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Abstract: A 2D model of laser melting consisting of heat transfer, hydrodynamic flow, surface tension,
and a free surface motion was established. A physical field simulation of the laser melting process was
performed, and the effect of steady magnetic field parameters on the internal flow and temperature
fields of the melt pool was analyzed and validated by experiments. The results show that the steady
magnetic field can suppress the melt pool flow rate, but slightly influences its temperature field,
and with an increase in the magnetic field strength, the ripples on the melting surface decrease with
increasing magnetic flux density. Compared with the molten pool depth experiment results, the
simulation molten pool depth was 792 µm, representing a difference in value of 13.5%. The surface
ripples of the molten pool fluctuated greatly in the absence of a magnetic field, while the surface
ripples were suppressed when the magnetic flux density was 2T. This is consistent with the simulation
results, thus effectively demonstrating the simulation model’s accuracy.

Keywords: laser melting; molten pool flow behavior; numerical simulation; steady magnetic field

1. Introduction

Currently, laser processing technology has been widely used in additive manufactur-
ing, polishing, welding, cutting, and other areas of material precision processing [1]. Metal
surface melting has formed many advanced manufacturing processes, such as direct metal
deposition (DMD), laser net-forming (LENS), laser metal deposition (LMD), selective laser
melting (SLM), laser polishing, etc., allowing new prospects for high-performance products
in material processing and laser fusion manufacturing. Laser melting is one of the methods
of laser surface strengthening. It has the characteristics of fast heating and cooling and
can improve the mechanical properties of materials by changing their surface properties
without changing their composition [2–5]. For example, Li et al. studied the quality and me-
chanical properties of Ti6Al4V selected-area laser melting and forming [6]. With an increase
in the number of lasers remelting, the upper surface quality and denseness of the Ti6Al4V
sample parts gradually improved, and the surface roughness also improved. Laser melting
is more complex, and the internal flow behavior of the laser melting pool significantly
influences the growth rate of the pool temperature gradient and solidification interface,
the transformation of liquid and solid phases, and the scale shape and properties [7]. The
effective thermal conductivity approach, which is an alternative way to characterize the
heat transfer effects of motion within the molten metal, has been successfully applied to
other metallurgical processes [8]. However, there are challenges with laser melting and
coagulation treatment. Due to the reflux effect of the melt pool, the laser melting surface
can easily form ripples or folds, which extremely reduces the quality of the melting surface
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and requires subsequent machining, etc. Therefore, it is important to study and understand
the surface morphology after laser-melting solidification to reduce surface roughness and
the subsequent machining.

In response to the above problems, scholars have proposed the adoption of measures
such as a steady magnetic field, an electromagnetic compound field, ultrasonic vibration,
mechanical vibration, etc., to change the flow behavior of the laser melt pool [9–12]. Partic-
ularly, the steady magnetic field’s regulating effect on the laser melt pool can be applied
in many areas as an auxiliary technology with outstanding features, such as non-contact,
non-pollution, controllability, and various combinations. In recent years, researchers have
widely applied this technology to laser welding, laser melting, and laser polishing pro-
cesses [13,14]. The use of laser melting in practical engineering applications requires process
parameters that meet the expected product quality standards, but due to a large number of
process parameters and the coupling between various physical phenomena, determining
process parameters through experiments is costly and time-consuming. Therefore, simu-
lations are a promising alternative to save cost and time in experiments and can also be
used to reduce exploration costs [15–17]. In addition, numerical simulation enhances the
understanding of the auxiliary transport phenomena in laser material processing, making
it easier to compare laser process control parameters and multiple factors. With the de-
velopment of computational techniques, numerical simulations can also exhibit sufficient
predictive capabilities that are also difficult to obtain experimentally.

Many researchers have effectively studied the numerical simulation of electromagnetic
field-assisted laser processing. Liu et al. investigated the evolution of the macroscopic
morphology of laser melting coating using alternating magnetic fields, and the results
showed that the alternating electromagnetic force caused the surface morphology of the
melting layer to be wavy after solidification [18]. Elsewhere, Wang et al. numerically
simulated the electromagnetic, temperature, and flow fields of the laser melt pool under
electromagnetic stirring; they also experimentally studied the effects of magnetic field
stirring on the microstructure and properties of laser-deposited titanium alloys, obtaining a
refined lamellar microstructure and improving the mechanical properties of the deposited
layer [19]. In a different study, Wang et al. studied the induced Lorentz force effect on the
distribution of Fe elements in laser-clad Inconel718 coatings and established a three-phase
mixed solidification model based on the averaging method [20]. Yu et al. used the finite
element and finite volume methods to numerically analyze the coupled magnetic-thermal-
fluid analysis of laser-additive manufacturing of Ni45 alloy under the action of alternating
magnetic fields and explored the evolution pattern of the applied magnetic fields on the
solidification microstructure and properties [21]. Hu et al. established a multi-physics
mathematical model of steady magnetic-field-assisted laser melting and solidification to
simulate the velocity and temperature fields of the melt pool under a steady magnetic
field [22]. Furthermore, Wang et al. established a mathematical model of the regulation
of the electromagnetic complex field on the gradient of the particle distribution enhanced
by laser melting and injection and analyzed the influence of the electromagnetic complex
field parameters on the flow field, temperature field, and particle distribution inside the
melt pool [23]. To improve the rough surface of SKD61 die steel, and reduce the secondary
overflow of the molten pool, Zhou et al. adopted a steady magnetic-field-assisted laser-
polishing method to study the effect of a steady magnetic field on surface morphology
and melt pool flow behavior [24]. The study revealed that the steady magnetic field can
inhibit the secondary overflow of the molten pool to slightly improve SKD61 surface
roughness by reducing the velocity of the molten pool. Gruzd et al. experimentally and
theoretically evaluated the refinement of the micro-optical structure of stainless steel in
the applied magnetic field laser surface processing [25]. The authors discussed the effect
of cross-surface magnetic fields and permanent magnetic fields and also simulated the
transport phenomenon in the melting zone. Bachmann et al. improved the quality of the
weld seam and the strength of the laser welding process by controlling the electromagnetic
field-controlled flow in the molten pool [26]. Meng and co-workers [27] studied the effect of
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electromagnetic stirring on fluid flow and element transport in wire-fed laser welding and
showed that the Lorentz force generated by the oscillating magnetic field and its induced
eddy currents significantly influenced the fluid flow and hole lock stability. Moreover,
electromagnetic stirring behind and below the melt pool improved the flow rate of the melt.
From preceding discussions, the surface tension and free surface motion of the laser melting
and condensing melt pool under a steady magnetic field have not been comprehensively
studied and still merit significant further research.

Therefore, in this paper, we established a multi-physics mathematical model of the
internal flow of a laser melting pool under a steady magnetic field and simulated the
dynamic evolution mechanism of the velocity field, flow field, surface tension, and free
surface motion of the melt pool under a steady magnetic field using COMSOL Multiphysics.
The simulated and experimental results were compared and analyzed.

2. Numerical Model
2.1. Geometric Model

The 2D model with a size of 25 mm × 8 mm was used in this study, as shown in
Figure 1. Since the laser melting layer depth is generally shallow, the model was layered to
reduce the calculation volume, and the layer thickness was 0.5 mm.
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2.2. Physical Model and Assumptions

Under the action of a laser, the laser beam radiates energy to the metal surface, and
under laser irradiation, the metal surface reaches melting temperature to form a melt pool.
The process of a laser melt pool under a steady magnetic field involves various physical
processes, such as solid–liquid phase change of the material, heat transfer and convection of
the melt pool, surface tension, the free surface motion of the melt pool, etc., which involve
the coupling of several physical fields, so COMSOL Multiphysics software was used for
the simulations.

The following assumptions are made in this model to clearly express the flow process
of the metal during heating:

(1) The liquid metal in the molten pool is an incompressible Newtonian fluid;
(2) The material is homogeneous and isotropic, and the thermophysical parameters of

the metal are only temperature-dependent;
(3) Air has little effect on the final shape of the melt pool surface, so the air domain is

ignored to reduce the workload;
(4) The absorption of laser radiation at the surface of the material is an empirical value

without regard to the influence of the incident laser and the normal angle of the surface;
(5) The model uses a boundary heat source acting directly on the metal surface, so

the effect of the amount of defocusing on the melt pool is not considered and the depth of
focus effect is ignored;
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(6) The magnetic flux density B is uniformly distributed on the substrate in a direction
perpendicular to the substrate axially and parallel to the surface of the molten coagulation
layer.

2.3. Governing Equations

In the laser melting and solidification process, the material melts under the irradiation
of the laser beam, and a melt pool appears. Three regions exist in the melting or solidi-
fication process of the material: the solid-phase region, the liquid-phase region, and the
solid/liquid coexistence region (paste region). The phase change occurs at a certain temper-
ature range, and the thermophysical properties of the material vary with the temperature.
In this paper, both solid and liquid phases are considered porous continuums. The heat
transfer equation is solved in the two-phase domain to accurately obtain the phase change
interface, and the phase change potential is added by correcting the heat capacity Cp

∗ and
applied to the simulation of the paste-like region around the phase change interface with
the following control equation:

ρCp
∗
(

∂T
∂t

+ u · ∇T
)
−∇ · (k∇T) = 0 (1)

ρ

(
∂u
∂t

)
= −∇p + µ∇2u + Fv (2)

Fv = FGravity + FBuoyancy + FDarcy + FLorentz = ρg
(

1− β
(

T − Tre f

))
− A(1− fl)

2

fl
3 + B

u + j× B (3)

j = σe(u× B) (4)

where ρ is the fluid density, g is the gravitational acceleration constant, β is the thermal
expansion coefficient, Tre f is the reference temperature, p is the pressure, µ is the kinetic
viscosity, Fv is the bulk force including gravity (FGravity), buoyancy (Fbuoyancy), Darcy re-
sistance (FDarcy) and Lorentz force (FLorentz). t, k, u, j, B, and σe are the laser heating time,
thermal conductivity, flow rate of the melt pool, current density, magnetic flux density,
and electrical conductivity of the material, respectively. The mass control equation for an
incompressible fluid is:

∇ · (u) = 0 (5)

In this paper, we studied the process of continuous laser melting of 316L stainless steel,
which is solved in a single domain, such as solid and liquid phases. The equivalent heat
capacity Cp

∗ is used instead of the specific heat capacity considering the influence of latent
heat in the melting process:

Cp
∗ = Cp + Lm

(
d fl
dT

)
(6)

where T is the temperature, Cp is the specific heat capacity, Lm is the latent heat of melting,
and fl is the liquid phase fraction.

During the laser heating process, the surface of the metallic material undergoes a
heating melting followed by an evaporation process. The simulation was performed at
a temperature lower than the evaporation; in this case, only the heating phase and the
melting phase were considered. Moreover, the liquid phase temperature line was slightly
determined above the melting point of the material and the solid phase temperature line
slightly below the melting point of the material to improve the stability of the numerical
simulation. The liquid fraction was defined as follows:

fl =


0, T < Ts
T−Ts
Tl−Ts

, Ts ≤ T ≤ Tl

1, T > Tl

(7)



Metals 2023, 13, 720 5 of 18

2.4. Moving the Grid

The model calculation area was divided into solid and liquid, and the deformation
of the free surface of the melt pool liquid used the Arbitrary Lagrangian–Eulerian (ALE)
method, which has the advantage that the solution of the grid equation can be used to
smoothly replace the grid nodes divided in the flow field, combined with the moving
coordinate system in the N-S equation to calculate the velocity of the melt pool interface at
any point in time. The method not only handles flows with large deformations but also
accurately describes the internal motion within the fluid with the following formula:

umesh · n = u · n (8)

where umesh is the grid velocity and u is the velocity of the material flow calculated with
the Navier–Stokes equations.

2.5. Boundary Conditions

(1) Heat transfer boundary conditions
The metal surface not only directly absorbs the radiation of the laser beam but also

processes thermal convection and thermal radiation while heating the surrounding envi-
ronment, which cannot be ignored as it will affect the changes in the temperature field.
Thermal convection and radiation equations are as follows:

−∇ · (k∇T) = Q + h(Tamb − T) + εσ
(

Tamb
4 − T4

)
(9)

where Q is the heat generated by the laser beam, h is the convective heat transfer coefficient,
ε is the surface emissivity, σ is the Stephen Boltzmann constant, and Tamb is the ambient
temperature.

The laser beam power density distribution is a flat-top distribution, as shown in
Equation (10):

Q(x, t) =

{
P

πrp
; |x− vs · t| ≤ rp

0, |x− vs · t| > rp
(10)

where P is the laser power, rp is the spot radius, (x, t) is the laser beam position, and vs is
the laser moving speed.

(2) Surface tension
Under laser melting, the surface tension of the melt pool γ dominates the pool flow

and surface deformation, and in terms of effects, the surface tension can generate capillary
forces along the normal direction σn and Marangoni forces along the tangential direction of
the free surface. The capillary force σt and the Marangoni force σn act as stresses on the free
surface of the melt pool [28].

The total stress at the top of the melt pool is:

σ = σn − σt = κγn− ∂γ

∂T
∇sT · t (11)

where γ is the surface tension coefficient, κ is the curvature of the surface profile, and
∂γ/∂T is the temperature coefficient of surface tension, whose positive or negative value
determines the direction of melt pool flow. If ∂γ/∂T > 0, the melt pool flows radially
from the edge to the center. Otherwise, the melt pool flows radially from the center to the
edge [29].∇sT is the temperature gradient along the tangential direction of the surface and
n and t are the normal and tangential vectors of the free-form surface, respectively.

The specific boundary conditions set in the physical field are shown in Table 1.
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Table 1. Boundary conditions.

Physics Boundary
Conditions Boundary Physical Condition

Heat transfer
Boundary heat source 5 Laser irradiation

Convection 1, 2, 3, 4, 5, 6, 7 Natural convection
Diffuse surface 5 Radiation

Fluid flow

Tangential stress 5 Marangoni effect
Normal stress 5 Weak contribution
Lorentz force Domain 1, Domain 2 Magnetic field

Wall 1, 2, 3, 6, 7 No-slip wall

The physical properties of 316L stainless steel refer to 304 stainless steel. The parame-
ters for the calculations are shown in Table 2.

Table 2. Physical properties of 316L stainless steel [30].

Property Symbol Value

Liquidus temperature (K) Tl 1723
Solidus temperature (K) Ts 1673
Melting temperature (K) Tm 1698

Liquid phase density (kg/m3) ρl 6350
Solid phase density (kg/m3) ρs 7980

Thermal conductivity of liquid phase (W/(m·K)) kl 40
Thermal conductivity of solid phase (W/(m·K)) ks 50

Specific heat of liquid phase (J/(kg·K)) Cpl 746
Specific heat of solid phase (J/(kg·K)) Cps 464

Constant in surface tension gradient (N/(m·K)) Aγ 2.8 × 10−4

Latent heat of fusion (J/kg) Lf 2.47 × 105

Surface tension of pure metal (N/m) γm 1.588
Thermal expansion coefficient (1/K) β 1.1 × 10−5

Convective coefficient (W/(m2·K)) h 10
Emissivity ε 0.5

2.6. Grid Division

The simulation uses the direct solver PARDISO. In the process of melt pool simulation,
the influence of high-quality mesh is very important to the results of the calculation, and
the triangular mesh is easier to converge, so the triangular mesh was used in domain 2.
To reduce the calculation volume, a larger mesh was used in domain 1. Theoretically, the
smaller the grid size, the longer the calculation time of melting, and the better the accuracy
of the numerical simulation results. Since boundary 5 is a free-flowing surface of the melt
pool, the boundary will be deformed when the material reaches the melting temperature,
so a finer grid is needed for the calculation, and domain 2 of this model uses adaptive grid
refinement.

3. Laser Melting Experiments
3.1. Laser Melting Experimental Setup

The experimental study was used to validate the numerical model of the molten pool
dynamics evolution mechanism of the steady magnetic field in the internal flow. The
schematic diagram is shown in Figure 2. The continuous laser used in this experiment was
the fiber-coupled semiconductor laser producer (model: LDF400-2000), with a maximum
laser power of 2000 W, a central radiation wavelength of 940~980 nm, a spot diameter of
4 mm, and a flat-top laser spot type. By applying a steady-state magnetic field on both
sides of the substrate to obtain the Lorentz force, the substrate was polished, degreased,
and dried before laser melting.
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Figure 2. Schematic of experimental equipment for laser melting on 316L stainless steel.

A Zeiss optical microscope (Model: Axio lmager2) was used to analyze the molten pool
morphology of the continuous laser melting. The ultra-deep 3D microscope (Model: VHX-
500) and the confocal laser scanning microscope (Model: VK-X1000), both manufactured by
Keyence, Japan, were used to obtain the microscopic 3D morphology of the surface before
and after continuous laser melting.

3.2. Experiment Materials

316L stainless steel was used in the experiment. Table 3 summarizes the basic chemical
composition. The substrate surfaces were sanded with sandpaper before the experiment,
the oil stains were removed with acetone, and then the surface was sonicated and finally
dried. The melting samples were cut in the scanning direction, and the depth of the
longitudinal section was observed under a metallurgical microscope after laser melting.

Table 3. Chemical composition (wt%) of 316L stainless steel.

C Si Mn P S Ni Cr Mo Fe

0.02 0.55 1.55 <0.03 <0.03 10.0 16.5 2.08 Bal.

4. Numerical Simulation Results and Analysis
4.1. Effect of Magnetic Field Strength on Laser Melting Temperature Field

As shown in Figure 3, the energy of the laser beam is flat-topped circular and the
material is assumed to be isotropic when no magnetic field is applied, which leads to
a circular isotherm at the highest temperature attachment on the upper surface. As the
laser heat source moves in the scanning direction, the isotherms are elongated. A sparse
temperature distribution appears in the first half and a tighter temperature distribution
in the latter due to the flat-top laser heating source. The temperature distribution on the
surface of the laser melting pool increases with time, the surface shows a temperature
gradient distribution along the pool from the center to the edge during the process of
reaching the melting temperature, and the temperature at the center of the pool surface is
higher than that of at the edge.
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Figure 4 shows the temperature field distribution in the longitudinal section of the
molten pool (t = 4.5 s) when steady magnetic fields of different strengths are applied. As
Figure 5 shows, an increase in the intensity of the applied steady magnetic field slows
down the flow rate on the molten pool surface, and the high-temperature liquid on the
molten pool surface cannot be stirred into the melt pool interior under surface tension
due to the continuous weakening of the convective heat transfer process in the molten
pool. Therefore, the molten pool absorbs the same laser energy in the continuous melting
and coagulation process under the same laser process parameters, which leads to an
increase in the molten pool surface temperature under the applied steady magnetic field.
However, under the applied magnetic field, the molten pool’s size and internal temperature
distribution increased slightly. Whereas the surface temperature of the molten pool is
2110 K when the steady magnetic field is not applied, the near-surface temperature of the
molten pool rises to 2174 K when the steady magnetic field (Bz = 1.0 T) is applied. As
shown in Figure 5a–e, the red arrows represent the direction of fluid flow, and the length of
the red arrows represent the magnitude of fluid velocity. This indicates that the surface
flow field velocity of the molten pool decreases under the applied magnetic field. The
surface temperature of the molten pool has increased, but the increase in temperature is not
significant because inside the molten pool conduction heat transfer is predominant and the
steady magnetic field has a greater impact on the internal thermal convection process of
the molten pool. However, changing the temperature distribution inside the molten pool is
difficult.
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4.2. Effect of Magnetic Field Strength on the Flow Field of the Laser Melt Pool
4.2.1. The Effect of the Magnetic Field on the Flow Field of the Molten Pool

Figure 5 shows the distribution of the free surface flow field of the molten pool under
different magnetic field strengths. At Bz = 0 T, there is no Lorentz force in the molten pool,
and the surface tension of the molten pool fluid gradually increases from the center to
the edge of the molten pool under the action of the surface tension gradient force, and
the flow inside the molten pool is formed by the joint action of gravity and buoyancy to
form natural convection. Therefore, the free surface flow velocity of the molten pool is
greater than the internal velocity of the molten pool, which flows from the center to the
edge and accumulates at the edge of the molten pool, and forms a typical double vortex
state inside the molten pool. The Lorentz force in the lower part of the molten pool is
smaller than that of the free surface of the molten pool, and the direction and surface
tension gradient are approximately tangential to the direction of the circulation generated
by the buoyancy coupling (shown in Figure 6). This reduces the convective strength of the
melt pool, and the enhancement is more significant with the increase in the magnetic field
strength. When a steady magnetic field is introduced into the laser melting, the convective
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characteristics of the molten pool remain almost the same as in the absence of a magnetic
field, as shown in Figure 7a–e. As the magnetic flux density increases, the fluid velocity in
the steady magnetic field inside the molten pool generates an induced current, which forms
an induced Lorentz force in the direction opposite to the fluid direction at all times under
the action of the steady magnetic field. Therefore, the molten pool flow velocity decreases
with increasing magnetic flux density, as shown in Figure 5a–e, and the suppression effect is
higher on the left side of the melt pool than on the right side. This is because the direction of
the Lorentz force generated by the steady magnetic field is always opposite to the direction
of the fluid velocity, and its magnitude is proportional to the square of the velocity. The
greater the velocity, the greater the Lorentz force induced, and the more significant the
inhibition of the molten pool flow velocity.
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4.2.2. Influence of Marangoni Force on the Flow Field of Laser Melting Pool

The effect of the Marangoni force on the flow field for different magnetic fields is
shown in Figure 8a–e. It can be seen that the Marangoni force on the flow field of the laser
melting at the different magnetic fields is consistent, i.e., the flow velocity of the pool is
higher than that without the Marangoni force when the Marangoni force is considered.
This is because the direction of the Marangoni force is along the tangential direction of the
free surface, which will increase the velocity of the molten pool under the action of the
Marangoni force.
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4.2.3. Effect of Magnetic Field Strength on the Shape of the Laser Melt Pool

In the laser heating process, fluctuations in the free surface velocity of the molten pool
cause ripples to form on the surface during cooling. According to the molten pool free
surface control equation, the deformation rate normal to the grid boundary is equal to the
directional velocity direction of the flow rate, so the simulation can explain the ripples on
the surface of the molten condensation layer.

In the absence of the magnetic field, the molten pool moves with the laser beam on the
model surface during laser melting and redistributes the molten pool on the model surface
under the capillary and thermal capillary forces (Marangoni forces). Figure 8 shows the
evolution of the molten pool from t = 0.6 to 4.6 s. During the heating phase, the molten
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pool temperature gradually increases with time, and the flow velocity in the molten pool
gradually increases. As shown in Figure 9a–e, the red arrows represent the direction of
fluid flow, and the length of the red arrows represent the magnitude of fluid velocity.
Marangoni vortices are caused by the thermal capillary force formed in the molten pool,
transporting the hotter material from the center of the molten pool to the edge of the molten
pool, resulting in a depression in the center of the molten pool due to material loss. After
4.5 s, the laser heat source disappears and the molten pool solidifies rapidly. As shown
in Figure 9f, due to the lack of an external heat source, the internal surface tension of the
melting pool rapidly decreases, the convection of the melting pool weakens, the surface
ripple fluctuations disappear, and the surface shape of the melting pool flattens out.
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The heating and cooling of laser fusion coagulation of an applied steady magnetic
field are essentially the same as that with no applied magnetic field.

The solidification process of the molten pool under different steady magnetic field
strengths is shown in Figure 10. The right region is liquid, the left region is solid, and the
middle paste region is a mixture of liquid and solid states. As the molten pool moves from
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the left side to the right side, the thermal capillary force of the molten pool dominates
the fluid flow. According to the evolution mechanism study of the molten pool morphol-
ogy [31], the dominant forces in the molten pool are the capillary and thermal capillary
forces. These two forces determine the surface morphology of the molten pool. When the
surface morphology of the molten pool has a large curvature, the capillary force generates a
normal force to reduce the surface tension and achieve a smooth surface profile and filling
effect. Moreover, as the molten pool develops, the capillary force loses its dominant role
in the region of less surface curvature and continues to form a smooth morphology in the
tangential direction. To obtain a clear picture of the molten pool flow direction during
cooling, the region close to solidification was chosen when a slight liquid flow did not
affect the final molten pool morphology. Since the surface tension temperature coefficient
of the material is negative, the thermal capillary forces within the molten pool are inversely
proportional to the temperature, resulting in fluid flow from the low-surface-tension to
the high-surface-tension side of the molten pool. In the liquid-phase region, as the mag-
netic field strength increases, the bulk force generated by the magnetic field increases (see
Figure 11) in the direction opposite to the flow direction (Figure 7a–e). Consequently, the
magnetic field force hinders the flow of the fluid from the center of the molten pool to the
edge. The higher the magnetic field strength, the smaller the height difference between the
center and the edge of the molten pool, and the smoother the molten pool. The magnetic
field force causes the normal flow field to the surface layer at the edge of the molten pool
to decrease, resulting in a corresponding decrease in the height of the ripple bump on
the surface of the solidification layer. As the laser heat source moves away, the melt pool
rapidly reaches the solid temperature, and the bumps with small curvature on the free
surface of the molten pool are not smoothed out in time, so the morphology is retained.
When the magnetic flux density increases from 0 T to 2.0 T, the ripples on the surface of the
solidification layer are gradually suppressed.

Metals 2023, 13, x FOR PEER REVIEW 14 of 18 
 

 

The solidification process of the molten pool under different steady magnetic field 
strengths is shown in Figure 10. The right region is liquid, the left region is solid, and the 
middle paste region is a mixture of liquid and solid states. As the molten pool moves from 

the left side to the right side, the thermal capillary force of the molten pool dominates the 
fluid flow. According to the evolution mechanism study of the molten pool morphology 

[31], the dominant forces in the molten pool are the capillary and thermal capillary forces. 
These two forces determine the surface morphology of the molten pool. When the surface 
morphology of the molten pool has a large curvature, the capillary force generates a nor-

mal force to reduce the surface tension and achieve a smooth surface profile and filling 
effect. Moreover, as the molten pool develops, the capillary force loses its dominant role 

in the region of less surface curvature and continues to form a smooth morphology in the 
tangential direction. To obtain a clear picture of the molten pool flow direction during 
cooling, the region close to solidification was chosen when a slight liquid flow did not 

affect the final molten pool morphology. Since the surface tension temperature coefficient 
of the material is negative, the thermal capillary forces within the molten pool are in-

versely proportional to the temperature, resulting in fluid flow from the low-surface-ten-
sion to the high-surface-tension side of the molten pool. In the liquid-phase region, as the 
magnetic field strength increases, the bulk force generated by the magnetic field increases 

(see Figure 11) in the direction opposite to the flow direction (Figure 7a–e). Consequently, 
the magnetic field force hinders the flow of the fluid from the center of the molten pool to 

the edge. The higher the magnetic field strength, the smaller the height difference between 
the center and the edge of the molten pool, and the smoother the molten pool. The mag-
netic field force causes the normal flow field to the surface layer at the edge of the molten 

pool to decrease, resulting in a corresponding decrease in the height of the ripple bump 
on the surface of the solidification layer. As the laser heat source moves away, the melt 

pool rapidly reaches the solid temperature, and the bumps with small curvature on the 
free surface of the molten pool are not smoothed out in time, so the morphology is re-
tained. When the magnetic flux density increases from 0 T to 2.0 T, the ripples on the 

surface of the solidification layer are gradually suppressed. 

  
(a) (b) 

  
(c) (d) 

Figure 10. Cont.



Metals 2023, 13, 720 15 of 18Metals 2023, 13, x FOR PEER REVIEW 15 of 18 
 

 

 

 

(e)  

Figure 10. Evolution of solidification surface topography under different magnetic fields. (a) Bz = 
0.0 T; (b) Bz = 0.5 T; (c) Bz = 1.0 T; (d) Bz = 1.5 T; and (e) Bz = 2.0 T. 

 

Figure 11. Lorenz force distribution at different magnetic fields (t = 4.5 s). 

5. Experimental Verification 

We conducted a detailed analysis of transient melting dynamics and the evolution of 
the molten pool morphology based on the steady magnetic field to better understand the 

laser melting mechanism. Moreover, to further verify the numerical model’s accuracy, the 
same calculation parameters, such as the initial geometry (ideal smooth surface), laser 

power (P = 1500 W), and top-hat distribution of beam intensity and boundary, were used. 
In addition, a laser heat source with a velocity of 4 mm/s was defined and moved from 
left to right along the melting surface. Figure 10 demonstrates the evolution of the transi-

ent molten pool morphology by moving heat source radiation, and the solidified mor-
phology of the melting surface and cross-sections were measured using a scanning elec-

tron microscope. At 2.5 s, the molten pool was completely stable. The position (4.5 s) was 
selected as the final shape of the molten pool, as shown in Figure 12a. When Bz = 0 T, the 
simulated molten pool depth was 792 μm, and the actual molten pool depth was 916 μm 

(Figure 12b). Compared with the actual size, the difference in value was 13.5%. When Bz 
= 2 T, the simulated molten pool depth was 790 μm, and the actual molten pool depth was 

905 μm (Figure 12d). Compared with the actual size, the difference in value was 12.7%. 
Comparing the data in Figure 12b,d, we can see that when Bz = 2 T is applied, the magnetic 
field has less influence on the melting depth. 

Figure 10. Evolution of solidification surface topography under different magnetic fields.
(a) Bz = 0.0 T; (b) Bz = 0.5 T; (c) Bz = 1.0 T; (d) Bz = 1.5 T; and (e) Bz = 2.0 T.

Metals 2023, 13, x FOR PEER REVIEW 15 of 18 
 

 

 

 

(e)  

Figure 10. Evolution of solidification surface topography under different magnetic fields. (a) Bz = 
0.0 T; (b) Bz = 0.5 T; (c) Bz = 1.0 T; (d) Bz = 1.5 T; and (e) Bz = 2.0 T. 

 

Figure 11. Lorenz force distribution at different magnetic fields (t = 4.5 s). 

5. Experimental Verification 

We conducted a detailed analysis of transient melting dynamics and the evolution of 
the molten pool morphology based on the steady magnetic field to better understand the 

laser melting mechanism. Moreover, to further verify the numerical model’s accuracy, the 
same calculation parameters, such as the initial geometry (ideal smooth surface), laser 

power (P = 1500 W), and top-hat distribution of beam intensity and boundary, were used. 
In addition, a laser heat source with a velocity of 4 mm/s was defined and moved from 
left to right along the melting surface. Figure 10 demonstrates the evolution of the transi-

ent molten pool morphology by moving heat source radiation, and the solidified mor-
phology of the melting surface and cross-sections were measured using a scanning elec-

tron microscope. At 2.5 s, the molten pool was completely stable. The position (4.5 s) was 
selected as the final shape of the molten pool, as shown in Figure 12a. When Bz = 0 T, the 
simulated molten pool depth was 792 μm, and the actual molten pool depth was 916 μm 

(Figure 12b). Compared with the actual size, the difference in value was 13.5%. When Bz 
= 2 T, the simulated molten pool depth was 790 μm, and the actual molten pool depth was 

905 μm (Figure 12d). Compared with the actual size, the difference in value was 12.7%. 
Comparing the data in Figure 12b,d, we can see that when Bz = 2 T is applied, the magnetic 
field has less influence on the melting depth. 
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5. Experimental Verification

We conducted a detailed analysis of transient melting dynamics and the evolution
of the molten pool morphology based on the steady magnetic field to better understand
the laser melting mechanism. Moreover, to further verify the numerical model’s accuracy,
the same calculation parameters, such as the initial geometry (ideal smooth surface), laser
power (P = 1500 W), and top-hat distribution of beam intensity and boundary, were used.
In addition, a laser heat source with a velocity of 4 mm/s was defined and moved from left
to right along the melting surface. Figure 10 demonstrates the evolution of the transient
molten pool morphology by moving heat source radiation, and the solidified morphology of
the melting surface and cross-sections were measured using a scanning electron microscope.
At 2.5 s, the molten pool was completely stable. The position (4.5 s) was selected as the
final shape of the molten pool, as shown in Figure 12a. When Bz = 0 T, the simulated
molten pool depth was 792 µm, and the actual molten pool depth was 916 µm (Figure 12b).
Compared with the actual size, the difference in value was 13.5%. When Bz = 2 T, the
simulated molten pool depth was 790 µm, and the actual molten pool depth was 905 µm
(Figure 12d). Compared with the actual size, the difference in value was 12.7%. Comparing
the data in Figure 12b,d, we can see that when Bz = 2 T is applied, the magnetic field has
less influence on the melting depth.
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According to the surface topography shown in Figure 13a,b, the surface ripples of the
molten pool fluctuate greatly in the absence of a magnetic field, while the surface ripples
are suppressed when the magnetic flux density is 2 T. This is consistent with the simulation
results.
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It is shown that the model has a certain reliability from the above two aspects.

6. Conclusions

In this study, a 2D transient laser melting mathematical model was developed based on
the solid–liquid unified model by considering the solid–liquid phase change, heat transfer
and fluid flow, capillary and Marangoni forces, gravity, thermal buoyancy, and Lorentz
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force inside the laser melting pool, and simulating the solid–liquid phase change, fluid
flow, and heat transfer under the action of a steady magnetic field using finite element
COMSOL Multiphysics.

With the assistance of a steady magnetic field, a directional Lorentz force was generated
inside the melt pool at all times in the opposite direction of the melt pool flow, which
resulted in a significant suppression of the melt pool convection. The suppression effect
was more pronounced as the magnetic induction strength increased. However, the effect
of the steady magnetic field on the temperature was not significant, and the maximum
temperature of the melt pool surface was 2174 K after applying a steady magnetic field
with a magnetic induction of 1 T, which is only 64 K higher than that in the state without a
magnetic field. On the one hand, the effect of the steady-state magnetic field on the melt
depth was smaller, and the melt depth was 916 µm after the application of the steady-state
magnetic field with the magnetic induction of 2 T, which is only 11 µm less than that
without the magnetic field.

The numerical model’s accuracy was verified by the experiments. The actual molten
pool depth was 916 µm. The simulated molten pool depth was 792 µm. Compared with
the actual size, the difference was 13.5%.

The free surface fluctuation of the molten pool was suppressed when the steady mag-
netic field was applied, making the surface morphology of the molten pool solidification
layer flat. Moreover, without changing the original laser coagulation process parameters,
the steady magnetic field controlled the surface morphology of the coagulation layer.
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