PHYSICAL REVIEW APPLIED 185, 064051 (2021)

Thermoelectric Magnetohydrodynamic Model for Laser-Based Metal Additive
Manufacturing

Lu Wang® and Wentao Yan
Department of Mechanical Engineering, National University of Singapore, 117575, Singapore

® (Received 1 January 2021; revised 15 April 2021; accepted 4 June 2021; published 21 June 2021)

Magnetic fields are recently being applied to metal additive manufacturing to control the molten pool
dynamics and dendritic morphology. To study the molten pool dynamics under an external magnetic field,
a thermoelectric magnetohydrodynamic (TEMHD) model is developed by incorporating the electrody-
namic model with the Seebeck effect into the multiphysics thermal-fluid flow model. The Seebeck effect
in the molten pool is analyzed with the simulation of stationary laser melting on a bare plate. Furthermore,
different external magnetic fields are assigned in the TEMHD simulations with the stationary laser melting
and the results show that the Lorentz force can damp the keyhole fluctuations. Finally, the laser scanning
simulations on a bare plate under external magnetic fields indicate that the Lorentz force can smooth the
fluid flow fields in the molten pool and increase the ratio of equiaxed grains in the solidification front.
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I. INTRODUCTION

Magnetohydrodynamics (MHD) has been investigated
extensively in traditional metal manufacturing processes
[1-6]. With the development of metal additive manufac-
turing, scientists also try to implement magnetic fields into
selective laser melting (SLM) [7,8], liquid metal jet print-
ing [9], and drop-on-demand printing [10] to tailor the den-
dritic morphology and improve the mechanical properties
of the as-built part. In MHD, a rotating magnetic field [4,5]
can stir the liquid metal to produce a fine-grained as-built
part with little or no porosity. Under a static magnetic field,
the magnetic damping effect can convert kinetic energy
into heat via Joule dissipation to suppress turbulence in
the casting molds [6]. In addition to the magnetic stirring
and damping effect, the Lorentz force due to the Seebeck
effect and external magnetic field can also drive liquid
flow in the metal solidification process [11—14]. The MHD
with the Seebeck effect is also known as thermoelectric
magnetohydrodynamics (TEMHD) [13—15].

As the physical phenomena in TEMHD are diverse,
many experiments and numerical studies were conducted
to explore the comprehensive electromagnetic effect on
metal solidification. On the experimental aspect, the results
showed that the grain structure can be influenced by differ-
ent magnetic fields, such as refined grains with the increase
of magnetic intensity [7,12], macrosegregations [16,17],
and tilted solidification fronts [14,18]. However, it is diffi-
cult to observe the liquid motion and grain growth process
in metal additive manufacturing owing to the small-scale
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molten pool and rapid solidification process. In addition,
the electric current, magnetic field, and Lorentz force can
hardly be detected, which makes it difficult to analyze
the distribution and amplitude of the Lorentz force. On
the numerical aspect, Cai et al. [14] combined a cellular
automaton (CA) model with a fluid dynamics model to
simulate the grain growth in a nearly static fluid domain.
Chen et al. [19] analyzed the thermoelectric effect in the
laser welding process with a TEMHD model. Cao et al.
[20] developed a phase field (PF)-magnetic field (MF)-
lattice Boltzmann method (LBM) to predict the solution
distribution and dendritic morphology in two dimensions.
Kao et al. [8] predicted the microstructure evolution in the
steady-state molten pool using a CA-based grain growth
model.

These previous models either predigested the hydrody-
namic process or simplified the electrodynamic process.
Thus, these models could not fully reflect the main com-
positions of electric currents, magnetic field, and Lorentz
force in the molten pool, and how the Lorentz force influ-
ences the molten pool flow during additive manufacturing.
In this paper, a TEMHD model for metal additive manufac-
turing is built by integrating a multiphysics thermal-fluid
flow model with the Marangoni effect, metal evapora-
tion, and ray-tracing heat source model incorporated, and
an electrodynamic model with the convection and See-
beck effect as discussed in Sec. II. We then use the
model to study the interaction between hydrodynamics
and electrodynamics in the molten pool during the metal
additive manufacturing process in Sec. III. The stationary
laser melting process is simulated to analyze the Lorentz
force by the Seebeck effect on the molten pool dynamics;
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moreover, the composition and distribution of the elec-
tric currents, magnetic fields, Lorentz forces, and molten
pool dynamics under different external magnetic fields are
simulated; finally, the molten pool dynamics in the laser
scanning process are simulated to study the influence of
external magnetic field on the SLM process.

II. METHODOLOGY

As shown in Fig. 1, the molten pool dynamics in the
SLM process with an external magnetic field involves
the fluid dynamics, evaporation, heat transfer, and elec-
trodynamics, etc. To simulate these complex phenomena,
an electrodynamic model and our previous multiphysics
thermal-fluid flow model [21] are combined to build a
comprehensive TEMHD model.

A. Multiphysics thermal-fluid flow model

In the multiphysics thermal-fluid flow model, the liquid
phase is assumed to be an incompressible Newtonian fluid
with laminar flow. The density of the material (p) is con-
stant. The mass continuity, momentum conservation, and
energy conservation equations are given as follows:

V-(pv) =0 M

0
a—t(,ov) +V-(pv®V) = —Vp + uViv+fg — Dv+1,
)

a
a—t(p1)+v-(pV1)=V-(kVT)+Q, 3)

where p and k are the temperature-dependent dynamic vis-
cosity and thermal conductivity of the material, v is the
velocity vector, p is the pressure, 7 is the temperature,

FIG. 1. The multiphysics coupling process in the SLM pro-
cess under an external magnetic field. The orange domain is the
molten pool. Here By, b., and bygcs are the external magnetic
field, induced magnetic field by convection and diffusion, and
induced magnetic field by the Seebeck effects; j. and jrgcs are
the convection-term-induced electric currents and thermoelectric
currents.

and Q is the power absorbed by the material. Here / =
C, T+ (1 — F)L,, is the specific internal energy, where C,
and L,, are the specific heat and latent heat of melting, and
F is the solid fraction given as follows:

Fy=1, if T <Ti,

T,—-T .
F, = o T, <T<T, 4)
F, =0, if7, < T,

where T and T are the solidus and liquidus temperature of
the material.

In the momentum conservation equation, the source
terms, fg, Dv, and f;, are the buoyancy force, Darcy drag
force, and Lorentz force, respectively. The buoyancy force
fg is accounted with the Boussinesq approximation

fg = pga, (T — 1)), Q)

where g is the gravitational acceleration vector and «,
is the thermal expansion coefficient of the material. The
mushy zone is taken as a porous medium. Based on the
Darcy’s law, the Darcy drag force (Dv) is employed to
ensure the rigidity and resistance to flow of the solidified
material. The drag coefficient (D) is given as

D= C(FH/((1 —Fy)* +B), (6)

where C is a constant representing mushy zone morphol-
ogy, B is the positive zero used to avoid division by zero,
so that the Darcy drag force is zero for the molten material
and extremely large for the solidified material, and fj, is
the Lorentz force, which is discussed in the electrodynamic
model.

To capture the free surface of the molten pool, the
volume-of-fluid (VoF) method [22] is adopted

aF—f—V (Fv) =0 7
E : V)_ s ()

where F is the phase fraction.
The recoil pressure and surface tension are incorporated
as boundary conditions on the free surface

ps = 0 (DK + Prec(T), 3
where p, and K are the pressure on the free surface and the

curvature of the free surface and o (7) is the temperature-
dependent surface tension coefficient

o(T) =09 — O-ST(T — Te)s )

where oy and o are the surface tension coefficient at
the reference temperature Trr and temperature sensitivity
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of o (T). The recoil pressure (Prc(7)), due to the metal
evaporation, is derived in our previous work [23]

2

Peem _ 2
Prec(T) = > (F~+TH)2m" + 1), (10)
where
def ZMa,
2
F=—mm|[l —erf(m)]+e"”2, (11)
T=/1+ 22— ﬁm,
64 8

y, Ma, P,., and erf(m) are the heat capacity ratio (for
monotonic gases y = 5/3), the Mach number of the vapor
phase, the saturated vapor pressure, and the Gaussian
error function. The saturated pressure is determined by the
compositions of the alloy

P, = Zkipi, (12)
> i MikiP;

M== 13
S P, (13)

where M;, k;, and P; are the molar mass, molar fraction,
and saturated pressure of the ith component of the material
at the specific temperature. In the current study, AlSi10Mg
is used and the compositions are listed in Table I, where
the trace elements are ignored.

On the free surface, the heat convection and radiation
are incorporated

kVT = —h(T — Ty) — €8,(T* — T}), (14)

where /. is the heat convection coefficient, , is the Stefan-
Boltzmann constant (5.67 x 10~% W/(m? - K*)), € is the
emissivity factor, and 7} is the ambient temperature. In the
multiphysics thermal-fluid flow model, the heat flux within
the cross section of the laser is assumed to be Gaussian dis-
tributed. The laser is subdivided into a series of rays and
incorporated by using the ray-tracing method [24] to track
the multireflections of laser. Based on the experiments
[25,26], Pei et al. [27] built a temperature-dependent laser

TABLE I. Element mass fraction of AISilOMg.
Mass fraction (%)
Material Al Si Mg
AlSil0Mg 88 10 2

absorption function (« (7)) for aluminum at each reflection

—1+0.01257\"*
0.7303 x <+/\—> , ifT<T,
1
10.7 + 0.01457\*°
a(T)={0.7303 x (7}—7) , T <T<T,,
1
10.7 + 001457\ *°
0.7303 x (%) ,ifT > T,
1
(15)

where A; is the laser wavelength. As the fraction of
aluminum in AlSilOMg is around 90%, it is reason-
able to apply this function to calculate the absorption of
AlSi10Mg. The reflected ray with the residual energy will
go through subsequent reflections on the molten pool sur-
face until traveling out of the simulation domain or being
reflected 20 times (the residual energy is minor enough to
be neglected to save the computational cost). The absorbed
energy of the laser is the sum of the absorbed energy in all
reflections.

It should be clarified that the absorption function is
based on the experiment without consideration of the laser
incident angle. If the laser energy absorption is calculated
by the Fresnel equation with the reflective index of alu-
minum, the laser absorption of AlSil0Mg is not accurate
as of the simulations with other materials [23,28]. The total
laser absorption of AlISil10Mg is always lower than 30%
and much lower than the experimental results by Trapp
et al. [29]. It might be the reason that the oxidized ele-
ments of AISi10Mg influence the material reflective index.
A more accurate reflective index for AISi10Mg is required
to adopt the Fresnel equation. The multiphysics thermal-
fluid flow model has been validated against the experiment
in our previous work [21,23,30], which also indicates that
the mesh size less or equal to 5 um can ensure the accu-
racy of the simulation. Thus, we conduct no more detailed
convergence tests in the current work.

B. Electrodynamic model with the seebeck effect

MHD is concerned with the interaction of electrically
conductive, nonmagnetic fluid flow, and magnetic fields.
The electrodynamic equations for magnetic and electric
current are Ampere’s law, Faraday’s law, and Ohm’s law
as follows

V x B = uoj, (16)

VxE=_B (17)
dt

j=o0.E+vxB), (18)

where B, j, and E = —V¢ are the magnetic field, electric
current, and electric potential gradient, respectively, ¢ is
the electric potential, ;1o = 47 x 1077 H/m and o are the
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permeability of vacuum and electric conductivity. Consid-
ering the Seebeck effect (thermoelectric effect), Ohm’s law
has a new term

j=0.(E+vxB—SeVT), (19)

where Se is the Seebeck coefficient of the material. In
Eq. (19), the term v x B generates the induced electric
currents (j.), whereas SeV T is responsible for the thermo-
electric currents (TECs; jrecs) as shown in Fig. 1(a). Com-
bining Egs. (16), (17), and (19), the induction equation
(magnetic advection-diffusion equation) for TEMHD is
given as

oB
— =V X (vxB)— AV x (VxB)—V x (SeVT),

at
(20)

where A = 1/(uo0o.) is the magnetic diffusivity. Based on
the MHD theory [31], the total magnetic field B = By +
b is composed of the external magnetic field (B;y) and
induced magnetic field (b), which is due to the electric
currents in the media. As shown in Fig. 1(a), the induced
magnetic field contains two parts: induced magnetic field
(b.) by the convection term in induction equation, and
induced magnetic field (brgcs) by the Seebeck effects
(=V x (SeVD)).

According to the scalar conservation law, the TEC-
induced magnetic field —V x (SeVT) is equal to —VSe x
VT. Because the Seebeck coefficient is taken as con-
stant in the same phase (liquid, solid), this source term
mainly exists on the interface of different phases with a
temperature gradient.

With the magnetic divergence constraint, V - B = 0, the
magnetic diffusion term (—AV x (V x B)) can be sim-
plified as AV2B. The diffusion characteristic time of the
magnetic field (2/A, A ~ 107! m%/s, /. is the characteris-
tic length) is much lower than the diffusion characteristic
time in the fluid field (Pp/u, u/p ~ 107% m?/s). The
magnetic Reynolds number is Re,, = U2 /A ~ 0.01 < 1,
where U is the characteristic velocity of the molten pool,
which implies that the advection of the magnetic field is
negligible.

However, the temperature gradient in the molten pool,
which has an effect on the magnetic field, electric currents,
and Lorentz force, is not investigated fully. Thus, only the
unsteady term of Eq. (20) is ignored to save computational
time instead of ignoring induced magnetic field directly.
The simplified induction equation for TEMHD is

AVB=(v-V)B— (B-V)v+VSex VI.  (21)

Substituting Eq. (19) into the charge conservation
equation, V - j = 0, the electric potential equation is given

as
V3¢ =V - (—SeVT+v x B). (22)

Therefore, the electric current is obtained by solving the
Eq. (22) and (19) sequentially. The magnetic field is calcu-
lated with Eq. (21). The Lorentz force, f;, = j x B, can be
further applied to the fluid dynamics. It should be spec-
ified that this TEMHD model can be readily applied to
other laser-based additive manufacturing processes and
materials, and we take the SLM process as an example.
The finite volume method (FVM) with the staggered
mesh is implemented in the numerical scheme: the value
of the magnetic, electric potential, and electric current
field are distributed in the center of the control volumes
(CVs) and the velocity is on the face of the CVs. The
discretized transport equations for multiphysical thermal
fluid are implemented in the computational fluid dynamics
software FLOW3D. The discretized steady-state induction
equation is given as
AVIB™ = (vt V)B" — (B" - V)V + VSe x VT,
(23)

where the variables with the superscript » and n 4 1 are the
values at the current time step and next time step, which
are also applied to other variables in the paper. The ambi-
ent gas is assumed to be insulated. Thus, the numerical
induction equation in the gas domain is simplified as

V2B = 0. (24)

In the alloy domain, the electric potential equation is
discretized as

V2¢n+1 =V. (_SeVTn+1 +Vn+1 % BIH*I)‘ (25)

As there is no Seebeck effect or convection in the
gas domain, the discretized electric potential equation is
given as

Vgt = 0. (26)

Thus, the calculation of the electric currents and Lorentz
force distribution in the domain at next time step are
given as

i = 0u(=Ve T v BT — Sev T, (27)
fn+1 — jn+1 % Bn+1. (28)

Iz
The calculation scheme of the TEMHD model is as
follows.

Step 1. Solve the multiphysics thermal-fluid flow
Egs. (1), (2), (3), and (7) to update v**!, p"*1 77+1 and
Fn—&-l‘
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Step 2. Move the heat source to the new position and
calculate the energy absorption on the free surface with the
ray-tracing method.

Step 3. Solve the induction Egs. (23) and (24), elec-
tric potential Egs. (25) and (26), electric current Eq. (27),
and Lorentz force Eq. (28) to update B!, ¢"+!, j*+! and
2! with vi*+!, 71 and F"+!. Repeat Steps 1-3 until the
simulation is finished.

II1. APPLICATION TO SELECTIVE LASER
MELTING

To analyze the molten pool dynamics under magnetic
fields, the stationary laser melting and laser scanning pro-
cesses are simulated. The thermophysical and temperature-
dependent thermophysical properties of AlSilOMg are
listed in Tables V and VI, respectively. The ambient pres-
sure and temperature are 1 atm and 300 K. The external
magnetic field (By) is static due to permanent magnets at
0.4 T based on the previous experiments [7,11]. The laser
power and diameter are 300 W and 80 pm, respectively.
The mesh size for the stationary laser melting and laser
scanning simulations are 2.5 um and 4 pum, respectively,
to ensure accuracy and efficiency. All the simulations are
conducted on a workstation with an I9-10900KF CPU. The
numerical convergence analysis of the numerical scheme is
given in Appendix B.

In Table II, the components of the magnetic fields in
the simulations are listed, where the simulation cases with
Roman and Arabic numbers represent the stationary laser
melting and laser scanning simulation cases, respectively.
b series simulation cases are the control groups for the
stationary laser melting simulations without incorporating
induction equation same as case 2 and 3. In other words,
these simulation cases do not include the induced mag-
netic fields, while including the electric currents only by
Eq. (19).

TABLE II. The components of the magnetic fields in the
simulations.
External Induced
Simulation magnetic magnetic
cases field field
i-a 00T Yes
i-b 00T No
ii-a 0.4 T y direction Yes
ii-b 0.4 T y direction No
iii-a 0.4 T z direction Yes
iii-b 0.4 T z direction No
1 00T Yes
2 0.4 T y direction No
3 0.4 T z direction No

A. Seebeck effect in the stationary laser melting
without external magnetic fields

Without an external magnetic field, the Seebeck effect
generates the electric current (j) and induced magnetic
field (b), and further transfers the electric energy into the
mechanical energy of liquid metal through the work by the
Lorentz force. This effect is not accounted for by the pre-
vious metal additive manufacturing fluid flow simulations.
To analyze the Seebeck effect in metal additive manufac-
turing, the stationary laser melting simulations i-a and i-b
are conducted.

In Fig. 2, the temperature, temperature gradient, and
electric current distribution in the middle cross section
of the molten pool are given, where Figs. 2(d)-2(f) are
the results of the control group (case i-b). The simulation
results show that the shapes of the keyhole and molten pool
with and without the Seebeck effect are similar. The depths
of the keyholes below the plate in cases i-a and i-b at t =
120 ws are 155 um and 142 pm, respectively, and the rela-
tive difference between them is 8.4%. For both simulation
results, the temperature, temperature gradient, and electric
current distribution on the upper and bottom surface of the
molten pool are higher than the middle and internal parts
of the molten pool as shown in Fig. 2. Such temperature
and temperature gradient distributions are caused by the
laser energy concentration in the upper and bottom of the
keyhole due to the multireflections. The temperature gradi-
ents in the molten pools of both simulations range between
1 x 107 K/m and 1 x 108 K/m matching with the previous
studies [32,33], and are much higher than that in casting
(1 x 103 — 1 x 10* K) [34]. This means that the Seebeck
effect is much stronger in the laser melting process. The
magnitudes of the electric currents in Fig. 2(c) and 2(f) are
both ~ 1 x 108 A /m%. As there is no induced magnetic
field in Fig. 2(f), the electric current is the TECs (jrgcs). It
also suggests that the main electric current of the Seebeck
effect in Fig. 2(c) is the TECs, and the induced electric cur-
rent by the convection (v x B) in Eq. (19) can be ignored
in the Seebeck effect. Moreover, the magnitude of TECs
can be estimated with Ohm’s law [19,35],

. Tb - Ts
ljTecsll ~ oc(Se; — Sey) 5 (29)

where Se;, Se,, and § are the Seebeck coefficients at the
liquidus and solidus temperature, and the thickness of the
molten pool. In these simulations, § is about 50 pum. With
the physical parameters in Tables V and VI, the estimated
magnitude of the TECs is about 1.5 x 103 A/m? matching
with the current simulation results.

To further analyze the effect of the Seebeck effect, the
induced magnetic field, and Lorentz force density distribu-
tion in the middle cross section of the molten pool at ¢ =
120 us are given in Fig. 3. As convection in the induction
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Temperature (K)

Temperature gradient (X 10° K/m)

Electric current (X 106 A/m?)

_—
830 840 850 860 870

VA
| x casei-b 100um

FIG. 2.

-_— = =
50 413 775 113.8 150.0

— ]
50.0 187.5 325.0 462.5 600.0

Simulation results of stationary laser melting without external magnetic fields: (a),(d) temperature, (b),(e) temperature gra-

dient, and (c),(f) electric currents in the middle cross section of the molten pool at = 120 us; (a)c) are the simulation results with
the Seebeck effect (case i-a), whereas (d)f) are those without the Seebeck effect (case i-b). The white curves are the solid-liquid

interfaces.

equation (v x B) in Eq. (19) is small, the main compo-
nent of the induced magnetic field is the Seebeck-effect-
induced magnetic field (brgcs). The intensity of brgcs is
1 x 107 T — 1 x 10~* T as shown in Fig. 3(a). Here brgcs
is high on the solid-liquid interface, especially in the bot-
tom of the molten pool, and decreases with the distance
increase on both sides, which agrees with the laser welding
simulation results by Chen et al. [19]. The induced mag-
netic field is the result by the outer product of VSe and VT
where VSe is zero in the same phase and not continuous
on the solid-liquid interface. Moreover, the higher temper-
ature gradient in the bottom of the molten pool leads to a
larger induced magnetic intensity. In Fig. 3(b), the magni-
tude of the Lorentz force density in the molten pool ranges
between 1 x 10> N/m® and 1 x 10* N/m®. The Lorentz

Induced magnetic field (X 1075 T)

[ e — [
00 25 50 75 100 00 75
(b)

Lorentz force density (X 10 N/m?)

15.0

force is also higher in the bottom of the molten pool and
the solid-liquid interface similar to the TECs. However,
the Lorentz force in the upper part of the molten pool is
much smaller than that in the bottom because the induced
magnetic intensity is nearly zero in this region as shown in
Fig. 3(a). Compared with the magnitude of the buoyancy
force density (pga,(T — T;) ~ 1 x 10> N/m?), the Lorentz
force is nonnegligible, although it is localized.

The keyhole depths growth and z-direction recoil forces
variation with time are given in Fig. 4 to study the effect
of the Lorentz force in the laser melting process. In Fig. 4,
both the keyhole depths and the z-direction recoil forces
with and without the Seebeck effect share a similar trend
as time increases. Before 50 us, the molten pools are shal-
low with the keyhole depths being lower than 100 um. The

FIG. 3. Simulation results of case i-a:
(a) induced magnetic field and (b)
Lorentz force density in the middle cross
section of the molten pool at t = 120 us.
The white curves are the solid-liquid
interfaces.

; =
225 30.0
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— With seebeck effect
[— * — Without seebeck effect |

FIG. 4. Comparison of the (a)
keyhole depths below the plate
surface and (b) z-direction recoil
forces on the keyhole surface.
The black solid lines and red
dashed lines are the simulation
results with and without the See-
beck effect, respectively. f1 and 2
are the two main fluctuations. The
black solid and red dashed lines
are the results of cases i-a and i-b,
respectively.

a) ¢ : b

( ) — With seebeck effect ( ) 1.8
[— - — Without seebeck effect | 2 -
-30 a

—_ S

E X
5 <
g ~% N

5 S
5 -9 &
'§ s
=t =

O o
¥ 120 g

—150
0

Time (us)

z-direction recoil forces in the two simulations range from
1 x 107* N to 1.5 x 1073 N. However, the differences of
the keyhole depth fluctuation and the z-direction recoil
force between the two simulations after 70 us are obvi-
ous. There are two main keyhole fluctuations in the two
simulations as shown in the two green dashed rectangles
of Fig. 4(a) (f1 and f2). The amplitudes of these fluctua-
tions are given in Table III, and the difference of f1 and {2
between case i-a and case i-b are 17.6% and 30.0%. The
fluctuation of the z-direction recoil forces in this period is
also not consistent as shown in the green dashed rectangle
of Fig. 4(b). The sequences of the z-direction recoil force
fluctuation between the two simulations are reversed after
70 us. These differences suggest that the Seebeck effect is
stronger with the increase of the keyhole depth. Although
the Lorentz force by the Seebeck effect on the molten pool
dynamics is local, especially in the bottom part, the ampli-
tude of it is comparable to the buoyancy force density and
can also change the keyhole fluctuation and recoil force
distribution in the laser melting process.

B. Stationary laser melting under different external
magnetic fields

To analyze the influence of the external magnetic fields
in the laser melting process, the static external magnetic
fields along the y and z direction are assigned in the sta-
tionary laser melting simulations (cases ii and iii). The
simulation results of the temperature, temperature gra-
dient, electric current, and Lorentz force density of the
molten pool in the middle cross section are presented in
Fig. 5, where the series (a), (b), (c), and (d) represent the

TABLE III. Amplitudes of the keyhole depth fluctuations.
Fluctuation Case i-a Case i-b
f1 125.0 um 130.0 um
2 127.5 um 140.0 um

Time (us)

results of simulation cases ii-a, ii-b, iii-a, and iii-b, respec-
tively. The keyhole depths of the series (a), (b), (c), and
(d) are 125.0 um, 127.5 pum, 130 um, and 140 um at t =
110 wus. The relative differences in cases ii and iii are 2.0%
and 7.7%, respectively. In Fig. 5, the temperature, temper-
ature gradient, and electric current distribution of the four
simulations are similar to the results without an external
magnetic field in Fig. 2 and the values of these variables
are higher in the upper and bottom parts of the molten
pool. The temperature gradients and electric currents in
the four cases are about 1 x 108 K/m and 3 x 108 A /m?.
It is the reason that the TECs (|0 SeVT| ~ 108 A/m?) is
much larger than the electric current by the convection
(lov x B| ~ 10° A/m?). In other words, the electric cur-
rents in the molten pool are mainly composed of the TECs
due to the high-temperature gradient.

The Lorentz force density distributions in Figs. 5(a4)—
5(d4) are not like the result in Fig. 3(b) but similar to the
distributions of the temperature gradient and electric cur-
rent in Fig. 5. The Lorentz force densities are not only high
in the bottom of the molten pool, but also strong in the
whole molten pool. The magnitude of the Lorentz force
densities in the inner region and surface of the molten
pool is higher than that in the solid-liquid interface, sim-
ilar to the distribution of electric current. Moreover, the
magnitude of the Lorentz force density can reach 1.5 x
108 N/m>, which is about four orders higher than the result
without external magnetic fields.

To understand the Lorentz force density distributions,
the intensity of induced magnetic fields in the middle
cross sections of the molten pools are shown in Figs. 6(a)
and 6(b). Although the intensities of induced magnetic
fields are still 1 x 107> — 1 x 10~* T, the distribution of
the induced magnetic fields are different from the simula-
tion results without external magnetic fields in Fig. 3(a).
The induced magnetic fields are not only high on the
solid-liquid interface but also remarkable in the inner
part of the molten pool, where the amplitude of the
fluid velocity is higher as shown in Figs. 6(c) and 6(d).
The convection induced magnetic field (b.) can be
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Simulation results of stationary laser melting under different external magnetic fields in the middle cross section of the

molten pool at = 110 us. Series (1), (2), (3), and (4) are the temperature fields, temperature gradients, electric currents, and Lorentz
force densities of the simulations, respectively. Series (a), (b), (c), and (d) are the results for case ii-a, ii-b, iii-a, and iii-b, respectively.

estimated with Ampere’s law [31] and the intensity of b, is
~ wolo:|v||Bo| = Re,,|Bol|, where [ and |v| are the thick-
ness and velocity of the fluid domain and Re, is the
magnetic Reynolds number. With the values of / &~ 50 um,
v~ 3ms, o, =4.0 x 10° S/m, and |By| = 0.4 T, we can
estimate that |b.| is about 1 x 10~* T comparable to the
Seebeck-effect-induced magnetic field (brgcs). Therefore,
the intensity of induced magnetic fields are determined by
the Seebeck effect and the molten pool dynamics together.
But the intensity of the induced magnetic fields (b) is lower
than 1% of the external magnetic field (By) magnitude. In
this situation, the whole magnetic field can be taken as the
external magnetic field. With these evenly distributed mag-
netic fields, the distribution of the Lorentz force densities
are similar to the distributions of the electric currents as
shown in Fig. 5.

In Fig. 7, the keyhole depths below the plate surface
and z-direction recoil forces under different external mag-
netic fields are given to reveal the influence of the induced
magnetic fields on the keyhole fluctuation. The keyhole

depth growing pattern and the z-direction recoil forces
fluctuation with and without induced magnetic fields are
consistent with each other, and all the keyhole depths
reach 150 um around 120 s under different external mag-
netic fields in Fig. 7(a). The z-direction recoil forces all
range between 1 x 107 N and 1.5 x 107> N under the
y- and z-direction external magnetic field in Fig. 7(b).
The main differences of the keyhole depth and z-direction
recoil force curves are the time-phased difference at ¢ >
50 ws, which is the reason of the Lorentz force by the
TECs and induced magnetic field. But the time difference
is lower than 10 us and is acceptable for the simulation
validity.

Comparing the keyhole depth curves in Figs. 4(a), 7(a),
and 7(b), these six curves share similar growth trend. How-
ever, the keyhole depth curves in Figs. 7(a) and 7(b) are
smooth and have six main fluctuations, whereas the key-
hole growth curves in Fig. 4(a) are rough and even blur
some main fluctuations. It indicates that the Lorentz force
under the external magnetic fields can reduce the local
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FIG. 6. (a),(b) Intensity of the
induced magnetic fields and (c),(d)
Velocity in the middle cross section of
the molten pool at t =110 us under
different external magnetic fields: (a)
and (c) are the results of simulation case
ii-a, whereas (b) and (d) are the results
of simulation case iii-a. The white
curves are the solid-liquid interfaces.
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(a),(b),(e),(f) Lorentz force density components and (c),(d),(g),(h) velocity components in the middle cross sections: (a)—(d)

and (e)—(h) are the results of simulation cases ii-a and iii-a, respectively. The white curves are the solid-liquid interfaces.

external magnetic fields to obtain accurate molten pool
dynamics in the laser melting simulation.

It should be pointed out that the middle cross sections of
the molten pool are not symmetric in Figs. 5(a) and 5(b)
series (ii-a and ii-b), whereas the other two simulation
results (iii-a and iii-b) in Fig. 5 are symmetric. Taking
Figs. 5(a) and 5(c) series as examples, the height above the
bare plate on the left side of the molten pool is 17.5 pum,
whereas that on the right side molten pool is lower than
1.0 um in case ii-a. In Fig. 5(c) series the heights above
the bare plate on the left and right sides of the molten
pool are 11.3 um and 8.8 um, respectively. The differ-
ence of the molten pool shape is caused by the results
of the Lorentz force distributions, which are presented in
Fig. 8.

As the TECs and external magnetic field are the main
components of the electric current and magnetic field, the
direction of the Lorentz force is determined by the temper-
ature gradient and the external magnetic field. Thus, the
Lorentz forces are not opposed to the direction of molten
pool velocity to damp the fluid flow as shown in Fig. 8,
and the Lorentz force density components are different
under the different external magnetic fields. In case ii-a,
the x component of the Lorentz force density is negative
in the middle cross section of the molten pool as shown in
Fig. 8(a), which is not opposed to the velocity direction in
Fig. 8(c), and this negative Lorentz force drives the molten
pool to the left. The asymmetric distribution molten pool
further influences the temperature distribution and leads to
an asymmetric z component of the Lorentz force distribu-
tion as shown in Fig. 8(b). In case iii-a, the y component
of the Lorentz force density in the middle cross section is
symmetric as shown in Fig. 8(f). The x component of the

Lorentz force is small as shown in Fig. 8(e), because the
temperature gradient along the y direction in the middle
cross section is small. Thus, under the z-direction external
magnetic field, the Lorentz force density components and
molten pool shape are symmetric.

The Lorentz force components under the y and z direc-
tion external magnetic fields are presented in Fig. 9. It is
obvious that the Lorentz force components variations are
similar with and without induced magnetic fields. It ver-
ifies that the induced magnetic field can be ignored with
such external magnetic fields. Moreover, the variations
of the Lorentz force components with different magnetic
fields are different. In Figs. 9(a) and 9(b), the magnitudes of
the Lorentz force components in the molten pool under the
y-direction external magnetic field are increasing with the
laser heating time, whereas the magnitude of the Lorentz
force components under the z-direction external magnetic
field in Figs. 9(c) and 9(d) are fluctuating around zero.
Under the y-direction external magnetic field, the magni-
tude of the x-direction Lorentz force reaches 5 x 107> N,
about 20 times higher than the magnitude of the Lorentz
force components under the z-direction external magnetic
field. This further explains that the shape of the molten
pool is asymmetric under the y-direction external mag-
netic field and symmetric under the z-direction external
magnetic field.

C. Laser scanning under different external magnetic
fields

To analyze the influence of Lorentz force in the SLM
process, single-track laser scanning on a bare plate under
the different external magnetic fields is simulated at a

064051-10



THERMOELECTRIC MAGNETOHYDRODYNAMIC MODEL...

00 (a) 0.4 T y direction B
Z
E —10.0t | = With induced magnetic field
kv = + = Without induced magnetic field
E -20.0
g
S -30.0
N
=
2 —400
Q
—
=% 30 60 90
Time (us)
_ 39 (e) 0.4 T z direction B,
Z
° = With induced magnetic field
S 2.5{— - - Without induced magnetic field -\
X I- :
=)
- 00
2
i
g 245
g —2.
=1
s}
—
=% 30 60 90

Time (us)

laser scanning speed of 1.0 m/s along the x direction, and
the magnetic components are listed in Table II. Based on
the analysis of stationary laser melting simulations, the
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FIG. 10. Simulation results of laser scanning: (al),(bl),(cl) temperature, (a2),(b2),(c2) temperature, gradient and (a3),(b3),(c3)
electric current in the molten pool at # = 108 us. The series (a), (b), and (c) are the results of cases 1, 2, and 3, respectively. The white

curves are the solid-liquid interfaces.
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TABLE IV. Geometry features of the molten pool.

Casel Case2 Case3

Length of the molten pool (um) 680 668 656
Width of the molten pool (xm) 238 226 222
Length of the liquidus region (pm) 444 452 432
Average keyhole depth («um) 129.0 129.6 147.8
Variance of the keyhole depth (um?) 2214 207.0 311.5

In Fig. 10, the molten pools are nearly stable at
t = 108 pus with similar shapes. The magnitude and distri-
bution of the temperature gradient and electric current of
the three simulation results are similar in Fig. 10. The tem-
perature gradient and electric current density in front of the
keyhole reach 1.5 x 10% K/m and 5.0 x 10% A/m?, which
are much higher than those behind the keyhole. The tem-
perature gradient and electric current behind the keyhole
rapidly drop below 1.0 x 10° K/m and 1.0 x 10° A/m? as
the distance to the keyhole increases. Moreover, the length
and width of the molten pool and length of the liquidus
region (the region with 7 > T;) are given in Table IV.
The difference of the molten pool length and width and
liquidus region length due to the external magnetic fields
are smaller than 3.5%, 6.7%, and 2.7%, respectively. The
energy absorptions of the three cases fluctuate between
45% and 47%, matching with Trapp’s experiment [29].
This indicates that the overall shape of the molten pool is
mainly determined by the absorbed energy and the effect
of the external magnetic field is not obvious.

However, the average keyhole depths below the plate
surface and variances of the keyhole depth in the three
simulations are different as listed in Table IV. The key-
hole depth and its variance in case 3 is about 14.0% deeper
and 40.0-50.0% higher than those in the other two simula-
tion cases. In Fig. 11, the keyhole depth below the plate
surface and z-direction recoil force in case 3 are differ-
ent from those of cases 1 and 2. The keyhole depths in
cases 1 and 2 fluctuate between 90 and 150 pum, whereas it
ranges from 90 to 180 wum in case 3 as shown in Fig. 11(a).

In Fig. 11(b), the z-direction recoil forces in case 1 and 2
are lower than 1.0 x 1073 N, whereas it can reach 1.5 x
1073 N in case 3. This indicates that the z-direction exter-
nal magnetic field has a stronger effect on the molten pool
bottom vibration in the SLM process compared with the
other two simulation cases.

To further analyze the influence of the external mag-
netic field on the molten pool dynamics, the magnitudes
of the molten pool velocity, streamlines of the molten
pool, and Lorentz force densities are presented in Fig. 12.
The magnitudes and distributions of the molten pool
velocity in the three simulations are similar as shown in
Figs. 12(al)-12(a3). The velocity magnitude around the
keyhole is higher than other regions of the molten pool:
the fluid velocity on the upper and bottom regions of the
keyhole is greater than 4 m/s, whereas the fluid velocity
near the solid-liquid interface is lower than 1 m/s.

Interestingly, the streamlines in the molten pool in these
three simulations are different from each other. In case 1,
there are two regions in the molten pool behind the key-
hole in Fig. 12(b1) and Movie 1 within the Supplemental
Material [36]: the circulation region (Region 1) and spiral
rotating region (Region 2). The circulation region is behind
the keyhole with a vortex rotating nearly vertical to the
y direction. This region has been directly observed using
the in situ x-ray imaging by Hojjatzadeh et al. [30], which
could trap bubbles in the molten pool and result in pores
in the as-built parts. Behind the circulation region, there is
a spiral rotating region where the liquid metal rotates spi-
rally from the inner front part of the molten pool to the
outside rear part of the molten pool. This region in the
simulation matches with the in situ x-ray imaging by Guo
et al. [37]. In case 2, the vortex intensity in the circulation
region decreases, and the streamline is relatively smooth as
shown in Fig. 12(b2) and Movie 2 within the Supplemental
Material [36]. The spiral rotating region shrinks from the
mush zone to the liquid region. In Fig. 12(b3) and Movie
3 within the Supplemental Material [36], the circulation
region nearly disappears and the size of the spiral rotating
region is further decreases in case 3. It indicates that the
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Simulation results of laser scanning: (a) velocity magnitudes, (b) streamlines, and (c) Lorentz force density distribution in

the molten pool. Series (1), (2), and (3) are the results of cases 1, 2, and 3, respectively. The white curves in series (a) and the gray
surfaces in series (b) are the solid-liquid interfaces. Region 1 and Region 2 in (bl) are the circulation region and spiral rotating region,
respectively. The black dashed regions in series (c) are the effective solidification front.

external magnetic field can be a useful tool to control the
liquid flow in the molten pool.

In Fig. 12(c), the distributions of the Lorentz force den-
sity in the three simulations are similar, which are high
around the keyhole region. However, the magnitudes of the
Lorentz force density are lower than 2 x 10* N/m? in case
1, which is about four orders lower than those of case 2
and 3. It is the reason that magnetic intensity without an
external magnetic field is much lower than those under the
external magnetic fields in the SLM process as mentioned
in the stationary laser melting simulations.

Furthermore, the Lorentz force has been proven to be
able to influence the dendritic morphology in the metal
solidification process. In previous experiments [7,11,12],
the dendritic morphology transited from columnar to
equiaxed with the increase of magnetic intensity during
the metal solidification process. In the SLM process, the
depth of the molten pool is larger than the thickness of the
powder bed (about 40—100 wm), the upper part of the cur-
rent laser scanning track would be remelted in the laser
scanning of next layer and the effective solidification front
region is the solid-liquid interface in the bottom part of
the molten pool as shown in the black dashed region in
Fig. 12(c). Under the external magnetic fields, the Lorentz

force density canreach 1 x 10°—1 x 10° N/m? in the effec-
tive solidification front, whereas the Lorentz force density
is lower than 5 x 10° N/m? in case 1. The experiments by
Lietal. [12] show that the Lorentz force density larger than
1 x 10° N/m® can change the dendritic morphology from
columnar to equiaxed. The SLM experimental parameters
used by Du et al. [7] are similar to the current simulation,
and they also observed that the percentage of equiaxed
grains increases under the z-direction external magnetic
field. These experimental results validate the current model
indirectly. To improve the effectiveness and applicability
of the current TEMHD in metal additive manufacturing,
we are planning to conduct more experiments on grain size
transition with external magnetic field in the future.
Although the magnitude of the Lorentz force densities
are similar, the Lorentz force density components are dif-
ferent as shown in Fig. 13. In case 2, the Lorentz force
is along the negative z negative x direction in front of the
keyhole and positive z negative x direction behind the key-
hole as shown in Figs. 13(al) and 13(a2), which drives
the liquid metal towards the bottom and then to the sur-
face along with the negative x direction in the molten
pool. However, the Lorentz force density components in
Figs. 13(bl) and 13(b2) are rotating around the keyhole
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Components of the Lorentz force density distribution (al),(a2),(b1),(b2) and Lorentz forces (a3),(b3) of cases 2 and 3 at

t = 108 us. Series (a) and (b) are the results of cases 2 and 3, respectively. The white curves are the solid-liquid interfaces.

anticlockwise (from the top view), which stirs the liquid
flow. These Lorentz force density distribution patterns sug-
gest that the y- and z-direction magnetic fields can both
generate Lorentz forces that are sufficient to influence the
molten pool flow, but the directions of the Lorentz forces
are different.

In Fig. 13(a3) the z component of the Lorentz force in
case 2 fluctuates around zero, and the magnitude is lower
than 4 x 107% N. However, the x-component Lorentz
force is about —3 x 107> N, which is comparable to the
z-direction recoil force at valley point (about —1 x
10~* N) as shown in Fig. 11(b). This indicates that the
Lorentz force in case 2 drives the fluid to the negative
x direction. In case 3, both the x and y components of
the Lorentz force vibrate around zero with an amplitude
lower than 3 x 107® N in Fig. 13(b3). This means that the
magnitude of the Lorentz force in case 3 is symmetrically
distributed in the molten pool around the keyhole under the
z-direction external magnetic field, although it can rotate
the liquid metal in the molten pool as shown in Figs. 13(b1)
and 13(b2).

IV. CONCLUSIONS

In this study, an electrodynamic model with the Seebeck
effect has been implemented in the multiphysics thermal-
fluid flow model to build a TEMHD model. The numerical
simulation results show that the electric current in the SLM
process is mainly composed of the TECs, and the induced

magnetic field can be ignored compared with the high
external magnetic intensity.

In the stationary laser melting simulations, the Lorentz
force is relatively high in the bottom of the molten pool,
and the magnitude is comparable to the buoyancy force
density, which can influence the molten pool dynamics
especially in deep keyhole mode without external magnetic
fields. Under the external magnetic fields, the molten pool
dynamics with and without incorporating the induced mag-
netic field are similar. The Lorentz force densities under
the external magnetic fields reach 1.5 x 108 N/m? and are
about four orders of magnitude higher than that without an
external magnetic. Such Lorentz force density is sufficient
to make a difference in the molten pool shape.

In the laser scanning simulations, although the Lorentz
forces under the y- and z-direction external magnetic fields
distribute differently, both of them can suppress the fluid
circulation and decrease the fluid spiral rotating behind the
keyhole in the molten pool. Moreover, the Lorentz force
in the bottom of the molten pool is strong enough to tran-
sit the columnar grains to equiaxed grains under external
magnetic fields. Thus, an external magnetic field can be
a useful tool to control the molten pool flow and grain
growth in the SLM process.
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APPENDIX A: MATERIAL PROPERTIES

TABLE V. Thermophysical properties of AlSi10Mg [7,30,38].

Property Value
Solidus temperature (75, K) 830
Liquidus temperature (7}, K) 870
Boiling temperature (75, K) 2743
Density (p, kg/m®) 2680
Latent heat of melting (L,,, J/kg) 3.89 x 10°
Latent heat of evaporation (L,, J/kg) 1.07 x 107
Saturated vapor pressure (P,, Pa) 1.013 x 10° (T,=2743 K)
Surface tension coefficient (o9, N/m) 1.02
Temperature sensitivity of surface tension (O’ST , N/(m - K)) 3.1 x 107
Linear thermal expansion coefficient (¢, 1/K) 23 x 1073
Convective heat transfer coefficient (4., W/(m - K)) 82
Radiation emissivity, € 0.4
Electrical conductivity of liquid (0., S/m) 4.0 x 10°
Liquidus Seebeck coefficient (Se;, V/K) —2.5x107°
Solidus Seebeck coefficient (Se;, V/K) —1.5%x107°

TABLE VI. Temperature-dependent thermophysical properties of Al1Si10Mg [30].

Property Temperature (7, K) Value
Dynamic viscosity (i, Pa - s) 875 0.0022
1000 0.00125
1450 0.0007
1850 0.00058
2250 0.00045
2700 0.0004
Thermal conductivity (k, W /(m - K)) 300 160
400 160
500 160
600 160
700 160
830 110
870 90
1200 100
1500 110
1800 115
2100 120
Specific heat (C,, J /(kg - K)) 300 900
375 960
575 1020
775 1125
940 1040
960 1040
1100 1075
1562 1075

APPENDIX B: NUMERICAL CONVERGENCE

In the current simulation, the pressure, heat transfer,
induction, and electric potential equations are solved with
an implicit numerical scheme. The convergence of the

linear system is

064051-15

7l =€,

(B



LU WANG and WENTAO YAN

PHYS. REV. APPLIED 185, 064051 (2021)

FIG. 14. Numerical conver-
gence of case 3: (a) pressure
convergence; (b) thermal con-
vergence; (c) electric potential
convergence; and (d) time step
limit.
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where ||7||; is the first norm of the residual of the linear
system and € is the convergence criterion that is used to
determine at what point the values have converged. Taking
case 3 as an example, the numerical convergence results
are given in Fig. 14, where the pressure, energy, and elec-
tric potential equations are converged. The value for pres-
sure convergence is automatically computed by FLOW-3D
and is fluctuating around 3 x 10° Pa in the current simula-
tions, as shown in Fig. 14(a). The normalized thermal con-
vergence criterion is 1 x 10™*. For induced equation and
electric potential equation, the value of € is 1 x 107 V.
To ensure the stability of numerical calculation, the time
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