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Thermoelectric generators directly convert thermal energy to electricity when exposed to the proper temperature
difference. The efficiency of the thermoelectric module has not been fully explored due to the drawbacks in
conventional design and fabrication methods. Selective laser melting (SLM) additive manufacturing offers a
unique potential scalable approach for the fabrication of flexible and functionally graded thermoelectric mate-
rials with high energy conversion efficiency. In this paper, we developed a physical model to simulate the SLM
manufacturing process of thermoelectric materials (Mg>Si powders) with additive material (Si) mixed for better
thermoelectric performance. A comprehensive thermal and fluid study of the SLM manufacturing was conducted
to understand the phenomena associated with the melting and solidification processes in the melting pool. This
physical model was established based on the conservation equations and provided a basis to study the fluid flow
driven by the buoyancy force and surface tension in the melting pool. Using this model, the influences of the
process parameters, such as laser scanning speed and power energy density, on the temperature distribution,
powder bed shrinkage, pool size, and particle aggregation in the powder bed, were studied, which provided
critical information for understanding SLM for thermoelectric device fabrication.

1. Introduction

Thermoelectric generators can directly convert thermal energy to
electrical energy using electrons and holes as a “working fluid” [1]. The
conventional methods for fabricating thermoelectric materials, such as
hot press and spark plasma sintering, are not perfect for large-volume
thermoelectric module fabrication because of the drawbacks in prac-
tice, such as the long processing time and assembly process. Selective
laser melting (SLM, Fig. 1), on the other hand, has been considered as an
emerging technology for thermoelectric material fabrication because of
its ability to fabricate components with any arbitrary shape. During the
SLM, the chemical composition of powders can be adjusted by modifying
the amount of additive, which makes it possible to implement functional
doping along the thermo-element. This allows for the conversion effi-
ciency of the thermoelectric module to be improved.

SLM fabrication is a laser-aided (Fig. 1(a)) powder bed fusion process
in which a high-power laser is employed to fuse specific powders into a
solid part with desired physical properties. Kruth et al. [2] described the
details of the working principle of the SLM. SLM can fabricate compo-
nents with a resolution as high as 10-200 ym. Due to its high energy
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density, SLM is particularly suitable for the fabrication of high melting
point materials with high density without adhesives for binding pur-
poses. This characteristic makes it ideal for the fabrication of thermo-
electric materials.

During SLM fabrication of thermoelectric materials, the powders
change from solid phase to liquid phase and then back to solid phase
rapidly (Fig. 1(b)). A moving liquid-solid boundary is created by the
moving laser. Though an inert gas environment is maintained during the
SLM fabrication, oxidation can occur even if a small amount of oxygen
exists in the environment. With operating temperatures as high as
1500 °C, severe evaporation can have negative impacts on the physical
properties of the deposited materials. At the edge of the melting pool,
the powders are in a state of partial solid and liquid making its properties
different from the rest of the powder bed. The physical properties of the
final products highly depend on the temperature evolution and tem-
perature residence time. Changing the SLM process parameters, such as
the powder characteristics, the chemical composition of powders, the
laser wavelength, power, scan speed, and spacing, dramatically influ-
ence the physical properties of the resulting part — such as density,
surface quality, and microstructures,

Wu et al. [3] proposed a novel optimization method for the
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Nomenclature Ko permeability coefficient
Pr thermal expansion coefficient, K1
Symbols Ps solute expansion coefficient, K~!
up laser beaming moving speed, m/s T, eutectic temperature, K
u,v,w velocities in x, y, and z directions, m/s Tum melting point temperature, K
X,Y,2 coordinates, m k equilibrium partition ratio
Wy velocity caused by powder shrinkage, m/s T, ambient temperature, K
P pressure, Pa [ energy absorption coefficient
ut effective viscosity, kg/(m-s) €p emissivity
T temperature, K h. convective heat transfer coefficient, W/(m?K)
t time, s R laser diameter, m
g gravity acceleration, m/s> Op Boltzmann constant
k* effective thermal conductivity, W/(m-K) 0c/0T change rate of surface tension, N/(m-K)
Sh energy source term, W/m® 9o laser intensity, W/m?
Sc nano-particle concentration source term, m > Vs, Vn velocity parallel and perpendicular to the surface, m/s
Dt effective diffusive coefficient, m?/s A surface tension, N/m
Cc* effective concentration ratio W limiter function
€ porosity ag,aw,ay,ds,ap,ag,ap TVD coefficients
s shrinkage, m D., Dy,Dy,Ds,D5,Dy diffusion conductance, kg/(m?-s)
Tu melting temperature, K F., F,, Fy,F F;,F, convective mass flux, kg/(m?-s)
AT temperature difference, K ) variable to be solved
H, h  enthalpy, J/kg sbe the deferred correction source term
fs:fi solid and liquid mass faction r ratio of gradients
ks, ki solid and liquid thermal conductivity, W/(m-K)
kp. kg powder and gas thermal conductivity, W/(m-K) Abbreviations
Cs nano-particle concentration ratio in solid and liquid SLM selective laser melting
@ the concentration radio TEG thermoelectric generator
[ speciﬁc heat’ J/(Kkg) CFD computational fluid dynamics
p density, kg/m® AMC Aluminum matrix composites
m liquid viscosity, kg/(m-s) FVM finite volume method
i solid viscosity, kg/(m-s) TVD total variation diminishing
D specific diffusion coefficient, m?/s ADI alternating direction implicit
L latent heat, J/kg BCM block correction method

construction of high-efficiency segmented TEGs in recent literature. The
cross-sectional area of the thermoelectric element varied with the tem-
perature profile to optimize for high energy conversion efficiency. This
complicated geometry could only be practically realized by SLM. Nano-
engineering offered unparalleled opportunities for manipulating the
transport of electrons and phonons to improve the figure-of-merit (ZT)
of thermoelectric materials [4-7]. During SLM, the grain boundaries of
the nanocomposites can be well preserved by manipulating the laser
power or process. In the recent years, many researchers began to explore
the potential using SLM for thermoelectric material manufacturing.
Thimont and LeBlanc [8] pointed out that it was feasible to fabricate
thermoelectric generator (TEG) with novel leg geometry with the
advance of additive manufacturing. They simulated the thermoelectric
performance of TEGs with various leg geometries, such as prismatic,
hollow, and layered structures. El-Desouky et al. [9] did a preliminary
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experiment to examine the possibility to rapid processing the thermo-
electric materials, for example BisTes. They [10] observed the micro-
structure of the thermoelectric materials fabricated by the SLM method.
The results showed that SLM could potentially provide an attractive
alternative way for the fabrication of thermoelectric materials. Carter
et al. [11] investigated nanosecond pulsed laser melting of BiyTes. A
simplified model was established to simulate the heating phenomenon
during the nanosecond pulsed laser melting process. Kang et al. [12]
described a novel approach to fabricate functionally graded silicon
matrix composites by the SLM method. During the fabrication, the ma-
terial ingredient could be manipulated so that composite could achieve
the best overall performance. Mingo et al. [4] presented a “nanoparticle-
in-alloy” material approach to fabricated SiGe alloys, another thermo-
electric material. The nanoparticle size was optimized to reduce the
thermal conductivity of the alloy, resulting in a 5-fold increase in the ZT
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Fig. 1. (a) The working principle of SLM; and (b) SLM fabrication of powders.
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value of the SiGe alloys at room temperature and 2.5 times increase at
900 K. Wang et al. [5] described a doping method to modulate the
electronic band structure and/or minority carrier scatterings preference
to reduce the bipolar thermal conductivity. Mao et al. [13] recently
demonstrated an averaged ZT of ~0.7 in the temperature between 300
and 550 K in n-type BisTes 7Seg 3 fabricated by laser melting. The per-
formances of the fabricated thermoelectric materials were comparable
to commercially-available materials. In their work, they also did a series
of tests to find the best processing parameters for the fabrication of
thermoelectric materials. Yan et al. [14] reported a nonequilibrium
fabrication method of n-type CoSbs gsTeg 15 using SLM. The influence of
the processing parameters, such as the laser power and scanning speed,
on the quality of the deposited layers was analyzed, and the optimal
processing window for SLM was identified. Wu et al. [15] developed a
fabrication method combined non-contact dispenser printing with se-
lective laser melting (SLM) to process n-type BizTes-based materials.
However, there were few adequate models to analyze the impacts of the
processing parameters on the deposited thermoelectric materials.

Fluid behavior has a significant influence on the physical properties
of the printed materials. The flow pattern associated with the heat and
mass transfer processes within the melting pool strongly depends on the
fluid phenomenon, such as viscosity, thermo-capillary, surface tension,
wetting, oxidation, and evaporation. Therefore, there is a need to
establish a sound and comprehensive physical model which can be
utilized to study the impacts of the process parameters on the sintered
materials. Computational heat and mass transfer modeling [16,17] and
the lattice Boltzmann simulation [18,19] are two important tools to
address this issue. Computational heat and mass transfer method has
been a common tool for the modeling of the melting and re-solidification
process. SLM fabrication shares many characteristics with welding. The
physical model of SLM can be adapted from the models summarized by
Voller and Brent [20] for the modeling of binary alloy solidification
systems existing in the welding process. The authors classified the
models into three general one-phase models according to the problem
domain. And the case study found that these models successfully pre-
dicted the aggregation patterns during the solidification. Li et al. [17]
established a three-dimensional numerical model to study the laser
melting of ceramic materials. This model took the binary phase dia-
grams of the ceramic materials into consideration and could analyze the
phase change phenomena and flow motion in the melting pool. Xiao and
Zhang [16] developed an even more comprehensive physical model in
which a specific algorithm was developed to track the shrinkage in the
powder bed. Recently, Luo et al. [21] built a three-dimensional transient
finite element model to analyze the temperature and stress fields during
the SLM of SnTe using ANSYS. Their model considered the latent heats
associated with the melting and vaporization phenomena. However,
their model did not incorporate the function of modeling the mass
transfer process during the SLM simulation. Denlinger et al. [22,23]
developed a three-dimensional finite element model to simulate the
laser powder-bed fusion process. However, their approach couldn’t
model the fluid behavior which is critical to predict the impact of the
process parameters on the fabricated material.

Magnesium silicide (Mg2Si) is an inorganic compound having a face-
centered cubic lattice structure. In its unit cell, it possesses the anti-
fluorite structure with Si* ions occupying the corners and face-
centered positions and Mg?* ions occupying eight tetrahedral sites in
the interior. The density of pure Mg,Si is relatively low compared with
other thermoelectric materials. Though the ZT value of Mg,Si is slightly
lower than BiyTes, this material has many advantages over other ma-
terials because it is abundant, inexpensive, light-weighted, and non-
toxic. A ZT value of ~1.4 was reported in Bi-doped Mg,Si at 773 K
with an average ZT of 0.9 between 400 and 773 K by Farahi et. [24],
which was reasonably high for most thermoelectric applications.
Furthermore, the mechanical properties of Mg,Si are superior to those of
PbTe for medium temperature application. Li et al. [25] demonstrated
that thermoelectric and mechanical performance of MgsSi could be
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significantly enhanced by nano-structuring via nonequilibrium synthe-
ses, such as melt-spinning followed by spark plasma synthesis (SPS) or
hot pressing. Zhang et al. [26] studied thermal spay of Mg5Si and found
that the points defects created by high quench rate helped to increase the
ZT value. SLM based AM shared several merits with the thermal spray
method, such as powder feeding, high quench rate, and high automa-
tion, but had important advantages over thermal spay by providing
better process control for nanoparticle embedding, much higher mass
density, milder fabrication conditions, less oxidation, and higher
bonding strength. Zhang et al. [27] studied tthe effect of point defects
and nanoparticles on thermal conductivity of Mg,Si. Mg,Si has been also
used in the creation of metal matrix composites (MMC). Emamy et al.
[28] et al. studied the properties of hot-extruded Al matrix composites
(AMCs) containing different amounts of MgsSi, and found that the for-
mation of separated dot-like Mg,Si particles in hot extruded specimens
eliminated the path for crack propagation and improved the ductility of
the AMCs. Qin et al. [29] and Li at al. [30] investigated the growth
manner of Mg,Si particles in Mg>Si/Al composite. They found that the
final morphology of Mg,Si crystal was affected by its intrinsic crystal
structure and growth conditions. This phenomenon should be carefully
considered during SLM fabrication.

In this paper, a 3D model based on the conservation law was
developed to simulate the SLM manufacturing of MgeSi powders
embedded with nano-particles. This physical model, incorporating the
ability to analyze the fluid flow driven by buoyancy force and surface
tension, can be utilized to study the impact of the process parameters on
the melting pool size, nanoparticle aggregation, and temperature profile
in the powder bed. The governing equations — including the continuity,
momentum, energy, and nanoparticle transport equations — were dis-
cretized using the finite volume method (FVM) and then solved in a
pressure-based manner. The total variation diminishing (TVD) dis-
cretization scheme was used for all the governing equations to achieve
second-order accuracy and unconditional stability. The alternating di-
rection implicit (ADI) method and block correction method (BCM) was
integrated with the SIMPLER algorithm to accelerate the convergence.
The shrinkage phenomenon during the SLM fabrication was tracked
using an adaptive grid method.

2. The physical model
2.1. The computational domain

The SLM process for thermoelectric powder fabrication modeled is
shown in Fig. 2(a). SLM is a non-equilibrium manufacturing method,
which can produce tremendous grain boundaries and defects within the
sintered material. As shown in Fig. 2(b), a Gaussian laser beam moved
over the powder bed with a velocity of U,. The powders absorbed a
partition of the laser energy and formed a liquid pool in which the un-
melted nanoparticles could aggregate. The melting pool cooled down
and solidified into a densified part after the laser beam moved away. As
shown in Fig. 2(b), four distinct regions were identified in the powder
bed: an un-sintered region, a sintered region, a mushy region, and a fluid
region with dispersed nanoparticles. This system can be described by the
conservation equations governing the transport of mass, momentum,
energy, and nanoparticles. The computational domain had a size of
3.6 mm x 1.2 mmx 1.2 mm, which was much larger than the melting
pool. The temperatures on the boundaries far away from the melting
pool were assumed constant. Half of the powder bed was modeled to
save half of the computational resource.

2.2. Governing equations

A single-phase model was adapted from the models illustrated in
reference Voller et al. [20] with some modifications made to fit the
current problem domain. Moreover, similar to the method used by Xiao
and Zhang [16], the convective terms in the governing equations were
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Fig. 2. (a) SLM manufacturing of multi-component thermoelectric powders with nanoparticles embedded. (b) Four distinct regions in the powder bed.

modified to fit the moving coordinates. The following assumptions were
made to simplify the problem.

a. The powder bed was assumed to be uniform in density. During the
melting process, the gas in the porous structure was squeezed out
gradually by the pressure introduced by the liquid. Finally, in the
liquid region and the sintered region, the gas was completely ejected.

b. The Boussinesq approximation was employed to calculate the
buoyancy force caused by the density change.

c. The powders have constant thermophysical properties, including the
thermal conductivity, specific heat, viscosity, and diffusion coeffi-
cient. However, those values do not stay the same after the phase
change.

d. The shrinkage only influences the z-direction. Its impact on the x and
y-directions was neglected.

e. The simulations were only carried out for the first trail of SLM
fabrication. However, not much effort is required to adapt the code
to simulate the SLM process for multi-trail or other cases.

Considering an infinitesimally small fluid element fixed in space, we
accounted the energy and mass flows through each face and built the
continuity, momentum, energy, and nanoparticle equations based on
the conservation law. The thermal properties were updated according to
the phase and material compositions computed from the last iteration.
The scanning speed of the laser beam remained constant (u). The
governing equations were accommodated to a single-phase model for all
the regions of the computational domain in a moving coordinate system
as follows.

The continuity equation:

dp  dp(u—up)) dpv)  dpw) _
5 pw + % s =0 (€]
The momentum equations in x, y, and z directions:
dpu) | Olpu(u —uy)] | d(puv)  o(puw)
o T . e T a
_dp 0 ou 0 ( .ou 0 ( .ou
= o (” 0x> oy \H < 0y> % <” 0z> @
o(pv)  Olpv(u—up)]  d(pw) d(pvw)
R T
L 00 0N 0
N 0y+0x (ﬂ 6x> +0y (ﬂ dy +02 "o ®
o(pw) d[pw u—up)l n (pwv) n (pww)
ot Ox dy 0z
_op
0z
d( ow\ 9 [ .ow\ o[ .ow
Fon A < 6x> +6 (ﬂ g) % (ﬂ 52) + P18 (T = Te) (Br + B,Cs)

€]

The energy equation:

d(ph) | o(ph(u—uy))  O(phv)  d(phw)
a T . Ty e

0/, 0T\ 9 ( T\ 0 [ 0T
7&(16 0X>+a (k dy>+0z(k 0>+Sh (5)

The nanoparticle transport equation:

ApCT) | ApCT(u—m))  ApCTy) | ApCTw)
ot ox dy 0z

0 (1,007 L0 (1 ,0C\ 0 ([, oCt
*ax<D 0x>+0y(D 3 )+0z<D o ) T ©

where u, v, and w are the velocities in x, y, and z directions respectively,
p is the density, p is the pressure, T is the temperature, h is the enthalpy,
k™ represents the effective thermal conductivity, u* represents the
effective viscosity, C* represents the nanoparticle concentration, D"
represents the effective diffusion coefficient, S¢c and S, are the source
terms for the energy and nanoparticle transport equations, respectively,
pr and g, are the liquid and solid thermal expansion coefficients,
respectively, and C; is the solid mass concentration. Egs. (1)-(6) should
be solved together, as all the parameters were strongly coupled. The
fluid field in the melting pool were driven by the buoyance force and
surface tension. The buoyance force was a volume effect, which was
modeled by the last source term of Eq. (4). The surface tension was a
boundary effect. The enthalpy or temperature change during the phase
transition was described by the last source terms of Eq. (5). The nano-
particle concentration variation caused by the phase transition was
given by the last source terms of Eq. (6). The details of each equation
were explained as follows.

Since the Si nanoparticles had a relatively small thermal expansion
coefficient and mass concentrations, they had a relatively small influ-
ence over buoyancy force. Therefore, in Eq. (4), its effect over solid
expansion was neglected. Similar to the treatment in reference [16], the
relative velocity (w;) to the coordinate introduced by shrinkage could be
calculated by:

0, >

NI @
gal‘ Mbax,Z N

The powders started to melt at Ty; — AT, and melted completely at a
temperature of Ty. Also, it was assumed that the mass fraction of the
liquid increased with the temperature in this temperature window.

1, T>Ty
Ty —T
fi MAT . Ty —AT<T<Ty (8)
0, T < Ty —AT

The physical properties of the partially melted powders in the mushy
region were simplified as the summation of the properties of the pow-
ders and liquid weighted by the corresponding mass fractions. Based on
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this assumption, the effective viscosity and the effective thermal con-
ductivity were calculated by Egs. (9) and (10) as follows.

W= ufituh 9

k" = fik, +fiki (10)

The powders used in the process were not completely pure. Doping
materials and nanoparticles were added in the powders to enhance the
ZT value. Similar to the treatment above, the thermal conductivity of the
mixture (k,) could be estimated as the summation of the thermal con-
ductivity (k,;) of the different powder components weighted by their
corresponding mass fractions (g).

kp = ng[kpi (11)
i=1

An empirical equation built by Hadley [31] and further outlined by
Xiao and Zhang [16] was utilized to estimate the effective thermal
conductivity of the porous powder bed. The equation can be used to
calculate the effective thermal conductivity of a porous material whose
solid fraction has a much higher thermal conductivity than its gas
fraction with reasonable accuracy.

ke &fo + (kp/kg)(l —&fo)
—==(l-ao)
ke 1—e(1—fy) +e(ky /o) (1 = fo)
2
+a02(kp/kg) (1-e+(1 +25)(kp/kg) (12)
2+e)(ky/ k) +1—¢
where
fo=08+0.1¢, (13)
—4.898¢ 0 <e<0.0827
logay = { —0.405 — 3.154(¢ — 0.0827) 0.0827 < ¢ < 0.298 (14
—1.084 — 6.778(¢ — 0.298)  0.298 < ¢ < 0.580

The nanoparticle concentration in the original powders was C;. The
nanoparticle concentration in the solid and the liquid were related
through C; = ¢C;. The effective nanoparticle diffusive coefficient of the
powder was estimated by

DY =fD,+1iD;/¢ 15)
The thermal capacity of the powders was temperature-dependent.

The integration of thermal capacity gave the enthalpy of the powders.

T
h— / endT (16)
0

The enthalpy changes during the phase transition consisted of two
parts: the thermal capacity change and the latent heat.

T
6H = {/ (cp,fc,,x)quLL}f, a7
0

It was assumed that the thermal capacity of the sintered material did
not change during the SLM fabrication, thus the Eq. (17) was simplified

as
0, T < Ty — AT

SH={Lf, Tu—AT<T<Ty
L, T > Ty — AT

(18)

The melting temperature of the Mg»Si is 1375 K, and the melting
temperature of Si is 1687 K. The Si nanoparticle had a much higher
melting temperature than the MgySi matrix. In this model, the Si
nanoparticles were assumed maintaining solid during the SLM fabrica-
tion. The enthalpy of the powder bed would not be affected by the
nanoparticle concentration because Si nanoparticles didn’t experience
phase transition. However, the temperature field of the melting pool was
still changed by the nanoparticles, as the nanoparticle concentration
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distribution in the pool was not uniform. The expression of the source
term for the energy equation was given by Eq. (19). The first term of the
Eq. (19) was the transient term. And the other terms were caused by the
energy convection associated with the mass transport in the melting
pool.
—0

Sh :7([)(31‘1) — J

9
3 5 Plu—1,)5H ) 3, (PwoH) 19)

2}
5, (PvoH) %

y

The expression of the source term for the nanoparticle transport
equation is given by Eq. (20). The first term on the right hand of Eq. (20)
is the transient term caused by the melting and re-solidification of the
powders. The other terms were introduced to account for the mass
convection.

—0T/1 9 [(1 ae
o= (=) | 5 (e )meow]| -5 {G
— 1)/}]‘"1Cl\v:| —;Z |:<% - 1>l)f1C.\W:| (20)

2.3. Shrinkage on the powder bed

After the powders were melted, the capillary effect and gravity force
would drive the liquid to take the gap place between the powders.
Therefore, a shrinkage would happen because of the density difference
between the powders and the liquid. In this paper, four sub-stages were
set to represent the different status of the materials in the heating pro-
cess (Fig. 3).

Stage One: pre-heating (T < Ty — AT).

In this stage, the melting point was not reached. No melting
happened until the next stage in the fabrication process.

Stage Two: Preliminary melted (Tyy — AT < T < Ty — AT%).

In this stage, only a small partition of the powders was melted. The
liquid took up a partition of the gap which used to be filled by gas. The
volume of the powders melted in a local grid was given by
fi(1 —e)dxdydz. As the gas was not completely driven out in the powder
bed, all the powders melted would be used to fill the powder gap, which
was given by

AS = £i(1 — €)dxdydz 21

Stage Three: Partially melted (Ty — AT:% < T < Ty).

In this stage, the gap in the powders was filled by the liquid. Thus,
the melting would not cause further shrinkage. The shrinkage volume
was equal to the powder porosity e.

AS; = edxdydz (22)

Stage Four: Fully melted (T > Ty).

In this stage, all the powders were melted. The density variation
during the phase change was neglected. No further shrinkage would
happen in this stage.

ASy = edxdydz (23)
2.3.1. Accumulated shrinkage

The accumulated shrinkage in the powder bed was calculated by
integrating the shrinkage of each cell along the z-direction.

Ty —AT+15£ Ty Thax
s= (Do A AS Y MAS, / (dxdy) 24

2.4. The boundary conditions

Boundary A (top surface in Fig. 4): The laser power was absorbed by
the powders. A part of the absorbed energy was lost to the ambient
through convection and radiation. The heat convection coefficient and
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Fig. 3. The shrinkage phenomenon in the powder bed during the SLM process: (a) Stage One, (b) Stage Two, (c) Stage Three, and (d) Stage Four.
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Fig. 4. The boundaries of the computation domain.

radiation emissivity can be affected by many factors. The values of heat
convection coefficient and radiation emissivity were adopted from some
recent literature [11,32] for simplicity.

—key0T /02|, = Ouaser +he(T — T,) + €40, (T* — T?) (25)
0= 0, Laserheatingspot (26)
"1 1, Topsurfaceexceptforlaserheatingspot
The heat flux of the laser was assumed to be Gaussian.
4o ?
Qlaser = — o5 €XP ( - ﬁ) 27)

It was assumed that the shear force and surface tension at the free
surface reached a balance.

U (Ovy, /Ony + v, /0sy) (xzplane) (28)

:Gs'x

u(0vy,/Ony + 0v,2/0s2) = o‘sngT (yzplane) (29)
2

The nanoparticle concentration gradient was zero at this boundary.
0C*/oz|,_, =0 (30)

Boundary B (the right, left, and bottom surfaces in Fig. 4):

The side and bottom surfaces were set far away enough from the laser
heating point. Moreover, the thermal conductivity of the powder bed
was small for the thermoelectric materials. The temperature fluctuations
on these boundaries were negligible. The constant temperatures were
assumed on these surfaces.

T=T, (31

No particle motion was assumed on the boundary. The nanoparticle
concentration gradient was zero.

u=v=w=20 (32)

oC* Jox|,_, =0 (33)

Boundary C (the upfront surface in Fig. 4): It is a symmetrical
surface.

0T /dyl,_y =0 (34)
du ow

=0, —=—=0 35

v > o (35)

aC* Jayl,_, =0 (36)

2.5. Numerical algorithm

The SLM process was a three-dimensional quasi-steady state heat and
mass transfer problem in a moving coordinate system. The SIMPLER
algorithm developed by Patankar [33] was used to solve the governing
equations presented in Section 2.2 numerically. The material properties
were updated according to the temperature profile updated from the last
iteration. Since the shrinkage of the powder bed was unknown before-
hand, the shrinkage profile was updated each time step by a false
transient method. The solution was assumed to converge when the ve-
locity and temperature distributions did not change with time. A TVD
scheme proposed by Van Leer [34] was utilized to discretize the con-
vection and diffusion terms. The TVD scheme was of second-order ac-
curacy and unconditionally stable without overshoot. The limiter
function for this TVD scheme was given by Eq. (37).

_rtlrd

T 1+ @7

w(r)

The discretization scheme documented in Versteeg and Malalasekera’s
book [35] for the two-dimensional system was extended to the
three-dimensional Cartesian grid system.

appp = awehy + a + ass + any + ardr + asdy + S+ 5, (38)

where the central coefficient was ap = ay +ag +as +ay +ar +ag
+(Fe —Fy) +(F, —F;s) +(Fp —F) and aw, ag, as, ay, ar and ag were the
TVD neighbor coefficients.

The deferred correction source term was given by

Sfc = %Fe [(1 - ae)y/(r;) 7“8‘//(":) } (¢E 7¢P) +%Fw [ - (1 - (XW)W(’;)
+0!Wl//(r‘t) ](¢P —w) +%Fn [(1 —a,,)x//(r;) _an‘//(r:) } (by — bp)
+%Fx [ =y (r7) +aw () [ (de = ¢s) +%Fb [(1—a)w(r,)

()~ de) 35|~ (L= (17 ) v (77) | (0o — )
(39)

+ p— pt = pt opm ot o pt ot — 3
where rj,r; b, T T T Ty g and r; were defined as the

local ratios of the upstream gradient to the downstream gradient, and
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the superscripts (‘+’ and‘—") represented the flow directions.

The thermal boundaries were treated using the additional source
term method. A grid system with uniformly structured hexahedron
grids, 200 x 90 x 90 in the x, y, and z directions, were adopted for the
modeling. The false time step was set as 0.0001 s to make sure CFL < 1.0
for all the grids. The iterative procedure continued until the residuals of
all the governing equations were less than 107°. The solution was
¢N7¢N—1

assumed to be converged when .

<10’3. The BCM described in

Tao’s book [36] and the ADI method were employed to accelerate the
convergence. (Fig. 5).

2.6. Material physical properties and input parameters

In this SLM simulation, the Mg,Si powders were chosen to be the
working powders. A small proportion of the silicon nanoparticles were
added into the powder to enhance both the thermoelectric performance
and the mechanical properties of the final product [27]. Akasaka et al.
[37] measured the thermal conductivity of the Mg,Si bulk material in a
wide temperature range. The effective thermal conductivity of the Mg,Si
powders was calculated based on the Mg,Si bulk material using Eq. (12).
As for other physical properties, including the thermal capacity and the
thermal expansion coefficient, data from Yu’s paper [38] was used. The
doping ratio of silicon particles was set at 10%. Glassbrenner and Slack
[39] gave the detailed physical properties of silicon bulk material, which
were adopted for the simulation in this paper. The material properties of
the nanoparticles were different from the bulk materials. The difference
can be significant when the sizes of the particles approach to tens of
nanometers [40]. The size effect on the material properties was not
considered in this model. A more comprehensive model should take
quantum effect into consideration. The material properties and the
process parameters used in this paper were listed in Table 1.

3. Results and discussion
3.1. Code validation

Before modeling the SLM fabrication of the thermoelectric materials,
the in-house code was first employed to simulate the SLM fabrication of

Time step
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r 1
1 ] I Shrinkage
— Grid I
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I_____r_____
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properties
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condition
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Fig. 5. The numerical scheme for SLM simulation.
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Table 1
The material properties of the Mg,Si powders and SLM operation conditions.

Scanning speed u, =0.01 — 0.2:ms™!

cp = 67.87 J-kg 'K~1[38,39]
ky =7.0 Wm™1.K~1[37,39]

k; = 5.0 Wm1.K1[37,39]
kg = 0.024 W-m™.K~1[31]

e = 0.2 (variable)

p =1990 kg-m3[38]

w =5.0x 103 kgm1.s71[38]
us =1.0x 10* kgm 1.s71[16]
D =48x 102 m?s1[16]

L =45x 10° J-kg '[38]

Ko =2.0x 10° kgm3-s71[16]
fr =1.1x 105K 1[38]

Ty = 1375K[38]

k =0.8[16]

T, = 298.15K

h. =10.0 W-m 2.K"1[11,16]
R = 0.3 mm (variable)
Q=1875-25W

op =5.67x 1078 Wm2.K*
06/0T = — 1075 kg-s2-K[16]
&, = 0.86[32]

Specific heat

Solid thermal conductivity
Liquid thermal conductivity
Gas thermal conductivity

Porosity
Density

Liquid viscosity

Solid viscosity

Specific diffusion coefficient
Latent heat

Permeability coefficient
Thermal expansion coefficient
Melting point of pure material
Equilibrium partition ratio
Ambient temperature
Convective heat transfer coefficient
Laser diameter

Laser power

Boltzmann constant

Change rate of surface tension

Radiation emissivity

a nonporous 6063 aluminum sheet. The dimension of the computational
domain was 229 mm x 152 mm x 3.2 mm. Kou and Wang [41] con-
ducted an experiment to process the nonporous aluminum sheet with a
continuous-wave CO; laser. The laser beam had a diameter of 0.6 mm, a
power of 1.3 kW. For this specific case, it moved over the powder bed at
a scanning speed of 4.23 mm/s. The energy profile of the laser beam was
measured to be similar to Gaussian distribution. Kou and Wang [32]
calorimetrically measured the power absorbed by the workpiece. The
measurement found that about 86% of laser energy was lost to the
environment through laser reflection, heat convection, and thermal ra-
diation. In this simulation, the physical properties of the nonporous
6063 aluminum and the boundary conditions were set the same to the
literature [41]. Before this code was used for modeling, a grid inde-
pendence check was done to validate the code. As shown in Fig. 6, the
simulated fusion boundaries for all the three grid systems matched each
other very well. To further validate this code, the modeling results were
compared with the simulation results [ 16] and experimental results [32]
that documented in the open literature (Fig. 7). It showed that the

0-2 L3 T 2 T v T ¥ T T &, T s T
Powder bed surface
0.0 : —
= Grid 200x90x90 |
0.2 1o Grid 150x75x75 _
P : A~ Grid 250x120x120| /
i 4
-0.6 1
3 1 A 1
< -0.8} Symmetry
o Isurface x i
< 1.0} 1 |
N 1 # 4
A2 1 A
1 Ve
1.4+ 1 T
1 X"/‘
1.6 r—g—r"‘ 1
_18 1 1 1 1 1 1

15 20 25 3.0 3.5
y (10*m)

-0.5 0. 0.5 1.0

Fig. 6. The comparison of the simulated fusion boundaries with different
grid systems.



Y. Wuetal

0.2 T - 1 1 1 1 T 1
0.0 i Powder:bed surface : 1
“ [ [F=—This work [ " |
.0.2 | |-e— Experiment, Ref. [29] : ,/ .
L |I-a— Simulation, Ref. [14] | ;
04F y .
- ]
__ 06 : E
3 L |
< -0.8 |- :Symmetry -
(=) [ Isurface 1
< 10 ! .
N - ]
1.2 E
1.4+ 4
-1.6 |- ' 4
1.8 | % E

1 " 1 " 1 " 1 " 1 i 1 " 1 "

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
y (104 m)

Fig. 7. The comparison of the simulated and measured fusion boundaries.

simulated and measured fusion boundaries were in good agreement with
each other.

3.2. Shrinkage in the powder bed

After validation, the code was used to model the SLM fabrication of
the thermoelectric material. Fig. 8 shows the shrinkage regions in the
powder bed with different laser power inputs and scanning speeds. The
energy input here was the energy absorbed by the powders. The
maximum shrinkage depth was about 0.06 mm for an energy input of
18.75 W. With an increase in the input power, the shrinkage region
became broader and deeper. The scanning speed also affected the
shrinkage of the powder bed. The higher scanning speed yielded uniform
temperature and thus led to more extensive and shallow shrinkage on
the powder bed. Because of the shrinkage phenomenon, the surface
roughness of the fabricated layer was difficult to control which would
influence the electrical and thermal contact resistance between the
fabricated layers. As a result, the ZT value of the sintered thermoelectric

(a1)

-

Z: 6.0E-2 4.8E-2 3.5E-2

2.3E-2
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material would be reduced. To reduce the shrinkage of the powder bed,
the porosity of the powder bed should be as low as possible. Meanwhile,
an appropriate laser power should be selected, since too small energy
input could not melt the powder while too large energy input resulted in
significant powder shrinkage, severe evaporation, and substantial
deposited layer overlap. Finally, the scanning speed should be adjusted
according to the laser energy input. For a high power laser, the scanning
speed should be higher to alleviate the potential evaporation and
oxidation caused by the high temperature. An appropriate laser power
should be chosen based on the material properties, scanning speed, and
laser diameter. It was possible to choose a set of parameters that enable
part fabrication while avoiding evaporation. For example, in a recent
literature, Mao et al. [13] conducted a series of experiments to identified
the optimal processing window for BisTey 7Se 3, another thermoelectric
material. In their paper, it was found that the laser power and scanning
speed were the two critical parameters that affected the surface mor-
phologies of SLM-prepared layers. The laser power input and the scan-
ning speed should be calibrated synchronously to fabricate MgsSi
material with optimal thermoelectric performance.

3.3. Temperature profile

Shown in Fig. 9 were the temperature profiles on the upper surface of
the powder bed during the SLM process. A high-temperature spot was
generated by the laser heating of the powder bed. As the laser beam
moved from the left side to the right side, a high-temperature tail was
left behind the laser. The high temperature happened near the center of
the laser on the surface of the powder bed with a peak temperature
ranging 1200-2500 K with laser power varying from 6.5 W to 25.0 W.
The peak temperature created by the laser was much lower than the
boiling temperature of Mg,Si and Si, thus the evaporation effect could be
neglected for these cases. With the laser input energy increasing, the
high-temperature region expanded gradually. Since the peak tempera-
ture of the heating surface was significantly higher than the melting
temperature, undesired evaporation and oxidation might happen during
the SLM fabrication of thermoelectric materials. The laser power should
be carefully selected to avoid severe evaporation and oxidation. The

n
m
n

— (0.1 mm
1.0E-2 0.0 (mm)

Fig. 8. The shrinkages of the powder bed. P = 18.75 W, R = 0.3 mm, (al) V = 0.02 m/s; (b1) V = 0.04 m/s; (c1) V =0.06 m/s. P = 25 W, R = 0.3 mm, (a2) V

=0.02m/s; (b2) V =0.04 m/s; (c2) V = 0.06 m/s.
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— 0.1 mm

TEMP.: 29815 671345 104454 1417.73 179093 2164.12 (K)

Fig. 9. The temperature profiles. P = 18.75 W, R = 0.3 mm, (al) V = 0.02 m/s; (b1) V = 0.04 m/s; (c1) V = 0.06 m/s. P = 25 W, R = 0.3 mm, (a2) V = 0.02 m/s;

(b2) V =0.04 m/s; (c2) V = 0.06 m/s.

Table 2
The average temperature of the heating spot for different processing conditions.

Laser scanning speed
0.02 m/s 0.04 m/s 0.06 m/s 0.08m/s 0.1 m/s
6.25W 11752 K 1189.0 K 1129.7K 1065.8 K 10054 K
Laser 125W 1563.1 K 1482.4 K 14189 K 13453 K 1294.8 K
power 18.75W 1893.2 K 1773.6 K 1706.2 K 1678.0 K 1622.3 K
250 W 2075.6 K 19432k 1881.3 K 1752.7K 1701.6 K
Laser scanning speed
0.02 m/s 0.04 m/s 0.06 m/s 0.08m/s 0.1 m/s
6.25W 11752 K 1189.0 K 1129.7K 1065.8 K 1005.4 K
Laser 125W 1563.1 K 1482.4 K 14189 K 13453 K 1294.8 K
power 1875 W 1893.2K 1773.6 K 1706.2 K 1678.0 K 1622.3 K
250 W 2075.6 K 19432k 1881.3K 1752.7K 1701.6 K

laser scanning speed could be another factor that significantly affected
the temperature distribution within the melting pool. The higher the
scanning speed, the more extended high-temperature wake was
observed. For the same laser energy input, the higher scanning speed
resulted in a lower peak temperature. The average temperatures of the
heating spot for different processing conditions were listed in Table 2. To
melt the Mg,Si powders selectively, the temperature of the heating spot
should higher than the melting point of MgsSi (1375 K) and lower than
the melting point of Si (1687 K). According to the modeling result, the
temperature gradient at the center of the heating spot was in the order of
107 K/m and the temperature change rate could be as high as 6.0 x10°
K/s. The high stress caused by the high temperature gradient should be
carefully monitored during the SLM fabrication. By calibrating the

scanning speed and the laser power, one could find the best processing
parameters for Mg,Si powder fabrication.

3.4. Melting pool size

The melting pool size played a vitally important role in SLM fabri-
cation. The pool fluid dynamics in the melting pool could significantly
affect the quality of the products. The size of the melting pool was
directly correlated with the temperature profile. The melting pool sizes
for cases with different energy inputs and scanning speeds are presented
in Fig. 10. The red region is the liquid, the green region is the solid
powders, and the blue region in between is the partially melted powders.
It was observed that the higher energy input generated the larger the
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H | Vl

— 0.1 mm

LIQUID: 0.0625 0.25 0.4375 0.625 0.8125

Fig. 10. The melting pool size. P = 18.75 W, R = 0.3 mm, (al) V = 0.02 m/s; (b1) V = 0.04 m/s; (c1) V= 0.06 m/s. P = 25 W, R = 0.3 mm, (a2) V = 0.02 m/s; (b2)

V =0.04 m/s; (c2) V = 0.06 m/s.

melting pool. The shape of the melting pool changed accordingly with
the scanning speed. The high scanning speed led to a narrow and long
melting pool in the powder bed. The melting pool was not symmetrical
on the front surface since the laser beam was moving from the left to the
right. The asymmetry was more evident for the cases with the higher
laser scanning speed. The melting pool size could significantly influence

the heat and mass transport in the pool. The buoyancy force and surface
tension that drove the fluid motion in the melting pool primarily
depended on the size of the melting pool. A large melting pool size
should induce strong heat and mass convection which would accelerate
the nanoparticle aggregation in the melting pool. Nanoparticles aggre-
gation was undesired to achieve uniform physical properties and high

—— 0.1 mm

TEMP: 29815 671.345 104454 141773 179093 216412 (K)

Fig. 11. The velocity vector in the melting pool. P = 18.75 W, R = 0.3 mm, (al) V = 0.02 m/s; (b1) V= 0.04 m/s; (c1) V= 0.06 m/s. P = 25 W, R = 0.3 mm, (a2) V

=0.02m/s; (b2) V=0.04 m/s; (c2) V =0.06 m/s.
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thermoelectric performance in the final products. However, if the
melting pool size was too small, the powders could not fully be melted,
and the density of the final product would be too small to maintain good
electrical conductivity, which is essential for good thermoelectric per-
formance. The process parameters should be carefully selected to
maintain an appropriate melting pool size.

3.5. Velocity profile

During the melting process, the temperature gradient on the free
surface of the melting pool resulted in unbalanced surface tension along
with the liquid-gas interface. Meanwhile, the density variation of the
liquid generated a buoyancy force in the melting pool. The two forces
drove the fluid to circulate in the melting pool. The peak velocity in the
melting pool was on the order of 10~* mm/s. Though the flow velocity
was very small, it would accelerate nanoparticle aggregation in the
sintered material which was undesired for thermoelectric material
fabrication. Shown in Fig. 11 was the circulation pattern within the
melting pool. It was observed that the surface tension force tended to
pull the flow from the center to the edge of the melting pool, while the
buoyancy force tended to drove the flow from the bottom to the top
surface of the melting pool. The combined effect of these two forces
created a flow circulation in the melting pool, where the flow ran up in
the center and down on the edge of the melting pool. The circulation
pattern at the front face was asymmetrical because the laser beam
moved from right to the left over the powder bed. The high-temperature
region on the left side of the laser beam was more extended and uniform
because the heat flux absorbed by the powders diffused deeper to the
powder bed. The asymmetrical temperature distribution led to an
asymmetrical flow pattern in the melting pool. The left flow circulation
was larger than the right half, and the difference became more

1c1)
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significant for cases with higher scanning speed. The circulation pattern
illustrated in Fig. 11 was consistent with the experimental [16,41] and
simulation [16,41] results documented in the literature. It was also
found that the circulation and convection within the melting pool
became stronger with the higher power input. The convection process
accelerated the mass transport processes during the fabrication. Its
impact on the nanoparticle aggregation should be carefully monitored
and controlled during the process.

3.6. Nano-particle concentration

Though the Si nanoparticles were uniformly mixed with the Mg,Si
powders, the nanoparticle distribution in the sintered material was no
longer uniform anymore. As shown in Fig. 12, the nanoparticles aggre-
gated on the boundary of the melting pool. The nanoparticle concen-
tration near the melting pool was relatively small. This phenomenon
happened because the solubility of the nanoparticles in the solid and
liquid was different. The aggregation of the nanoparticles had a negative
influence over the thermoelectric performance of the final products. The
material composition ratio deviated from the optimum value. Even a
small change in the composition ratio would significantly reduce the ZT
value of the sintered thermoelectric material. During the SLM fabrica-
tion of the thermoelectric material, the process parameters should be
carefully selected to suppress the aggregation of the nanoparticles. A
potential way to combat this phenomenon is to shorten the residence
time for material diffusion and convection by increasing the scanning
speed. Other ways include reducing the input power to suppress the
material diffusion and convection rates in the melting pool. However,
increasing the scanning speed or reducing the input power could result
in insufficient melting of the powders. There was an optimal processing
parameter window for the SLM fabrication of Mg,Si. According to the

0 01 02 03 04 05 06 07 08 09 1

0 01 02 03 04 05 06 07 08 09 1

0 01 02 03 04 05 06 07 08 09 1

Fig. 12. The Si nanoparticles concentration ratio distribution near the melting pool. P = 18.75 W, R = 0.3 mm, top view: (al) V = 0.02 m/s; (b1) V = 0.04 m/s; (c1)
V = 0.06 m/s; front view: (a2) V = 0.02 m/s; (b2) V = 0.04 m/s; (c2) V = 0.06 m/s.
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modeling result, with a laser diameter of 0.3 mm, a laser power of
18.75 W and a scanning speed of 0.1 m/s were the best processing
conditions for the SLM fabrication of Mg,Si powders.

4. Conclusions

A comprehensive three-dimensional physical model was developed
to simulate the SLM fabrication process of thermoelectric powders
(Mg3Si) embedded with nanoparticles (Si). This model was used to
analyze the influence of the process parameters on sintered material.
The shrinkage of the powder bed, the melting pool size and shape, the
temperature and velocity profiles, and the nanoparticles concentration
ratio in the powder bed during the SLM fabrication were compared for
different laser power and scanning speed. The code was validated by
checking the grid independence and examining a case reported in the
literature before it was used for the thermoelectric material simulation.

(1) Because of the porosity in the thermoelectric powder bed, a
shrinkage region was observed during the SLM fabrication. The
shrinkage depth and coverage area were larger for cases with
larger power input. The scanning speed helped to make the
temperature profiles uniform. The high scanning speed resulted
in a long but shallow shrinkage region on the powder bed.

(2) Both the energy input and the scanning speed had significant
impacts on the melting pool. The energy input affected the size of
the melting pool, while the scanning speed had more influence
over the shape of the melting pool. By calibrating the scanning
speed and the laser power, the suitable processing parameters for
Mg2Si powder fabrication was identified.

(3) The flow circulation in the melting pool was driven by the surface
tension and the buoyancy force. Two opposite flow circulations
were observed in the symmetric surface of the computational
domain. The flow circulation pattern within the melting pool
matched well with that reported in literature.
During the SLM fabrication, because of the difference in the sol-
ubility of Si nanoparticles in liquid and the Mg»Si matrix, the Si
nanoparticles tended to aggregate at the boundary of the melting
pool. The doping level of the sintered material would deviate
from the optimum value. The optimum processing conditions was
suggested to solve this issue.

4

—

More experiments will be done in the future to calibrate this model.
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