-
mum Cr element concentration reached 7%. In contrast, the
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(f) 1000 ms elemental concentration distribution

maximum value of Cr element concentration varied less
from 500 to 1000 ms. Calculations show that the Cr element
in the clad layer shows a gradual increase as the cladding
work proceeds.

The cloud plot of Ni element concentration distribution
on the surface of the molten layer at different moments
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Fig. 22 Cloud map of Cr concentration distribution at different moments

when the laser power is 1000 W is shown in Fig. 23. The
figure shows that the Ni element content is 2% at 100 ms,
at the initial stage of melting and cladding. At 200 ms, the
molten pool is initially formed, and the elemental Ni con-
tent increases to 3%. At 300 ms, the molten pool is fully
formed, and the elemental Ni content increases to 4%. At
500 ms, the molten pool gradually increased, and the maxi-
mum Ni element concentration reached 5%. And from 500
to 1000 ms, the Ni element concentration maxima varied
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(f) 1000 ms elemental concentration distribution

less. Calculations show that the Ni element in the clad layer
shows a gradual increase as the cladding work proceeds.

To obtain the distribution of each element at different
locations in the molten layer, straight line 8, straight line 9,
and straight line 10 are set, as shown in Fig. 24. The data
are extracted for different elements distributed on different
straight lines and plotted on a graph.

The variation curves of element Fe, element C, element
Ni, and element Cr on straight line 8 are shown in Fig. 25.
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(e) 700 ms elemental concentration distribution

Fig.23 Cloud map of Ni concentration distribution at different moments

The figure shows that the initial stage of cladding is in the
range of 2—4 mm, and the concentration of each element in
the clad layer changes slowly. This is because at the early
stage of cladding, the molten pool is not fully formed, the
molten pool flow rate is small, and the liquid metal in the
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molten pool is not very fluid. At the 4-mm position, the
molten pool is fully formed, and the concentration of each
element shows a small fluctuation with position. At the end
of the cladding layer, the content of each element changes
sharply. After the molten pool reaches the steady state, the
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content of Fe and C elements increases, and the content of
Ni and Cr elements decreases as the laser power increases.
This is because the higher the laser power, the larger the
irradiated area, the more the base material to be melted, and
the smaller the range of variation of each element in the case
of the same amount of powder feeding.

The distribution of the concentration of each element on
straight line 9 is shown in Fig. 26. The figure shows that
the greatest range of variation in the content of each ele-
ment is found in the central region of line 9. The variation
in the concentration of each element diminishes as the posi-
tion approaches the sides of the cladding layer. As the laser

Fig. 24 Extraction location of element diffusion data
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Fig. 26 Distribution curve of different elements on line 9

power increases, the range of variation of the concentration
of each element in the molten layer decreases.

The distribution of the different element concentra-
tions on straight line 10 is shown in Fig. 27. It can be
seen in the figure that the range of variation of each ele-
ment on the straight line 10 decreases as the laser power
increases. The element concentration variation tends to
stabilize when the position is close to the surface of the
cladding layer.

The principle of metal solidification plays a pivotal role
in the cladding process, particularly during techniques like
laser cladding. As the laser beam irradiates the substrate,
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creating a localized, high-energy density zone, the material
undergoes melting to form a molten pool. Subsequent to
this, the metal solidification principle governs the intri-
cate process of solidifying the molten pool. This involves
the formation of specific microstructural features, such as
dendritic growth and solidification structure, often char-
acterized by an austenitic dendritic structure. The control
of solidification rates is paramount, influencing the size
and distribution of crystalline structures, which, in turn,
dictate the mechanical and wear-resistant properties of
the cladding layer. Moreover, the solidification process is
intricately tied to the constraint effects, further shaping the
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Fig. 27 Distribution curve of different elements on line 10
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Fig.28 Comparison between simulation and experiment

Fig.29 Temperature gradient of molten pool
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Table4 GxS and G/S at different positions
Point Numerical value
G X S(K/s) G/S(K-s/mm?)
A 11,897 124
B 6142 247
C 1295 1292

microstructure and performance of the clad layer. A pro-
found understanding of the metal solidification principle is
essential for optimizing laser cladding processes, ensuring
enhanced material properties and performance.

4 Experimental research and validation

Scanning electron microscopy was used to observe the
cross-sectional appearance profile of the molten clad-
ding. The experimental observations are compared with
the numerical calculations, as shown in Fig. 28. The upper
part is divided into numerical model calculation results, the
cladding layer height is H=0.3031 mm, the cladding layer
width is X=2.7534 mm. The lower part is divided into the
appearance profile of the cladding layer observed by scan-
ning electron microscopy. The height of the cladding layer
is h=0.3294 mm, and the width of the cladding layer is
x=2.7743 mm. The comparison results show that the height
error of the cladding layer is 8.01% and the width error is
0.75%, which is within a reasonable range. The height of the
cladding layer contour fits, which verifies the validity of the
numerical model.

The two key factors affecting the solidification organiza-
tion are the current temperature gradient G and the solid-liq-
uid interface migration rate S [24], which is expressed as
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_ AT,
G= Ad (18)
S = Vcoso

where Ad is the unit length, AT, is the temperature change
of Ad, and @ is the solidification growth rate and the laser
scanning direction angle. According to the principle of metal
solidification, it is known that the closer to the top of the
molten pool, the smaller the 6 and the larger the S. The solid-
ification growth rate of the molten metal increases gradually
from the bottom of the molten pool toward the surface of the
molten pool in the region where S and V intersect with the
substrate approximately vertically [25, 26]. The temperature
gradient G is obtained by numerical calculation, as shown in
Fig. 29. The cooling rate (G x S) affects the microstructure
size, and high cooling rate can refine the grain. The shape
control factor (G/S) determines the microscopic morphol-
ogy, as shown in Fig. 30. The values of GX S and G/S at
different locations in the molten layer are shown in Table 4.

The microscopic morphology of the molten layer is
shown in Fig. 31. The point A is located at the top of
the cladding layer, which has a larger G X S value and a
smaller G/S value. The microstructure is mainly equiaxed
crystals. The point B is located in the middle of the clad-
ding layer, and the G xS value and G/S value are in the
middle value. The microstructure is mainly composed of
columnar crystals and equiaxed crystals. The point C is
located at the bottom of the cladding layer, which has a
smaller G X S value and a larger G/S value. In the micro-
structure, plane and cellular crystals coexist. The com-
parison analysis shows that the experimental observation
results are basically consistent with the numerical calcu-
lation results, which further verifies the validity of the
numerical model.

5 Conclusion

The calculated results analysis of the numerical model for
laser cladding led to the following conclusions:

(1) The molten pool size is related to the laser power dur-
ing the cladding. The higher the laser power, the higher
the melting temperature and the larger the molten pool
size. On the front side of the molten pool, the tempera-
ture gradient is larger. On the back side of the molten
pool, the temperature gradient is smaller.

(2) The flow rate of molten pool is related to the laser
power. The higher the laser power, the more pro-
nounced the Marangoni effect and the smaller the flow
rate in the center of the molten pool. As the laser power
increases, the molten pool size becomes larger and the
flow rate distribution of molten pool becomes larger.
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Fig.31 Microscopic morphology of cladding layer

(3) Due to the difference in the thermal physical parameters ment mixing. Influenced by the flow of molten metal,

of the substrate and powder material, there is thermal
deformation in the cladding process, which leads to
large stresses on both sides of the cladding layer dur-

where the cladding layer is bonded to the substrate, the
element content changes less. The surface area of the
cladding layer with a large variation in element content.

ing the solidification for the molten pool. As the laser
power increases, the heat-affected zone of cladding
increases, and the distribution range for plastic stress
increases.

(4) The concentration distribution of each element in the
cladding layer varies with time, and the distribution of
each element tends to be stable at 500 ms. The center Declarations All analyses were based on previously published studies;
and back of the molten pool with a high degree for ele- thus, no ethical approval and patient consent are required. All authors
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