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The laser melt injection (LMI) method is always used to prepare a metal-matrix composite layer on the surface of 
substrate. In LMI process, the laser beam melts the surface layer of substrate locally while simultaneously injecting 
particles of additional material. In order to control the distribution of reinforcement particles in LMI layer, an elec-
tric-magnetic composite field can be applied. The effect of electric-magnetic synergistic on the reinforcement particles 
distribution in LMI was investigated using experimental and numerical method. The spherical WC particles were used 
because their regular shape was most close to the simulation conditions and good tracer performance in the melt flow. 
The distribution of WC particles in longitudinal section was observed by SEM and calculated by computer graphics 
processing. The trajectory of WC particles in the melt pool was simulated by a 2D model coupled the equations of heat 
transfer, fluid dynamics, drag force, Lorentz force and phase transition. The simulation results were compared with 
experimental data and were in good agreement. The results indicated that the effect of electric-magnetic synergistic on 
the reinforcement particles distribution was verified. The distribution of WC particles in LMI-layer was influenced by 
the direction of Lorentz force induced by electric-magnetic composite field. When the Lorentz force and gravity force 
are in the same direction, the vast majority of particles are trapped in the upper region of LMI-layer, and when these 
forces are in the opposite direction, most particles are concentrated in the lower region. 34 Ref., 8 Figures.
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Metal-matrix composites (MMC) reinforced with ce-
ramic particles exhibit a number of advantages over 
monolithic alloys and have been used extensively in 
industry [1]. The laser melt injection (LMI) method is 
always used to prepare a MMC layer on the surface of 
substrate with low particle dissolution rate, high sur-
face performance and low cracking tendency [2–5]. 
LMI has been mainly applied for improving the sur-
face hardness and wear resistance of the metallic sub-
strate, such as stainless steels [4, 6], aluminum alloys 
[7, 8], titanium alloys [1, 2, 9–11], low carbon steels 
[12–16] and tool steels [3, 5, 17]. In contrast with la-
ser cladding, the reinforcement particles (usually ce-
ramics) injected in the molten pool without any other 
metal-matrix powder and moved with the melt flow 
preserve solid state or micromelt state due to rapid 
solidification during LMI process [7].

Graded materials can be designed at microstruc-
tural level to tailor specific materials for their func-
tional performance in particular applications [18, 19]. 

The controlled gradients in mechanical properties 
offer attractive challenges for the design of surfac-
es with resistance to contact deformation and dam-
age [9]. In order to optimize the particle utilization 
ratio, machinable property and gradient distribution 
performance of LMI-layers, it is necessary to control 
the distribution of reinforcement particles. The previ-
ous LMI process usually chose the special designed 
lateral nozzle as a powder delivery nozzle for avoid-
ing the excessive dissolution of reinforcement parti-
cles [16]. Therefore, the injection angle with respect 
to the surface normal [20], relative position between 
the powder spot and laser spot [21] and powder injec-
tion velocityy [7, 22] are the key process parameters 
during powder injection, which influence the distribu-
tion status of reinforcement particles sensitively. Con-
sequently, it is difficult and time-consuming to adjust 
the distribution of reinforcement particles because the 
processing parameters window of LMI using lateral 
nozzle powder delivery system is very narrow [6, 7].
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In this research, a common coaxial nozzle was 
chose to replace the special designed lateral nozzle to 
simplify the adjusting process of powder delivery sys-
tem. However, both the injection angle with respect to 
the surface normal and the relative position between 
the powder spot and laser spot are fixed during coaxi-
al LMI process. In order to control the distribution of 
WC particles using coaxial nozzle, an external force 
was introduced during LMI process, which applies an 
electric-magnetic composite field (EMCF) to the melt 
pool.

The application of electromagnetic field is a pos-
itive practice in laser welding and laser alloying to 
influence the distribution of added elements. Effect of 
electromagnetic stirring on the element distribution 
in laser welding was investigated by numerical and 
experimental methods. It was shown that the change 
of distribution of the filler material results from mod-
ulation of the melt flow due to periodic induced elec-
tromagnetic volume forces [23]. The frequency is a 
main parameter to determine the spatial distribution 
of elements, whereas the magnetic flux density is the 
main parameter determining the overall scale of the 
magnetic manipulation [24, 25].

A numerical model is built to investigate the la-
ser-melted aluminum pool under the influence of stat-
ic magnetic field. The solute distribution in the solid 
depends on the applied magnetic induction [26]. The 
other effects of electromagnetic field include sup-
pressing surface undulation of laser remelting, damp-
ing the velocity of molten pool [27], reducing the 
defects of laser welding [28, 29], preventing gravity 
dropout of the melt during laser full-penetration weld-
ing [30 et al.].

The previous investigations in electromagnetic 
fields were mostly focused on the influences of the 
elements, temperature, velocity and defects distribu-
tion on the melt pool during laser processing, all of 
which are induced through AC magnetic field or melt 
flow in the steady magnetic field. In this work, both 

the external steady electric field and the steady mag-
netic field were added in the molten pool during LMI 
process synchronously. The Lorentz force, generated 
by the electric-magnetic synergistic effect, is a kind of 
directional volume force in the melt pool in LMI, sim-
ilar to gravity. This Lorentz force can function as an 
additional volume force acting on the melt flow with 
variable direction. Consequently, the positions of WC 
particles trapped in the molten pool will be changed 
without changing LMI parameters.

In this research, a 2D transient multi-physics nu-
merical model, concerning heat transfer, fluid dynam-
ics, phase transition, drag force acted on the particles 
and electromagnetic field, was employed to study the 
distribution mechanism of reinforcement particles 
during LMI under the EMCF. The partial differential 
equations were solved with the finite-element solver 
COMSOL Multiphysics. The simulation results were 
verified by experimental measurements.

Experimental methods. AISI 316L austenitic 
stainless steel was used as the substrate because of 
its paramagnetic property. The chemical composition 
of AISI 316L was as follows, wt.%: 0.02C, 0.55Si, 
1.55Mn, 0.03P, 0.03S, 10Ni, 16.5Cr, 2.08Mo, Fe — 
base. Spherical monocrystalline WC particles (with-
out W2C) were chosen as the reinforcement particles, 
because the particles of this shape were used in the 
simulation study due to their good tracing perfor-
mance in the melt flow. The size of WC particles 
was 75–150 μm (Figure 1). The substrate specimens 
were machined to long strips with dimensions of 
200×20×10 mm. Figure 2 shows the schematic dia-
gram of the LMI process with EMCF applied. The 
electromagnets were used to provide the steady mag-
netic field (maximum magnetic flux density is 2 T), 
and large-capacity lead-acid batteries (2 V, 500 A·h) 
were used to provide high current (steady electric 
field) for the melt pool. In the melt pool zone, the 
magnetic flux density was of about 0.4–2.0 T, and the 
average current density — of about 5 A/mm2.

LMI was conducted using the 2 kW diode laser 
LASERLINE, powder feeder and coaxial nozzle. Ar-
gon was used as a shielding gas to reduce oxidation 
of the specimen and WC particles. Laser beam diam-

Figure 1. SEM-image of spherical monocrystalline WC particles 
used Figure 2. Schematic of LMI process with EMCF
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eter, optimized laser power, scanning speed and pow-
der feed rate in this experiment were 4 mm, 1.6 kW, 
5 mm/s and 10 g/min, respectively. The distribution 
of WC particles and elements in the melt pool were 
observed using SEM (Carl Zeiss SIGMA HV-01-043) 
and EDS (Bruker Nano X-Flash Detector 5010). The 
gradient distribution of microhardness HV was test by 
the microhardness tester (Shimadzu HMV-FA2).

Numerical simulation. Governing equations. The 
numerical simulation of the LMI process involves a 
classical computational fluid dynamics approach, 
that concerns fluid flow field and pressure as well as 
temperature. The movement of injected particles was 
calculated by the Lagrangian approach with fluid–par-
ticle coupling [18, 19]. The influence of Lorentz force 
induced by EMCF was added in the source term of 
momentum equations as the volume force. The com-
putational domain was initially composed of 30×5 mm 
rectangle. The surrounding gas phase was not taken 
into account because of the large differences in density 
and dynamic viscosity between the liquid metal and 
gas phase. The basic assumptions, made on the fluid 
flow, temperature field, particles injection and electro-
magnetic field in the simulation, were as follows:

● laminar flow pattern is assumed. The main rea-
son for this choice is that the velocities outside the 
shear layers at the surfaces are significantly reduced, 
and the Reynolds number inside the molten pool turn 
out to be far less than turbulent critical value (103) 
[30]. Furthermore, laminar flow assumption makes 
the numerical solution easier and reduces the compu-
tational effort [31];

● material properties are temperature-dependent 
up to evaporation temperature;

● Joule heat induced by high current is neglected 
due to short action time and strong laser heating of the 
metal up to evaporation temperature;

● buoyancy of molten pool is determined using 
Boissinesq approximation, because density variation 
caused by the temperature difference is sufficiently 
small;

● thermal conductivity is adjusted properly ac-
cording to the actual situation, since the convective 
motion in the transverse plane (z-direction) is neglect-
ed in 2D models, that may result in heat redistribution 
due to the fluid flow [32];

● distribution of magnetic flux density in the ac-
tive area is uniform;

● injection direction of particles is perpendicu-
lar to the substrate of molten pool, and particles are 
spherical and uniformly distributed in the powder jet;

● in the LMI process, the injecting particles main-
tain non-melting state, and their shape is spherical 
regularly. Therefore, the drag force (Stoke’s force) 

acting on the particles is only related to the velocity 
of melt flow [7];

● heat and convection in the molten pool are not 
influenced by the injection of particles;

● effect of gravity and drag exerted by the sur-
rounding gas on particle movement are negligible, 
and all particles have the same velocity.

The governing equations for mass conservation, 
energy conservation, momentum conservation includ-
ing Darcy force and Lorentz force are solved using 
the finite-element package COMSOL Multiphysics.

Mass conservation is expressed as

 ( ) 0,=u∇ ρ
 

(1)

and momentum conservation is given as
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where ρ is the density; p is the pressure; η is the vis-
cosity; FBuoyancy, FDarcy and FLorentz are the source terms, 
represent the buoyancy force, Darcy force, and Lo-
rentz force, respectively. The buoyancy force comes 
from density gradients, which is related to the expan-
sion of the liquid metal and is usually expressed using 
the Boissinesq approximation as follows:
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where β is the thermal expansion coefficient; g is the 
gravivational constant; T is the temperature; and Tm is 
the melting point.

The role of Darcy term is to dampen the velocity at 
the phase interface, therefore it becomes the velocity of 
solidified phase after transition. This term is assumed 
to vary with the liquid fraction and can be expressed 
according to the Kozeny–Carman equation [33] as
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where Fl is the volume fraction of the liquid phase, 
Amush and c are the arbitrary constants (Amush should be 
a large-valued constant accounting for damping the 
velocity of the mushy region, and c is the small con-
stant to avoid division by zero in the solid region).

The liquid fraction fl is assumed to vary linearly 
with temperature in the mushy zone, which is delim-
ited by the solidus TS and liquidus TL temperatures. It 
is defined as
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The Lorentz force FLorentz induced by the external 
steady magnetic field, steady electric field and con-
ductive fluid motion is described by the following 
equation:

 
2

( )
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where j is the current density; B is the magnetic flux 
intensity; E is the external electric field; and σ is the 
electric conductivity.

The interaction of external magnetic field with 
external electric field builds up the directional Lo-
rentz force contribution (σ(EB)). Simultaneously, the 
movement of conducting melt flow in the external 
magnetic field generates the induced electric current. 
This induced current in the same external magnetic 
field forms the nondirectional Lorentz force (σ(μB2)), 
which has a component directed against the original 
melt velocity thus decelerating the melt.

Energy conservation is given as
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where Cp is the heat capacity; k is the thermal conduc-
tivity; and Qsource is the heat source from laser beam.

The movement of particles in the molten pool 
obeys Newton’s second law:
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where mp is the particle mass; FD is the drag force; Fg 
is the gravity; u is the fluid velocity; v is the particle 
velocity; g is gravity acceleration; Vp is the volume of 
one particle; and ρf is the fluid density.

The relative Reynolds number is Rer = 1–100, and 
the drag coefficient based on Schiller–Naumann drag 
mode is calculated as follows:
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where dp is the diameter of particle; μ is the dynamic 
viscosity; and ρp is the particle density.

Boundary conditions. The temperature of the sub-
strate is assumed to be the same as ambient tempera-
ture T0 initially. The energy distribution of laser beam 
is considered uniform because of the nature of diode 
laser. Surface tension is added on the top surface as 
the boundary condition, which is relevant to the sur-
face temperature of molten pool. In this model, sur-
face tension is expressed by Marangoni shear stresses 
using the test function of the computation software:
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where η is the viscosity; ∂γ/∂T is the temperature de-
rivative of the surface tension.

The injection velocity of the WC particles is calcu-
lated as follows [34]:
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where D is the nozzle hydraulic diameter; v0 is the car-
rier gas velocity at the nozzle; υ is the kinematic vis-
cosity; θ is divergence angle of particle; and R is the 
distance between nozzle and sample. The particle in-
jection velocity was calculated about 1.1 m/s and pow-
der spot center was coincided with laser spot center.

Boundary conditions of numerical model are il-
lustrated in Figure 3. The necessary velocity and heat 
bounrady conditions were as follows:

● top boundary: 
, ( 1, 2; 3);i k

i

Tu i kT x
∂γ ∂

−η = = =
∂ ∂  

q0 = h(Text – T);
● left boundary: un = 0; q0 = h(Text – T);
● bottom boundary: un = 0; ( ) 0;k T− − ∇ =n
● right boundary: un = 0; q0 = h(Text – T).
The melting temperature of material was 

1700 K; fluid density 7800 kg∙m–3; particles density 
15600 kg∙m–3; heat capacity 746 J∙kg–1∙K–1; latent heat 
of fusion 30 J∙kg–1; heat conductivity 30 W∙m–1∙K–1; 
dynamic viscosity 0.006 Pa∙s; surface tension coeffi-

Figure 3. Boundary conditions of numerical model: 1 — laser 
beam; 2 — particles; 3 — molten pool
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cient –0.52∙10–4 N∙m–1∙K–1; diameter of particles was 
80 μm. The processing parameters were as follows: 
diameter of laser spot of 4 mm; laser scanning speed 
of 4 mm∙s–1; laser power of 1700 W; powder feed rate 
of 15 g∙min–1; shielding gas flow rate of 10 l∙min–1.

Results and discussion. Temperature and velocity 
distribution. The temperature distribution along the 
surface of molten pool (x-direction, y = 0 mm) is plot-
ted in Figure 4, a, and along its depth at the center of 
laser spot (y-direction, x = 33.6 mm) — in Figure 4, 
b. It is seen that the high temperature zone of the 
molten pool with Lorentz force are suppressed. No 
matter the Lorentz force is upward or downward, the 
temperature distribution with EMCF is always lower 
than that without it. In contrast with temperature dis-
tribution, the fluid velocity distribution is influenced 
by EMCF more significantly. Figure 5, a shows the 
velocity distribution along the surface, and Figure 5, 
b — the depth of molten pool. The maximum fluid 
velocity of molten pool is about 0.08 mm/s without 
EMCF. With the influence of the directional Lorentz 
force induced by EMCF, the maximum fluid velocity 

of molten pool is decreased to less than 0.02 mm/s, 
whether the direction of Lorentz force is upward or 
downward. The double peaks of velocity distribution 
depict the difference in maximum velocity because 
of the heat accumulation effect and Marangoni effect 
during laser remelting process. On each side of the 
peak temperature location, thermal gradients are of 
opposite sign, leading to fluid flow velocity equal to 
zero at that point due to Marangoni effect. The ther-
mal gradients become maximal at the edge of laser 
beam, that explains the velocity peaks observed [32].

Particles distribution. Figure 6, a, b shows the 
longitudinal sections of the LMI-layers with parti-
cle distribution prepared with different directions of 
Lorentz force induced by EMCF. Figure 6, c shows 
the longitudinal section of the LMI-layer prepared 
without external Lorentz force. Due to the same LMI 
process parameters conducted, the thickness of the 
LMI-layers and the fraction of injected particles in 
the LMI-layer are almost the same for the three spec-
imens. In order to investigate the quantitative differ-
ence of particles between the three distributions, all 
the LMI-layers were divided into two regions (upper 

Figure 4. Temperature distribution along the surface (a) and along the depth (b) of molten pool: 1 — B =  0; 2 — 0.6; 3 — 1.2 T

Figure 5. Velocity distribution  along the surface (a) and along the depth (b) of molten pool : 1 — B = 0; 2 — 0.6; 3 — 1.2 T
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and lower) equally. The proportions of WC particles 
in both regions were computed via computer graphics 
processing. The calculating results are attached to the 
corresponding LMI-layers in Figure 6, d.

Under the upward Lorentz force, most particles are 
concentrated in the lower region. The proportion in 
the lower region is more than 50 % of that in the upper 
region. Only a small number of WC particles were 
trapped in the near-surface of LMI-layer. Contrarily, 
the majority of particles are trapped in the upper re-
gion when the direction of Lorentz force is downward 
(see Figure 6, b). The particles could hardly be sunk-
en into the lower region of molten pool. The particles 
are distributed uniformly in the LMI-layer produced 
without EMCF applied (see Figure 6, c). The Lorentz 
force generated by the steady magnetic and electric 
field is a kind of directional steady volume force in the 
melt pool. The direction of the Lorentz force acting on 
the fluid is in the opposite direction of the correspond-
ing force acting on the particles. Taking into consider-
ation equations (1) and (2).
 ( ) ,

L
F jB V=  (17)

where V is the volume of fluid displaced by one par-
ticle, and

 
,

L p
LF = −

 
(18)

where Lp is the counteracting Lorentz force acting on 
the particle. Because the WC particles are non-con-
ducting and non-magnetic, the Lorentz force does not 
act on the particle directly.

Diagram of the forces acting on one particle and 
surrounding fluid is shown in Figure 7. When the Lo-
rentz force acting on the fluid is assumed as upward, 
the following balance equation is established to ex-
press the force (in y-direction) acting on the particle:

 B p piy dy
F F F G− = − + −

 
(19)

where Fiy, Fdy and Gp are the inertia force, drag force 
and gravity, respectively. FB, Fdy and Gp are assumed 
to be constant, thus, Fiy and Lp are positively propor-
tional.

Consequently, when the direction of Lorentz force 
acting on the fluid is upward the sinking velocity of 
the particle will be increased, during the continuous 
powder injecting process the particles are easier sunk 
into the lower region of the melt pool, and the particles 
will be trapped in the upper region when the direction 
of Lorentz force acting on the fluid is downward.

The exact trapped positions of particles are de-
scribed by the simulation model. The particle distri-
butions in the longitudinal sections of the LMI-layers 
are shown in Figure 8, a, b. The dots represent the 
injected particles, the orientation of tails indicates the 
motion direction of particles, and the length of tails in-
dicates the magnitude of motion velocity of particles. 
With the same LMI process parameters, the number 
of injected particles, depth of melt pool and solidifica-
tion duration are all the same. During the continuous 
LMI process, the particles are homogeneously distrib-
uted in the melt pool (see Figure 8, b). Sinking veloc-
ity of particles is damped with the effect of downward 
Lorentz force (see Figure 8, a).

Within the same solidification time, the particles 
injected into the melt pool can hardly be sunken to the 
bottom of melt pool before its solidification, and they 

Figure 6. Distributions of WC particles in the longitudinal sections of LMI-layers at upward (a) and downward (b) direction of Lorentz 
force and without (c) external Lorentz force, and proportion of WC particles in upper and lower regions (d)

Figure 7. Diagram of forces acting on the particle and surround-
ing fluid
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are concentrated in the upper region of melt pool. In 
fact, the particles in the melt pool are not sunken along 
the straight line. The sinking trajectories were calcu-
lated by the simulation model (Figure 8, d). (Note that 
the sinking trajectories are different for the particles 
in different injected positions, the particles shown in 
Figure 8, c are taken from the central zone of the laser 
spot.). When the particles penetrate the surface of the 
melt pool, they are transmitted along with the fluid 
motion due to the strong Marangoni convection at the 
surface. The resulted sinking trajectories of particles 
become different mainly because of the electric-mag-
netic synergistic effect. The resultant buoyancy act-
ing on the particles is increased with the downward 
Lorentz force. As a result, the sinking depth of the 
particles is reduced more obviously. Meanwhile the 
particles near the surface of the melt pool are influ-
enced more by the Marangoni convection, and they 
are easier dragged to the edge of the melt pool, where 
it is prone to solidify.

Equation (18) is obtained from (16) through ex-
panding the forces FB and Lp. The equivalent gravity 
acceleration is assumed to be the synthesis of local 
gravity acceleration and Lorentz force related to the 
density of fluid. According to the above equations, 
when the Lorentz force and gravity force are in the 
same direction, the particles in the melt pool are just 
in hypergravity state, while when the Lorentz force 
and gravity force are in the opposite direction, the par-
ticles in the melt pool can be regarded in hypogravity 
state. In summary, the direction of the Lorentz force 
can be easily adjusted by changing the directions of 
electric and magnetic fields, thus to control the move-
ment of the reinforcement particles in LMI process:
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where g is the local acceleration of gravity.

Conclusions

The electric-magnetic synergistic effect on the rein-
forcement particle distribution in LMI was studied 
experimentally and using simulation. The Lorentz 
force induced by EMCF can change the gradient dis-
tribution of WC particles. Their distributions in the 
LMI-layers were influenced by EMCF without adjust-
ing the original LMI parameters. When the Lorentz 
force and gravity force are in the same direction, the 
majority of particles are trapped in the upper region, 
while when the Lorentz force and gravity force are in 
the opposite direction, most particles are concentrated 
in the lower region. With the assistance of EMCF the 
sinking velocity and trajectory of WC particles were 
changed due to the additional volume force acted on 
the fluid of melt pool during LMI process.
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