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Abstract: The problem of surface processing and microstructure refinement in stainless steels in
laser surface processing in the presence of an external magnetic field has been studied experimen-
tally and theoretically. The effect of both alternating and permanent magnetic fields is discussed.
The experimental part includes microstructure assessment of a thin stainless plate annealed by a
quasi-continuous laser in the presence of an electromagnetic acoustic transducer. Complementary
analytical calculus and numerical simulations of complex transport phenomena in the melting zone
are performed. Based on the received data, the effect of the electromagnetic field on the molten zone
under laser melting conditions is evaluated and quantified. The obtained results are relevant to laser
surface hardening and additive manufacturing.

Keywords: laser processing; stainless steels; electromagnetic field; multiphase flow; solidification;
microstructure control; multiphysics approach; numerical simulations

1. Introduction

Improvement of mechanical strength characteristics of manufactured metal products
is an important goal directly related to alloy microstructure. One of the industrially
implemented methods for resolving this technological problem is laser annealing the metal
surfaces [1]. The advantage of this method is primarily ensured by local heat treatment
within a short time. As a result, high temperature gradients, cooling rates and solidification
velocities are generated in the local volume of the molten material. Hence, microstructure
refinement and mechanical hardening occur.

In [2–5], the authors suggest various approaches for adjustment processing parameters
in laser techniques, including selective laser manufacturing (SLM) to enhance the perfor-
mance characteristics of metal parts. The velocity of hydrodynamic flow is one of the most
important physical parameters in the molten pool formed by a laser source. Starting from
applications in the heavy engineering industry and concluding by levitation experiments in
microgravity, control and correction of convective flow in liquid metals is widely performed
using external electromagnetic (EM) fields [6–12]. For instance, the alternating EM field
leads to the additional force affecting the fluid flow in the molten pool [6]. The EM stirring
induced by the Lorentz force can slow down or accelerate the flow dependent on the mod-
ulation of the magnetic field [7]. This effect corresponds to the intensive thermocapillary
convection in SLM, which yields even more complex situations from the position of its
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engineering control. The permanent magnetic field leads to deceleration of the convective
flow in the melt owing to the Hartmann effect known from the literature [13].

There are few applications where the EM field is utilized in various technological
processes. Another example is the flow control by the magnetic field in the molten pool
during laser welding of thick austenite sheets. The electromagnetic field improves the
quality of the weld and increases its strength [13]. At the same time, the melt is additionally
cleaned from oxides and gas bubbles under the electromagnetic influence. High sensitivity
of aluminum alloys in solidification under the magnetic field has been reported [14]. Ac-
cording to the authors [14], the resulting microstructure is altered by a strong thermoelectric
effect. The relevant magnetic impact is reported in [15], where the different magnetic field
strength leads to fragmentation of dendrites and their shift in the direction perpendicular
to the magnetic field. The authors indicate that the magnetic field results in instability of
the solid–liquid interface. Thus, intensification of chemical segregation coupled with an
expansion of the mushy zone proceeds.

A series of research is devoted to the magnetic field impact on laser welding of Al
alloys [16–19]. The localized molten zone is characterized by inhomogeneous distribution
of alloying elements and non-metallic inclusions in the seam. Therefore, reinforcement of
convection helps with chemical homogeneity and reduces the weld bead thanks to better
flow stability in the melted pool.

High temperature gradients in the localized molten zone annealed by a laser appear
due to ultra-fast heating and subsequent cooling. Such conditions promote thermoelectric
currents known as the Seebeck effect in the literature. For example, in [20], the impact
of the magnetic field is related to the Seebeck effect in the Al90Si10 melt. Variations of
the convective heat transport changes the mass transport. Consequently, the kinetics of
solidification and grain formation is also affected. Similar results have been delivered
for Al–10%Si–Mg [21] in connection with the Seebeck effect in SLM. The experimental
tests with the superimposed magnetic field showed that the primary dendritic space
decreases as well as the volume fraction of columnar grains. In the same reference, the
results of mechanical tests are provided and the meaningful impact is confirmed. The
abovementioned discussion evidences that the high density of the heat flux, small time
period of presence of the molten pool, and different auxiliary effects result in complex
mutual coupling of various physical phenomena. Hence, no simple empirical model
connects this problem’s processing parameters and resulting characteristics.

Steel is the most common alloy in metallurgical production. In the additive manufactur-
ing domain, stainless steels similar to the austenite 316L steel are broadly employed [22,23].
Thus, a question if the EM field can modify the resulting properties of SLM-produced
parts is under active consideration. Furthermore, it is essential to establish whether any
significant effect on microstructure can be achieved in steels like it was established in Al
alloys under the EM field. Owing to a substantial difference between Fe and Al alloys in
the mechanisms of microstructure formation, the conclusions obtained for Al alloys are not
directly applicable to steels.

The present work considers the effect of the magnetic field on heat and mass transfer
coupled with solidification of the molten pool in laser surface remelting of stainless steel.
The motivation is based on the fact that this problem is of technological interest; however,
it is not well studied in the context of additive manufacturing. The scientific merit of this
paper is a comprehensive analysis of the impact on microstructure under different levels of
the EM field. To that end, the experimental data on grain statistics are confronted with the
results of numerical simulations.

2. Experimental Methodology and Microstructure Assessment

In the previous work [5], the authors considered the effect of laser-induced ultrasound
on the microstructure of laser-processed stainless steel. Significant grain refinement was
confirmed experimentally in steel plates processed by the sub-MHz intensity-modulated
pulsed laser. Here, the impact of the alternating EM field on solidification of AISI 321H
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stainless steel under localized pulsed laser exposure is studied experimentally on a plate
20 mm × 20 mm × 5 mm in size. The surface of the plate is exposed to focused laser pulses
(wavelength 1.06 µm, 160 mm focal length, pulse energy 45.1 mJ, laser spot diameter
~0.2 mm and pulse repetition frequency 2 Hz). The long-term average optical power was
~90 mW, and the sample material had enough time to solidify after each laser pulse. An EM
acoustic transducer (EMAT, model ULTRASTIR, ULTRAKRAFT, Cherepovets, Russia) [24]
was additionally applied to the plate. The EMAT was positioned coaxially with the laser
beam, so that the magnetic field was perpendicular to the surface of the sample (Figure 1).
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Figure 1. Scheme of the experimental setup.

The Nd:YAG laser operated in the free-running mode generating envelopes of ~150 µs
long filled with irregularly spaced spikes of ~1 µs long. The Fourier spectrum of laser
pulses had a prominent low-frequency component from the envelope and a high-frequency
component stretching from 250 kHz to 1 MHz from the spikes. Although the peak power
of the spikes exceeded 1 kW, the power of the envelope rose up to ~400 W within the first
~20 µs of the pulse and decayed for the rest of the pulse. The time dependence of the laser
optical power is shown in Figure 2. The diameter of the working area of the EMAT was
30 mm, the center frequency was 100 kHz and the average power was 10 W. In Figure 2,
after the end of the laser pulse, regular pulses are visible—these are cross-talk created by
the EMAT on the electronics of the photodiode used to register the laser pulse.Metals 2022, 12, x FOR PEER REVIEW 4 of 19 
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After each laser pulse the plate was shifted horizontally by a distance of 50 µm so that
the next laser spot overlapped with the previous one. Thus, a laser-melted line segment was
formed at the top surface of the plate. Then, the plate was cut in the plane perpendicular to
this line segment, and the microstructure of the cross-section was analyzed.

The experimental program included two stages: (1) the laser exposure was performed
with the EMAT turned off and (2) with the EMAT turned on. At each stage, the effect of
laser remelting of the line segment was studied—up to 5 passes of pulsed laser irradiation
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were carried out along the same line segment. The resulting microstructures with EMAT
turned off are shown in Figure 3, and those with EMAT turned on are shown in Figure 4.
The coloring corresponds to the areas of micrograins, and the color bars are presented in
Figure 5 above the histograms. The variation of melt pool depth in Figures 3 and 4 occurs
due to the variability of the position of the cutting plane in metallographic processing of
the samples. The separate slices may have a different distance to the center of the laser spot.
Hence, the depth of the remelted zone in the micrographs is slightly different.
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Figure 4. Metallographic images of microstructure of the AISI 321H stainless steel plate after pulsed
laser exposure with EMAT turned on: (a) single laser pass and (c) five laser remelting passes. For the
purpose of statistical analysis, the micrographs are computationally segmented and the grains are
colored according to their size in (b,d) correspondingly. The same colors are used in Figure 5 (at the
top of each histogram) in order to quantify the grain size intervals.
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Figure 5. The distributions of micrograin sizes by their areas, (a) EMAT off, single pass; (b) EMAT
on, single pass; (c) EMAT off, 5 passes; and (d) EMAT on, 5 passes. The same colors are used in
Figures 3 and 4, where the grains are colored according to their size.

In Figure 3b,d and Figure 4b,d, the black regions correspond to the dark regions in
sub-figures (a) and (c), where no white spots were identified. The total area of the dark
regions increased with the number of laser passes. For a single pass, the total area of the
dark regions was about 546 µm2 (11% of the total melted area) with EMAT turned off and
581 µm2 (15% of the total melted area) with EMAT turned on. After five subsequent passes,
the total area of dark regions was about 1379 µm2 (32% of the total melted area) with EMAT
turned off and 2113 µm2 (45% of the total melted area) with EMAT turned on. On the one
hand, these regions could be filled with ultrafine grains. Since the authors were unable to
identify them and therefore could not reliably measure their sizes, these dark areas were not
taken into account when calculating the histograms. On the other hand, the dark regions
could be attributed to the reduction in corrosion resistance due to remelting of small grains,
which explains the increase in the area of the dark regions with the number of passes.

The micrograin sizes were analyzed for all the processing modes. The results of
quantitative analysis for the micrograin sizes are presented in Figure 5 as histograms of the
distribution of micrograins over their area. According to the experimental results, there are
certain differences in the microstructure of the plate processed with and without EMAT. A
small/moderate change in statistical characteristics was detected:

(1) Comparison of the histograms in Figure 5a–d, respectively, shows that the microstruc-
ture under the effect of magnetic fields is more homogeneous, and the spread in grain
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sizes is smaller with EMAT turned on than with EMAT turned off. The fraction of
grains with an area of less than 2 µm2 or more than 15 µm2 become smaller. Presum-
ably, the reason for this is alignment of the flow conditions near the solidification
front under the influence of an electromagnetic field. Random oscillations of the
convective currents from uneven laser exposure are excluded that impacts on the
spatial distribution of chemical components and microsegregation.

(2) The initial microstructure was characterized by an average grain area of ~30 µm2 and
a median grain area of ~20 µm2. With a single laser pass, no statistically significant
differences between the modes with EMAT turned off/on were detected: the aver-
age areas were 6.5 and 7.4 µm2, respectively, while the median areas were 4.5 and
5.6 µm2, respectively.

(3) With five laser passes, the effect of magnetic fields leads to reduction of the number
of large grains. A shift to the left (toward smaller grain areas) is clearly visible in the
histograms in Figure 5c,d, respectively, when exposed to an EM field.

Theoretical analysis of underlying phenomena during intensive plastic deformation of
polycrystalline materials was performed in [25–27]. These studies showed that a transition
from elastic to plastic deformation results in a different mechanism of plastic deformation.
First, the planes of easy sliding are involved in deformation, then sliding occurs along the
remained planes. At the latest stage, the mechanism of intergranular sliding and rotation is
realized. At this stage, the homogeneous grain structure is preferable for better plasticity
of the material. Therefore, the revealed in the present study change in the distribution of
grain size potentially leads to a higher strain-to-fracture limit.

3. Relevant Physical Phenomena and Quantitative Estimation of the EM Field Effect

For proper analysis of the effects of an imposed external EM field on solidification
theoretical analysis of physical processes in the molten pool is required. Following [6–12],
one of the major paths of such impact is given by variation of the convective flow velocity.

The effect of the permanent magnetic field on hydrodynamics in a conductive liquid
medium is usually described by the Hartmann number:

Ha = BRb

√
σel
η f

,

where Rb is the characteristic length of the molten pool, η f is viscosity of the melt, B is
the magnetic flux density and σel is the electrical conductivity. This number characterizes
a ratio between the Lorentz force density and other dissipative (i.e., viscous) forces. The
experimental data [28] evidence that the considered effect becomes significant at the level
of Ha~100 and above. In the problem under consideration, these values are achieved at a
magnetic flux density above B~10 T. Therefore, in the absence of electric currents without
any additional voltage sources and with only internal thermoelectric voltage, the magnetic
field with B < 10 T does not provide any significant impact on the melt flow in the molten
pool. This conclusion was confirmed experimentally as discussed in what follows.

The Seebeck effect has to be accounted for quantitatively in connection to the con-
sidered coupling between the magnetic field and fluid flow. In [20,21,29], the effect of
thermoelectric currents on microstructure formation was studied. In the present analysis of
this phenomenon, the evaluation of the electric current density between the hot and cold
subdomains is performed for the molten pool. The current density decays in time during
laser heating of the laser annealed zone according to

j = ∇TSσele
− t

t0 , (1)



Metals 2022, 12, 1540 7 of 16

where ∇T is the temperature gradient, S is the Seebeck coefficient with its values deter-
mined for stainless steel in [30,31] and t0 is the relaxation time. The performed calculations
yield the estimate of t0 of the order of

t0 =
ε0si
σel
≈ 10−18 s. (2)

The calculated relaxation time is sufficiently smaller than the characteristic time of
temperature variation in the molten pool. Thus, the whole annealed sample is considered
as a system where the current density is generated by the inhomogeneous thermal field in
the vicinity of the molten pool almost instantaneously, i.e., with negligible relaxation. The
governing impact on the system is given by the thermoelectric current that is generated
owing to the transient temperature distribution under the laser beam moving with the
velocity of vL. The absolute magnitude of the thermoelectric current for stainless steel is
then estimated as

j = ∇2TSε0sivL ≈ 10−7 A
m2 . (3)

The evaluated current density is much smaller than the Lorenz current induced by
the transient magnetic field. In this connection, the thermoelectric term may be omitted
in the current density equation if stainless steels are considered. In Al alloys, the Seebeck
effect is higher because the Seebeck coefficient is larger in comparison to stainless steels.
According to [32,33], the Seebeck coefficient is 10−5 B/K in Al alloys and about 10−7 B/K
in steels [32,33].

The effect of the alternating EM field on hydrodynamics was discussed by us in earlier
research [6,7]. In these papers, the characteristic Lo number was introduced equal to the
ratio of the Lorentz force density to dissipation forces similarly to the Hartmann number
Ha. Contrary to Ha, this new characteristic number is introduced for the Lorentz force
generated by the alternating magnetic field with the modulation frequency of ω. The
relation between Lo and Ha numbers is as follows

Lo =
ωRb(µ0 I)2σel

vchη f
, (4)

where vch is the characteristic flow velocity in the pool and I is electric current inside
the inductor.

At Lo ∼ 105, hydrodynamic currents are sensitive even to small variations of the
Lorentz force density. Under conditions of laser annealing evaluated in the present work,
this number takes values up to Lo ∼ 104. However, it is required to note the value may
be significantly overestimated for the specific problem considered in the paper. The value
Lo ∼ 104 was obtained from the approximation being used previously by the authors
in [6,7] to analyze the problem of an electromagnetically levitated drop where the drop and
coil are comparable in size. In the considered case, the inductor diameter can be two orders
of magnitude larger than the size of the melt pool. Therefore, the apparent value is close to
Lo ∼ 1.

At the same time, the thermocapillary and ablation effect has a strong impact on
hydrodynamic processes in the molten pool after laser melting [17,21]. In this regard, the
question arises which effects have the greatest impact: the ablation effect of laser exposure or
magnetic fields. The solution to this problem follows from additional numerical simulations
carried on in the next section.

4. Effect of the Alternating EM Field on the Molten Pool

Experimental assessment of the effect of magnetic fields on solidification requires
special measurement techniques. In recent studies [34,35], the X-ray radioscopic method
has been used for characterization of the fluid flow and its influence on microstructure
under the external magnetic field. In the Ga-25 wt%In alloy, the magnetic field affects
the stability and formation of microchannels, which leads to multiple freckle defects. The
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obtained experimental results are confirmed by extensive numerical simulations carried
out in the same work. It was shown that the magnetic field adds new physical phenomena
to the solidification process: (i) electromagnetic damping of the liquid metal motion and
(ii) interstitial flow due to thermoelectric magnetohydrodynamics. As a result, Ga-rich
plumes migrate along the solidification front that leads to the changes in preferential
growth of secondary arms and the formation of segregation channels. Therefore, the effect
of electromagnetic field on solidification described in literature was used as a motivation for
the present paper. In this connection, theoretical assessment of the effect of an alternating
electromagnetic field on convection in a melt pool is developed.

In Figure 6 the geometry of the computation domain is plotted. The subdomain V1 is
the surface layer remelted by a laser and V2 is the substrate of the sample. The problem
is solved in 3D. The boundary G3 is chosen as the plane of symmetry corresponding with
the laser beam trajectory. The numerical model is programmed in the commercial software
Comsol Multiphysics 5.6 [31].
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The transient temperature distribution in the computational domain is found by
numerical simulation of the heat balance equation. The enthalpy of phase transition
is introduced in the model for a moving heat source via the effective thermophysical
properties dependent on temperature. Such an approach is known in the literature as the
enthalpy method. The balance equation is then formulated as

ρCp(T)
[

∂T
∂t

+ v·∇T
]
= ∇·(k(T)∇T), (5)

ρ = ρ1(T)θ1 + ρ2(T)θ2, (6)

where ρ is density; θ1 and ρ1 are the volume fraction and density of the solid phase, respec-
tively; θ2 and ρ2 are the volume fraction and density of the liquid phase, respectively; Cp(T)
is the effective specific heat dependent on temperature T; k(T) is the temperature-dependent
thermal conductivity; and v is the flow velocity in the molten pool. The Neumann boundary
conditions are accomplished at the boundary G1 as

k
∂T
∂n

= ql + qvap + qamb, (7)
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where ql is the heat flux from the laser beam, qvap is the heat flux owing to metal evaporation
from the surface and qamb is the heat flux given by convective and radiative cooling in gas
atmosphere. At the boundary G2, the condition n·q = 0 of thermal isolation is assumed. At
G3, the symmetry condition n·q = 0 is imposed.

The internal flow in the melt pool is described by the Navier–Stokes equations for
incompressible flow in the Boussinesq approximation

ρ

[
∂v
∂t

+ (v·∇)v
]
= ∇·

[
−pI + η

(
∇v +∇vT

)]
+ ρg + FL, (8)

∇·v = 0, (9)

where v is the flow velocity, η is the viscosity, p is pressure, g is the gravitational acceleration
and FL is the Lorentz force density analytically derived by the authors earlier [7]. The
calculated intensity of the Lorentz force is depicted in Figure 7 in the cylindrical coordinates
(r, θ, z). The force field has a dominating z component. The Lorentz force is weak in the
vicinity of the central zone along to the axis of symmetry. Approaching to the melt–solid
interface leads to an increase of the Lorentz force in the z direction. At the same time, the r
component appears that facilitates vortex flow. The calculated intensity (Figure 7) shows
that its maximum values reach about max(FL) ∼ 2500 N/m3.
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Figure 7. Vector distribution of the Lorentz force density in the molten pool formed by the laser beam.
Only the right-hand side z ≤ 0, r ≥ 0,

√
r2 + z2 ≤ Rb, θ = 0 of the computational domain is depicted

in the cylindrical coordinates due to its rotational symmetry with respect to the Oz axis. The vector
length is proportional to the modulus of the Lorentz force density [7].

These data reveal that the Lorentz force is substantially weaker than the gravity force
with the intensity of ρg ∼ 70, 000 N/m3.

The momentum balance equation in the solid-phase domain V1 is solved under the
assumption that the material is a highly viscous fluid, and its viscosity depends on tem-
perature. At the pool’s free surface (boundary G1) the vapor pressure, thermocapillary
(Marangoni) stress and bubble pressure are properly accounted as[

−pI + η
(
∇v + (∇v)T

)
− 2

3
η(∇·v)I

]
n = −precoiln + σ(∇s·n)n +∇sσ, (10)
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where precoil is the saturation vapor pressure [36], σ is the surface tension coefficient and
∇s is the spatial derivative along the free surface. The terms ∇sσ = γ∇sT and σ(∇s·n)n
represent the thermocapillary stress and bubble pressure, respectively. At the G2 boundary
and at the bottom boundary, the slip condition is implied. At G3, the symmetry plane of
the flow field is set.

The obtained system of equations is discretized by the finite element method. The free
surface is modeled by the Arbitrary Lagrangian-Eulerian (ALE) method. The parameters
used in simulations are listed in Table 1.

Table 1. Thermophysical and processing parameters used in simulations. Data from [37,38].

Parameter Symbol Value Units

Density of the solid phase ρ1 7950− 0.50(T − 298[K]) kg/m3

Density of the melt ρ2 6881–0.77(T − 1723[K]) kg/m3

Specific heat of the solid phase Cp1 470 + 0.184(T − 300[K]) J/kg
Specific heat of the melt Cp2 830 J/kg

Thermal conductivity of the
solid phase k1 13.4 + 0.0136(T − 300[K]) W/(K m)

Thermal conductivity of the melt k2 28.5 + 0.00886(T − 1723[K]) W/(K m)
Melting temperature Tf 1723 K
Viscosity of the melt η f = νρ 5.6× 10−3 Pa s

Viscosity of the solid phase ηs = νρ 105 Pa s
Thermocapillary coefficient γ = dσ

dT 1.4× 10−3 N
m K

Velocity of the laser beam υ 0.5 m/s

The results of numerical simulation of the flow field in the molten pool under condi-
tions of the external alternating magnetic field are shown in Figure 8. At the free surface,
the flow is directed towards the pool center in response to the positive thermocapillary
coefficient γ = dσ

dT . The flow velocity peaks to 1.92 m/s at the free surface under the
external alternating magnetic field. The similar calculation performed in absence of the
magnetic field yields the maximum flow velocity of 1.89 m/s.
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In Figure 9, the distributions of temperature and temperature gradient are simulated
under the alternating magnetic field. The calculated maximum temperature at the melt
surface attains 2739 K with the temperature gradient GT ∼ 4.5× 107 K/m. The simulations
carried without the external magnetic field result in the values 2744 K and 4.0× 107 K/m
correspondingly. The obtained values evidence that the effect of the alternating magnetic
field leads to increase of the temperature gradient between 10 and 15%. The temperature
gradient is more sensitive to the external EM field, while convection is less responsive to the
magnetic exposure. Therefore, microstructure modification in the annealed stainless steel is
possible under condition of its simultaneous laser processing and EM treatment with EMAT.
This conclusion follows from the theory of directional solidification [39], where υ and GT
are the control parameters that select the microstructure. The experimental confirmation of
such an effect found in our study is presented above in the “Experimental Methodology
and Microstructure Assessment” Section. Since no changes in the shape of the molten pool
were observed, it is assumed that the change in the grain size distribution is caused by the
alignment (temporal stabilization) of the velocity field near the solidification front.
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Figure 9. Characteristics of the molten pool calculated under condition of the alternating magnetic
field: (a) temperature field and (b) distribution of the temperature gradient.

Based on the performed theoretical and experimental study, one can conclude that
the effect of the external alternating field is small in comparison with the effect of laser
ultrasonic generation [5]. The EM field dissipates intensively after its interference with
the fields generated by eddy currents in the molten pool. If the melt is exposed to an
alternating electromagnetic field, Foucault currents are generated in the melt, and these
eddy currents are localized in a thin surface layer. The depth of their penetration depends
on the frequency of the field and can be calculated by the expression

δ = (πµ0σel f )−
1
2 ,

where f is the frequency of the electromagnetic field and µ0 is the magnetic permeability.
The characteristic depth of decay, i.e., the depth of the electromagnetic skin layer for the
considered geometry and current modulation in the coil, is δ = 1.78 mm. The maximal
depth of the melted zone is 0.045 mm, which is few orders of magnitude smaller than the
skin depth. Hence, the meaningful effect of the magnetic field can be only expected in a
pool of sufficient size. According to the performed analysis, the molten pool should be at
least one order of magnitude larger both in the radial and vertical directions than the one
registered in SLM processes. In other words, the effect is technologically meaningful if the
magnetic field affects the liquid zone of at least 1 mm in size.
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5. Effect of the Permanent Magnetic Field

The permanent magnetic field may result in various physical phenomena comparing
with the alternating field. One can consider the problem where the permanent magnetic
field is oriented in the Z direction (Figure 6). The magnetic field density is a variable
parameter that takes the values of Bz = {0; 0.1; 1; 10} T. The Hartmann number in the
considered case is Ha ≈ 48 at Bz = 10 T.

The geometry and mathematical formulation of the problem is similar to the case with
the alternating magnetic field. The Lorentz force in Equation (8) is defined by

FL = [j× B], (11)

where j is the current density and B is the magnetic flux density. Then, the current density j
is a solution of the following system of equations:

j = σel(E + [v× B]), (12)

∂ρq

∂t
+ div j = 0, (13)

E = −∇ϕ, (14)

∆ϕ = −
ρq

ε0
, (15)

where σel is the electrical conductivity, E is the electric field strength,∇T is the temperature
gradient, v is the flow velocity in the molten pool, ϕ is the electrical potential and ρq is the
charge density.

In Figure 10, the results of magnetohydrodynamic simulation in the molten pool under
the permanent magnetic field are depicted. The permanent magnetic field results in the
deceleration of the hydrodynamic flow. Based on the obtained data, the peak flow velocity
decreases from 1.88 m/s at Bz = 0 T to 1.82 m/s at Bz = 10 T.
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Figure 10. Simulated flow field with depicted directions and velocity magnitude (in m/s) in the
molten pool calculated at (a) Bz = 0 T and (b) Bz = 10 T under the condition of the permanent
magnetic field. The green line marks the liquid–solid interface where the temperature equals the
melting temperature. The vector length is proportional to logarithm of the velocity magnitude
log(|v|).

A quantitative comparison of the various flow characteristics at different levels of the
magnetic flux density is provided in Table 2. The calculated parameters include (i) the
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mean temperature, (ii) time-averaged maximum flow velocity and (iii) spatially averaged
flow velocity in the molten pool.

Table 2. Cumulative results of a series of numerical simulations at different levels of the magnetic
flux density Bz = 0, 0.1, 1 and 10 T. The temperature and flow characteristics are averaged in the
molten pool.

Magnetic Flux
Density, T

Mean Temperature
in the Molten Pool,

K

Time-Averaged
Maximum Flow
Velocity in the

Molten Pool, m/s

Spatially Averaged
Flow Velocity in the

Molten Pool, m/s

0 1949 1.879 0.378
0.1 1949 1.878 0.378
1 1949 1.879 0.377
10 1994 1.818 0.354

Analysis of the data in Table 2 shows that the effect of the permanent magnetic field is
small or moderate in regards to transport of heat and momentum.

A decrease of the maximum and average flow velocity in the molten pool leads to a
decay of the average temperature in the melt. Namely, at B = 0 T, the mean flow velocity is
0.378 m/s, and the average temperature is 1949 K. At B = 10 T, the same characteristics are
0.354 m/s and 1994 K, respectively.

In Figure 11, the 2D distributions of the temperature field and the temperature gradient
along the solidification front are depicted at B = 0.1 T. The molten pool is about 0.4 mm
in diameter (Figure 11b). As discussed in the previous section, the effect of the external
magnetic field is expected at the low level of influence on the thermal conditions at the
solidification front. As a result, the computational data at B = 1 T and 10 T do not
demonstrate any substantial differences in the pool shape (and local solidification velocity)
and temperature gradient, which basically control the as-solidified microstructure. For this
reason, the results of temperature distribution and temperature gradient along the molten
pool interface under the effect of the permanent magnetic field at Bz = 1 T and 10 T are
not presented.

Metals 2022, 12, x FOR PEER REVIEW 16 of 19 
 

 

A decrease of the maximum and average flow velocity in the molten pool leads to a 
decay of the average temperature in the melt. Namely, at 𝐵 = 0 T, the mean flow velocity 
is 0.378 m/s, and the average temperature is 1949 K. At 𝐵 = 10 T, the same characteristics 
are 0.354 m/s and 1994 K, respectively. 

In Figure 11, the 2D distributions of the temperature field and the temperature gra-
dient along the solidification front are depicted at 𝐵 = 0.1 T. The molten pool is about 0.4 
mm in diameter (Figure 11b). As discussed in the previous section, the effect of the exter-
nal magnetic field is expected at the low level of influence on the thermal conditions at 
the solidification front. As a result, the computational data at 𝐵 = 1 T and 10 T do not 
demonstrate any substantial differences in the pool shape (and local solidification veloc-
ity) and temperature gradient, which basically control the as-solidified microstructure. 
For this reason, the results of temperature distribution and temperature gradient along 
the molten pool interface under the effect of the permanent magnetic field at 𝐵௭ = 1 T 
and 10 T are not presented. 

 
(a) (b) 

Figure 11. Characteristics of the molten pool calculated under condition of the permanent magnetic 
field at Bz = 0.1 T: (a) temperature field and (b) distribution of the temperature gradient, where the 
color line provides the temperature gradient along the solidification front. 

6. Conclusions 
EM stirring is widely used in the metallurgical industry and continuous casting. Dur-

ing the last decade, there has been a number of applied research studies in the field of 
laser ablation and additive manufacturing. In these processes, such supplementary EM 
action may change the microstructure selection. In the present paper, an experimental 
study of the effect of the alternating EM field on solidification and microstructure has been 
performed for the AISI 321H stainless steel annealed by laser. The tracked parameter was 
a distribution of grain areas in the resolidified zone. Modification of the microstructure 
characteristics was revealed. The area of crystal grains decreases by about 10–15% if extra 
EM action is applied during laser annealing. 

For detailed assessment, theoretical analysis and numerical simulation of the conju-
gated problem of heat and mass transfer under the effect of alternating and permanent 
magnetic fields was performed. The molten pool was formed by a laser beam with the 
effective (80% of the adsorbed power) diameter between 150 and 200 microns. Based on 
the obtained results, the following conclusions agreed to the registered experimental data 
are drawn. 
(1) It is confirmed experimentally that the EM field with the frequency of 100 kHz has a 

minor effect on the microstructure of stainless AISI 321H samples in comparison with 
ultrasound treatment induced by modulated laser processing. 

(2) The industrial parts produced by additive manufacturing techniques typically have 
lower plasticity in contrast to casted parts. We have received that additional EM treat-
ment performed simultaneously with laser treatment yields a decrease of the grain’s 

Figure 11. Characteristics of the molten pool calculated under condition of the permanent magnetic
field at Bz = 0.1 T: (a) temperature field and (b) distribution of the temperature gradient, where the
color line provides the temperature gradient along the solidification front.

6. Conclusions

EM stirring is widely used in the metallurgical industry and continuous casting.
During the last decade, there has been a number of applied research studies in the field of
laser ablation and additive manufacturing. In these processes, such supplementary EM
action may change the microstructure selection. In the present paper, an experimental
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study of the effect of the alternating EM field on solidification and microstructure has been
performed for the AISI 321H stainless steel annealed by laser. The tracked parameter was
a distribution of grain areas in the resolidified zone. Modification of the microstructure
characteristics was revealed. The area of crystal grains decreases by about 10–15% if extra
EM action is applied during laser annealing.

For detailed assessment, theoretical analysis and numerical simulation of the conju-
gated problem of heat and mass transfer under the effect of alternating and permanent
magnetic fields was performed. The molten pool was formed by a laser beam with the
effective (80% of the adsorbed power) diameter between 150 and 200 microns. Based on
the obtained results, the following conclusions agreed to the registered experimental data
are drawn.

(1) It is confirmed experimentally that the EM field with the frequency of 100 kHz has a
minor effect on the microstructure of stainless AISI 321H samples in comparison with
ultrasound treatment induced by modulated laser processing.

(2) The industrial parts produced by additive manufacturing techniques typically have
lower plasticity in contrast to casted parts. We have received that additional EM
treatment performed simultaneously with laser treatment yields a decrease of the
grain’s area S (where an estimate of the grain size is related to S as d~

√
S) between 10%

and 15%. At the same time, the histogram exhibits that the distribution becomes more
narrow, i.e., the range of grain areas is smaller. The revealed effect is similar to mi-
crostructure homogenization known in heat treatment processing. The revealed new
effect can facilitate the improvement of material performance owing to improvement
of its plasticity.

(3) The alternating magnetic field with the frequency up to 100 kHz is characterized
by a skin penetration thickness in the range between 1 and 5 mm. Consequently,
application of this additional exposure is more effective in laser annealing where
the molten pool is sufficiently large and has the size of L ≥ 1 mm. This explains the
physical background in the positive effect of applied electromagnetic fields during
welding, which is noted in numerous studies available in the literature.

(4) The alternating magnetic field results in the formation of the inhomogeneous Lorence
force field that has a minor impact on convection in the molten pool in comparison
with other physical factors of laser annealing. In the performed laboratory experi-
ments, this effect is registered at the susceptibility threshold. The registered small
modification of grain sizes can only be explained by the magnetic field effect, which is
substantially mitigated by other physical phenomena in the molten pool.

(5) According to the literature, the thermoelectrical Seebeck effect provides a meaningful
impact on solidification of aluminum alloys owing to the intensification of convection
in the zone of dendritic growth. For the case of stainless steel, it has been shown
that this effect is small. It happens due to the following factors. First, the sensitivity
Seebeck coefficient, which defines generation of thermoelectromotive force, is small
for stainless steels. Second, the relaxation time of electromotive force is few orders of
magnitude smaller than the time interval required for temperature stabilization in the
molten pool.
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