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ABSTRACT
Thermoelectric generators convert heat energy to electric-

ity and can be used for waste heat recovery, enabling sustain-
able development. Selective Laser Melting (SLM) based additive
manufacturing process is a scalable and flexible method that has
shown promising results in manufacturing high zT 𝐵𝑖2𝑇𝑒3 ma-
terial and is possible to be extended to other material classes
such as 𝑀𝑔2𝑆𝑖. The physical phenomena of melting and so-
lidification were investigated for SLM-based manufacturing of
thermoelectric (𝑀𝑔2𝑆𝑖) powders through comprehensive numer-
ical models developed in MATLAB. In this study, Computational
Fluid Dynamics (CFD)-based techniques were employed to solve
conservation equations, enabling a detailed understanding of
temperature evolution within the molten pool. This approach was
critical for optimizing processing parameters in our investiga-
tion, which were also used for printing the 𝑀𝑔2𝑆𝑖 powders using
SLM. Additionally, a phase field-based model was developed to
simulate the directional solidification of the 𝑀𝑔2𝑆𝑖 in MATLAB.
Microstructural parameters were studied to correlate the effects
of processing parameters to the microstructure of 𝑀𝑔2𝑆𝑖.
Keywords: Additive Manufacturing, Thermoelectrics, Phase
Field, CFD

1. INTRODUCTION
Selective laser melting (SLM), a powder bed fusion technol-

ogy, involves the use of a laser to selectively melt and fuse metallic
powder particles layer by layer. This process may produce parts
with intricate designs and high mechanical strength, making it
ideal for applications in aerospace, and automotive industries[1].

Thermoelectric (TE) materials convert heat into electricity,
and have seen limited advancements through additive manufactur-
ing techniques. Thimont et al.[2] have highlighted the possibility
of TE generators (TEGs) featuring leg designs. Mid-temperature
(573-723K) application range TE materials such as 𝑀𝑔2𝑆𝑖 have
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seen significant progress in material and device development,[3–
5], although the application of laser manufacturing methods has
not been tested yet. Zhang et al. [6] investigated the thermal
spraying of 𝑀𝑔2𝑆𝑖 and discovered that the point defects resulting
from the high quench rate contributed to an increased ZT value.
Although, controlling the non-equilibrium synthesis conditions
in SLM, especially with high vapor pressure element Mg is chal-
lenging. Hence, an assessment of the processing conditions and
their relation with the material properties is necessary to identify
the suitable laser parameters. Li et al. [7] conducted studies
on the growth patterns of 𝑀𝑔2𝑆𝑖 particles in 𝑀𝑔2𝑆𝑖/𝐴𝑙 com-
posites. They concluded that the ultimate shape of the 𝑀𝑔2𝑆𝑖
crystals is influenced by both their inherent crystal structure and
the conditions under which they grow.

To understand the thermal changes in SLM, the expanded
model by Xiao et al.[8] analyzed a single-component metal pow-
der bed in SLM, dividing the melting process into different stages
accounting for shrinkage and gas volume fraction effects. Wu et
al.[9] used a similar approach to model the meltpool dynamics to
manufacture 𝑀𝑔2𝑆𝑖 powders with SLM.

Different numerical methods have been used to simulate the
dendritic growth during solidification. Phase field [10] methods
are the most prevalent techniques for modeling dendrite growth
during solidification. The phase field method is built on using
continuous field variables to model the evolution of microstruc-
tures, like phase transitions and interface dynamics, in a diffuse
interface framework. Tian et al. [10] utilized a two-dimensional
phase field model to simulate dendritic solidification in magne-
sium alloys. Additionally, Wang et al.[11] used the CALPHAD
database inputs to examine the growth behavior of the 𝑀𝑔2𝑆𝑖
intermetallic layer in Mg infiltrated Si-foams. Despite these ad-
vancements, challenges remain in the SLM process of thermo-
electric 𝑀𝑔2𝑆𝑖 powders.

This study aims to bridge this gap by presenting a detailed
numerical analysis of melt pool kinetics in the SLM of thermo-
electric powders, focusing on the melting and solidification pro-
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cess to refine the process parameters for the SLM fabrication of
𝑀𝑔2𝑆𝑖. This paper is organized as follows. In section 2, we
present the mathematical model used for developing the CFD-
based melting dynamics and the phase field-based solidification
dynamics. In section 3, we describe the numerical results, along
with the optimized process parameters identified through the anal-
ysis.

2. MATHEMATICAL MODEL
2.1 Computational Fluid Dynamics Based Thermal Model

2.1.1 Physical Model. A Computational Fluid Dynamics
model was developed to simulate the melt pool dynamics and ob-
tain the temperature distribution during the fabrication of 𝑀𝑔2Si
using SLM. Fig. 1 depicts the manufacturing procedure utilized
in the process. A Gaussian laser beam moving in the x direction
at speed 𝑈𝑏 is employed to melt the metal powders. The size

FIGURE 1: SLM PROCESS

of the computational domain is chosen to be 3.6 mm x 1.2 mm
x 1.2 mm, which is significantly larger than the laser spot size
and, hence, the molten pool. Hence, the temperature fluctuation
farther away from the molten pool was assumed to be very small.
The molten pool was assumed to be symmetric, and hence, only
half the molten pool was modeled to reduce the computational
time.

2.1.2 Governing Equations. A one-phase model [12], was
used for the modeling. Since the molten pool moves along with
the laser beam, the problem is modeled in a moving reference
frame with the domain moving at a velocity 𝑈𝑏. A few assump-
tions were taken to simplify the problem:

1. The porosity of the powder bed was assumed to be uniform.
Throughout the melting phase, the gas within the porous
structure was gradually displaced as a result of the pressure
exerted by the liquid. Ultimately, both the liquid and sintered
regions completely expelled the gas.

2. The Boussinesq approximation [13] was implemented in the
Z direction to account for the buoyancy-driven flow and also
reduce the computational expense.

3. The material has constant thermophysical properties, includ-
ing the viscosity, specific heat, and thermal conductivity in
each phase, and the variation in values during phase change
is calculated with a weighted approach.

4. The model is developed for a single raster trajectory in the
X-direction on the powder bed.

The governing equations were adapted to a unified single-phase
model for all areas within the computational domain within a
coordinate system in motion as follows:

• Continuity Equation

𝜕𝜌

𝜕𝑡
+ 𝜕 (𝜌(𝑢 − 𝑢𝑏))

𝜕𝑥
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+ 𝜕 (𝜌𝑤)

𝜕𝑧
(1)
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𝜕 (𝜌𝑢)
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• Y-Momentum Equation
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• Z-Momentum Equation
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𝜕𝑦
( 𝜇

+𝜕𝑤

𝜕𝑦
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+ 𝜌𝑔𝑟 (𝑇 − 𝑇𝑒) (𝛽𝑇 + 𝛽𝑠𝐶𝑠) (4)

• Energy Equation

𝜕 (𝜌ℎ)
𝜕𝑡

+ 𝜕 (𝜌ℎ(𝑢 − 𝑢𝑏))
𝜕𝑥

+ 𝜕 (𝜌ℎ𝑣)
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𝜕𝑧
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+𝜕𝑇

𝜕𝑧
) + 𝑆ℎ (5)

The last term in Eq. 4 is the Boussinesq approximation term
that accounts for the buoyancy in the molten pool, which is a
volume effect. The source term 𝑆ℎ in Eq. 5 was used to model
the enthalpy change during phase transition.
The powders were assumed to start melting at a temperature 𝑇𝑀 -
Δ T (Δ T = 200K) and completely melt at the melting temperature
𝑇𝑀 . Hence, the mass fraction of liquid was defined separately in
these temperature intervals as follows:

𝑓𝑙 =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1 𝑇 ≥ 𝑇𝑀
𝑇𝑀−𝑇
Δ𝑇

𝑇𝑀 − Δ𝑇 < 𝑇 < 𝑇𝑀

0 𝑇 ≤ 𝑇𝑀 − Δ𝑇

(6)

The fraction of solid powders in the mushy region is given by:

𝑓𝑠 = 1 − 𝑓𝑙 (7)

The effective thermal conductivity (𝑘𝑒 𝑓 𝑓 ) of the packed pow-
der bed was calculated using the empirical correlation proposed
by Hadley [14] and also outlined by Xiao et al.[8].

The effective thermal conductivity and effective viscosity in
the melting mushy zone were calculated by taking a summation of
the properties of the solid powders and the melted liquid weighted
by their corresponding mass fractions as follows:

𝜇+ = 𝜇𝑠 𝑓𝑠 + 𝜇𝑙 𝑓𝑙 (8)

𝑘+ = 𝑘𝑒 𝑓 𝑓 𝑓𝑠 + 𝑘𝑙 𝑓𝑙 (9)
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The enthalpy of the powder was assumed to be temperature de-
pendent and was calculated by:

ℎ =

∫ 𝑇

0
𝑐𝑝𝑠𝑑𝑇 (10)

The enthalpy change during phase transition was dependent on
the thermal capacity and the latent heat, which was given by:

𝛿𝐻 = [
∫ 𝑇

0
(𝑐𝑝𝑙 − 𝑐𝑝𝑠)𝑑𝑇 + 𝐿] 𝑓𝑙 (11)

Since the thermal capacity of the sintered material remained con-
stant during the fabrication, the enthalpy change was further sim-
plified as:

𝛿𝐻 =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
𝐿 𝑇 ≥ 𝑇𝑀
𝐿 𝑓𝑙 𝑇𝑀 − Δ𝑇 < 𝑇 < 𝑇𝑀

0 𝑇 ≤ 𝑇𝑀 − Δ𝑇

(12)

Finally, the source term 𝑆ℎ in the energy equation consisted of
transient and convective terms and was calculated as taken in ref.
[12] as follows:

𝑆ℎ = − 𝜕
𝜕𝑡

(𝜌𝛿𝐻)− 𝜕

𝜕𝑥
(𝜌(𝑢−𝑢𝑏)𝛿𝐻)−

𝜕

𝜕𝑦
(𝜌𝑣𝛿𝐻)− 𝜕

𝜕𝑧
(𝜌𝑤𝛿𝐻)

(13)

2.1.3 Boundary Conditions. Boundary conditions are de-
fined on each face of the given computational domain as follows:

• Boundary A(Top face of the domain in Fig. 2): Heat trans-
fer balance was done on this boundary as the temperature
boundary condition. Part of the heat absorbed by the powder
bed from the Gaussian laser beam was lost to the environ-
ment through convection and radiation. Part of the heat was
also conducted into the powder bed. The values of the con-
vective heat transfer coefficient and emissivity were taken
from literature [15, 16]. The condition is implemented as
follows:

−𝑘𝑒 𝑓 𝑓
𝜕𝑇

𝜕𝑧 𝑧=𝑠

= 𝜃𝑞𝑙𝑎𝑠𝑒𝑟 + ℎ𝑐 (𝑇 − 𝑇𝑎) + 𝜖𝑏𝜎𝑏 (𝑇4 − 𝑇𝑎4) (14)

where,

𝜃 =

{︄
1 Laser spot
0 Rest of the area

(15)

The heat flux of the Gaussian laser beam is given as follows:

𝑞𝑙𝑎𝑠𝑒𝑟 = − 𝑞𝑜

𝜋𝑅2 exp
{︃
(− 𝑟

2

𝑅2 )
}︃

(16)

The shear force and surface tension were assumed to be
balanced at the top surface for the velocity boundary condition as
follows:

𝜇+ ( 𝜕𝑣𝑠
𝜕𝑛

+ 𝜕𝑣𝑛
𝜕𝑠

) = 𝜕𝜎

𝜕𝑇

𝜕𝑇

𝜕𝑠
(17)

Where 𝑣𝑠 and 𝑣𝑛 are tangential and normal velocity compo-
nents at the heating surface.

FIGURE 2: COMPUTATIONAL DOMAIN

• Boundary B(Front face of the domain in Fig. 2): This face
is symmetrical, and hence symmetry boundary conditions
are applied here as follows:

𝜕𝑇

𝜕𝑦 𝑦=0
= 0 (18)

𝜕𝑢

𝜕𝑦 𝑦=0
=
𝜕𝑤

𝜕𝑦 𝑦=0
= 𝑣𝑦=0 = 0 (19)

• Boundary C(Right, left, and bottom faces of the domain
in Fig. 2): The right, left, and bottom boundaries were
far from the laser spot due to the size of the computational
domain, and since the thermal conductivity of the material
was small, the temperature on these faces were assumed to
be constant at the ambient temperature:

𝑇 = 𝑇𝑎 (20)

The velocities on these boundaries were assumed to be zero
as there was no particle motion away from the melt pool.

𝑢 = 𝑣 = 𝑤 = 0 (21)

2.1.4 Numerical Procedures. The simulated case is a
quasi-steady state, three-dimensional, non-linear problem. A
false transient method is used to solve the problem, and a steady
state is said to be obtained when the temperature and velocity
distribution do not change with time. A Finite Volume-based ap-
proach was employed by dividing the domain into multiple con-
trol volumes and solving the governing equations in each control
volume. The SIMPLER algorithm proposed by Patankar [17]
was used to solve the governing equations 1-5. The equations
were discretized using the Total Variation Diminishing (TVD)
Scheme proposed by Van Leer [18] as it’s second-order accurate
and unconditionally stable without overshoot as used in reference
[9]. The flux limiter function used in this scheme is given by:

𝜓(𝑟) = 𝑟 + |𝑟 |
1 + 𝑟2 (22)

The above limiter function is chosen so that the denominator is
never zero, hence making the simulation stable.
The discretization for the 3D cartesian grid system was adapted
from the 2D scheme described by Versteeg et al. [19] as:
𝑎𝑃𝜙𝑃 = 𝑎𝑊𝜙𝑊 + 𝑎𝐸𝜙𝐸 + 𝑎𝑆𝜙𝑆

+ 𝑎𝑁𝜙𝑁 + 𝑎𝐹𝜙𝐹 + 𝑎𝐵𝜙𝐵 + 𝑆𝑢𝐷𝐶 + 𝑆𝜙 (23)
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FIGURE 3: A SINGLE CONTROL VOLUME

Where the superscripts W, E, S, N, F, and B are the West,
East, South, North, Front, and Back faces of the control volume,
respectively, as shown in Fig. 3.

vspace-12mm The coefficient 𝑎𝑃 is given by:

𝑎𝑃 = 𝑎𝑊 + 𝑎𝐸 + 𝑎𝑆 + 𝑎𝑁 + 𝑎𝐹 + 𝑎𝐵
+ (𝐹𝑒 − 𝐹𝑤) + (𝐹𝑛 − 𝐹𝑠) + (𝐹𝑏 − 𝐹𝑓 ) (24)

where the deferred correction source term 𝑆𝑢
𝐷𝐶 is computed for

the TVD scheme as given in ref. [19].
Uniformly structured hexahedron grids, 150 × 75 × 75 in

the X, Y, and Z directions were adopted for the modeling. The
false time step was set to 0.0001s to ensure the fulfillment of the
CFL condition for numerical stability. The inner iterative process
persisted until the residuals of all governing equations reached a
value below 10−5. The solution was assumed to be converged
when | 𝜙𝑁−𝜙𝑁−1

𝜙𝑁
| < 10−3. The Alternating Direction Implicit

solver was used to solve the equations, and the Block Correction
Method was used to accelerate the convergence as employed in
[9]. The complete code was developed in MATLAB.

2.1.5 Material Properties. The thermal conductivity values
of 𝑀𝑔2𝑆𝑖 in the solid and liquid phase were defined according
to the measured values of 𝑀𝑔2𝑆𝑖 thermal conductivity in a wide
temperature range [20–22]. It is to be noted that the thermal con-
ductivity values of these powders decrease with the increase in
temperature, and hence, the liquid and solid thermal conductiv-
ities were approximated accordingly after sufficient testing. The
sintering temperature of 𝑀𝑔2𝑆𝑖 is known to be in the range of
850◦C - 900◦C [23] and is set at (1173K)900◦C for this study. Fur-
ther, the melting point of bulk 𝑀𝑔2𝑆𝑖 is known to be 1375K [24].
Hence, a few initial tests were run by setting the sintering temper-
ature to 1375K and were tested experimentally, as discussed in
Section 3. All the material properties and input parameters used
for the final simulation are listed in Table 1.

2.2 Phase Field Model
2.2.1 Governing Equations. This study employed a phase

field-based approach to simulate the microstructure growth of
𝑀𝑔2𝑆𝑖 in SLM. The phase field order parameter, a key compo-
nent in the simulation, dynamically evolves based on the govern-
ing equations of the phase field, which are intricately coupled with
the heat and solute diffusion equations. The simulation method-
ology followed a directional solidification of dilute binary alloys
approach, introducing a smooth yet rapid variation in the order
parameter value at the interface developed by Echebarria et al.
[25]. A notable inclusion in the model was a corrective anti-
trapping current strategically implemented to counterbalance the

TABLE 1: SIMULATION PARAMETERS - CFD

Input Value Unit

Specific heat (𝑐𝑝) 67.87[24] 𝐽𝑘𝑔−1𝐾−1

Solid thermal conductivity (𝑘𝑝) 5[20–22] 𝑊𝑚−1𝐾−1

Liquid thermal conductivity (𝑘𝑙) 3.5[20–22] 𝑊𝑚−1𝐾−1

Gas thermal conductivity (𝑘𝑔) 0.024[14] 𝑊𝑚−1𝐾−1

Porosity (𝜖) 0.2
Density (𝜌) 1990[24] 𝑘𝑔𝑚−3

Liquid viscosity (𝜇𝑙) 5 × 10−3[24] 𝑘𝑔𝑚−1𝑠−1

Solid viscosity (𝜇𝑠) 1 × 104[8] 𝑘𝑔𝑚−1𝑠−1

Latent heat (𝐿) 4.5 × 105[24] 𝐽𝑘𝑔−1

Sintering temperature (𝑇𝑀 ) 900[23] ◦C
Thermal expansion coeff. (𝛽𝑇 ) 1.1 × 10−5[24] 𝐾−1

Ambient temperature (𝑇𝑎) 298.15 K
Convective heat transfer coeff.(ℎ𝑐) 10[8] 𝑊𝑚−2𝐾−1

Laser diameter (𝑅) 0.2 𝑚𝑚

Laser power (𝑄) 10-15 𝑊

Scanning speed (𝑢𝑏) 0.05-0.2 𝑚𝑠−1

Boltzmann constant (𝜎𝑏) 5.67 × 10−8 𝑊𝑚−2𝐾−4

𝜕𝜎/𝜕𝑇 −10−5[8] 𝑘𝑔𝑠−2𝐾
Radiation emissivity (𝜖𝑏) 0.86[9]

spurious solute trapping associated with the abrupt jump of chem-
ical potential across the interface [26]. A few assumptions were
considered for the formulation of the phase field model [27]:

1. The effect of convection in the liquid is assumed to be neg-
ligible, and the mass transport is assumed to be entirely
governed by diffusion.

2. The effect of Latent heat of fusion is neglected by imposing
the temperature field in the form of a temperature gradient.

3. Thermophysical properties are considered to be constants.

4. Solute diffusivity in the solid is 2 orders of magnitude less
than the solute diffusivity in the liquid. So, the solute diffu-
sivity in the solid state is neglected.

5. Solid-liquid interface is considered to be in local equilib-
rium.

The constitutive equations for the model were chosen as
Eq.(68) and Eq.(69) from the reference [25]. By using the phase
field variables [28], the dimensionless form of the governing
equations for the phase field order parameter and the concentra-
tion variable in 2 dimensions is given by:[︃

1 − (1 − 𝑘) 𝑥 − 𝑉̃𝑃𝑡
𝑙𝑇

]︃
(𝑎𝑠 (𝜃))2 𝜕𝜙

𝜕𝑡
= ∇ ·

(︁
(𝑎𝑠 (𝜃))2

∇ · 𝜙
)︁

+
∑︂

𝑚=𝑥,𝑦

[︃
𝜕𝑚 ( |∇ · 𝜙|2)𝑎𝑠 (𝜃)

𝜕𝑎𝑠 (𝜃)
𝜕 (𝜕𝑚𝜙)

]︃
+ 𝜙 − 𝜙3 − 𝜆(1 − 𝜙2)2

(︃
𝑈 + 𝑥 − 𝑉̃𝑃𝑡

𝑙𝑇

)︃
(25)
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(︃
1 + 𝑘

2
− 1 − 𝑘

2
𝜙

)︃
𝜕𝑈

𝜕𝑡
= ∇ ·

(︃
𝐷̃

1 − 𝜙
2

∇ ·𝑈

+ 1
2
√

2

[︁
1 + (1 − 𝑘)𝑈

]︁ 𝜕𝜙
𝜕𝑡

∇ · 𝜙

|∇ · 𝜙|

)︃
+
(︁
1 + (1 − 𝑘)𝑈

)︁ 1
2
𝜕𝜙

𝜕𝑡
(26)

with

𝑈 =
1

1 − 𝑘

[︃ 𝑐
𝑐𝑙

𝑜

(1−𝜙)
2 + 𝑘 (1+𝜙)

2

− 1
]︃

(27)

where 𝜙 is the phase field order parameter (𝜙 = 1 in solid,
and 𝜙 = -1 in liquid) U is the generalized dimensionless super-
saturation, c is the solute concentration field, and 𝑐𝑙𝑜 = 𝑐∞

𝑘
is the

solute concentration of a flat interface at a reference (Solidus)
temperature 𝑇𝑜 for an alloy of solute concentration 𝑐∞, and a
solute partition coefficient k [29]. Space is taken in the units of
the interfacial width W, and time in the units of the relaxation
time 𝜏𝑜 [25]. The non-dimensionalized values 𝐷̃, 𝑉̃𝑃 , and 𝑙𝑇 are
calculated as referenced in [25].

And, the coupling constant 𝜆 should be sufficiently small to
ensure the convergence of the simulation while avoiding unnec-
essary computational expenses [30].

𝜆 = 𝑎1
𝑊

𝑑𝑜
(28)

The thermal length 𝑙𝑇 is:

𝑙𝑇 =
|𝑚 |𝑐∞ ( 1

𝑘
− 1)

𝐺
(29)

The capillary length 𝑑𝑜 is given by:

𝑑𝑜 =
Γ[︁

|𝑚 |𝑐∞ ( 1
𝑘
− 1)

]︁ (30)

with Γ the Gibbs Thomson coefficient of the solid-liquid
interface, where 𝑎1 = 0.8839, and 𝑎2 = 0.6267. The relaxation
time 𝜏𝑜 is:

𝜏𝑜 =
𝑎2𝜆𝑊

2

𝐷
(31)

The surface tension anisotropy is taken to be a four-fold
anisotropy as taken in the reference [27, 29] and is given by:

𝑎𝑠 (𝜃) = 1 + 𝜖4 cos
(︁
4𝜃

)︁
(32)

where 𝜖4 is the strength of anisotropy and 𝜃 is the angle
between the normal to the interface and a fixed crystalline axis.
The detailed discretization and development of Eq. (25) and Eq.
(26) are taken from Appendices B and C in ref. [29].

2.2.2 Implementation. The phase field Eq. (25), and
Eq. (26), are discretized and solved using the Finite Difference
Method on a grid of square elements with spacing ΔX. The Euler
explicit scheme is used to march ahead in time with a time stepΔt.
For the Laplacian of the phase field, a standard five-point stencil
is used with a maximally isotropic discretization as mentioned in
Appendix B of the reference [25].

The first and second terms on the right-hand side of Eq.(25)
involving anisotropy are solved by converting them into first and
second-order spatial derivatives of 𝜙 as depicted in Appendix B
of the reference [29]. The first and second terms on the right-
hand side of Eq. (26) are the terms accounting for the liquid
diffusion and the anti-trapping current (developed by Echebarria
et al. [25]) respectively and are developed as per the formulation
given in Appendix C of the reference [29].

The calculations in the bulk phase are reduced by calculating
the anisotropy terms (i.e., the terms with an 𝜖4 factor in Eq. (25))
and the anti-trapping current only when ∇2𝜙 ≥ 10−6 as these
are interfacial effects only present in the vicinity of the solid-
liquid interface, and is set to zero otherwise. Additionally, the
first term on the right-hand side of Eq.(26), which is the solute
diffusion term, is only calculated when (1−𝜙) ≥ 10−6 as depicted
in reference [29] as the solid-state diffusion is assumed to be
negligible, and hence vanishes in the bulk solid phase.

A solid seed of radius r is defined at the bottom of the 2D
computational domain, and the initial solute concentration field c
in the solid and liquid phase is defined as 𝑘𝑐∞ and 𝑐∞, respectively,
when the solidification starts as taken in reference [25]. No flux
boundary condition is set on all four sides of the 2D computational
domain.

To destabilize the initial planar interface and trigger the for-
mation of side branches at each grid point (i,j) and at each time
step, a random perturbation 𝜂𝛽𝑖, 𝑗

√
Δ𝑡 [29] is added to the value

of 𝜙𝑖, 𝑗 at the next time step as:

𝜙𝑖, 𝑗 (𝑡 + Δ𝑡) = 𝜙𝑖, 𝑗 (𝑡) + Δ𝑡
𝜕𝜙𝑖, 𝑗

𝜕𝑡
+ (1 − 𝜙2)𝜂𝛽𝑖, 𝑗

√
Δ𝑡 (33)

where 𝛽𝑖, 𝑗 is a random number with a flat distribution gen-
erated in the range [-0.5,0.5], 𝜂 is the noise amplitude which is
set as 0.01 [29], and Δ𝑡 is the time step. The prefactor of (1− 𝜙2)
with the perturbation keeps the noise localized in the vicinity of
the interface where 𝜙 ≠ ±1. The complete programming was
done in MATLAB.

2.2.3 Simulation Parameters. The parameters used for the
simulation are depicted in Table 2. The value of 𝜆 is selected
to be 35, which is the smallest tested value that assures the con-
vergence of the simulation. Using this, the value of W and 𝜏𝑜
were calculated with the respective equations mentioned in sec-
tion 2.2.1. The value of Δ𝑋 is taken to be 0.8 times the interfacial
width W as taken in reference [25] to assure the capture of the
interfacial phenomenon. The time step is set at 0.007𝜏𝑜 to assure
the numerical stability for the diffusion equation in 2 dimensions
for the Euler explicit scheme, which is given by the condition:

Δ𝑡 <
(Δ𝑋)2

4𝐷
(34)
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The slope of the liquidus line for 10 wt% Si is calculated
from the phase diagram for Mg-Si alloys.

TABLE 2: SIMULATION PARAMETERS - PHASE FIELD
Input Value Unit

Domain 10 × 10 𝜇𝑚2

Mesh 1118 × 1118
Initial solute concentration (𝑐∞) 10 wt% Si
Partition coefficient (k) 0.3
Liquid diffusion coefficient (D) 9 × 10−9[31] 𝑚2𝑠−1

Liquidus line slope (m) 15.83 K (𝑤𝑡%𝑆𝑖)−1

Gibbs Thomson coefficient (Γ) 7.46 ×10−8[32] mK
Anisotropy strength (𝜖4) 0.002
Thermal capillary length (𝑑𝑜) 2.022 × 10−10 m
Interfacial Width (W) 1.12 × 10−8 m
Coupling constant (𝜆) 35
Relaxation time (𝜏𝑜) 3.05 × 10−7 s
Pulling Velocity (𝑉𝑃) 0.05-0.1 𝑚𝑠−1

Grid spacing (Δ𝑋) 0.8 W
Time step (Δ𝑡) 0.007 𝜏𝑜

3. RESULTS AND DISCUSSION
3.1 Thermally Favourable Process Parameters

3.1.1 First run. As discussed in Section 2.1.5, initial tests
were run by setting the melting point of 𝑀𝑔2𝑆𝑖 to 1375K at a
higher solid and liquid thermal conductivity value. The parame-
ters used for this run that are different from the ones mentioned
in Table 1 are depicted in Table 3. Laser powers of 20-40W were

TABLE 3: FIRST RUN - SIMULATION PARAMETERS - CFD
Input Value Unit

Material melting point 1375[24] 𝐾

Solid thermal conductivity (𝑘𝑝) 7[20] 𝑊𝑚−1𝐾−1

Liquid thermal conductivity (𝑘𝑙) 5[20] 𝑊𝑚−1𝐾−1

Laser diameter (𝑅) 0.3 𝑚𝑚

tested with scanning speeds ranging from 0.04-0.1 𝑚𝑠−1. The
desired temperature range for this test run was set to be between
1375 K (melting point of 𝑀𝑔2𝑆𝑖) and 1683K (melting point of
𝑆𝑖). The maximum temperature attained in the molten pool for
every tested parameter is depicted in Fig. 4.

FIGURE 4: MOLTEN POOL TEMPERATURES - FIRST RUN

The highlighted temperatures in Fig. 4 within 1375-1683K
were chosen for printing the 𝑀𝑔2𝑆𝑖 powder material using the
OpenAdditive PANDA SLM equipment. The printed components
are depicted in Fig. 5 with a wide degree of balling, and key hole
[33] effect visible as a result of the excessive Mg vaporization over
the surface depending on the laser parameter and the localized
melt pool temperature above its boiling point.

FIGURE 5: STATE OF THE PRINTED COMPONENTS (TOP VIEW)

The 20W, 0.06m/s laser configuration seems the most opti-
mal with fewer signs of balling and porosity, signifying a min-
imized escape of volatile Mg, as the maximum temperature in
the melt pool for this case is less than the boiling point of Mg
(1363K). With 30W laser, an increase in scan rate correlates with
a reduction in porosity. The Mg loss has been linked critically
to the compound’s stability, phase, and resulting thermoelectric
properties [34? ]. The target melt pool temperature was set
close to the conventional sintering temperature. Another set of
parameters was simulated and tested.

3.1.2 Second run. The sintering temperature was reduced
from 1375K to 1173K (900◦C), which is the reported sintering
temperature in the conventional method of consolidating this ma-
terial’s powder[23]. Further, since the melt pool and surrounding
areas of the powder bed are at a higher temperature, the corre-
sponding solid and liquid thermal conductivity values were taken
[20–22]. The complete set of parameters is depicted in Table
1. The test matrix of process parameters set for this run were
laser powers of 10-15W and scanning speeds ranging from 0.05-
0.2m/s. The maximum temperature attained in the molten pool
for every tested parameter is depicted in Fig. 6.

The highlighted temperatures in Fig. 6 are the temperatures
that fall within the temperature bounds of 1173K and 1363K,
and these process parameters were hence chosen to be the most
favorable parameters for fabrication. The maximum temperature
obtained for the lowest scanning speed of 0.05 m/s in the 10W
test was 1057.41K which is below the sintering temperature of
1173K. These parameters were tested for printing the 𝑀𝑔2𝑆𝑖
powder material. The result from the print done under processing
conditions of 12.5W and 0.05 m/s is depicted in Fig. 7. which
shows the x-ray diffraction pattern obtained from the precursor
powder and the laser-printed sample (image of the printed sample
inset). The precursor powder peaks were indexed to 𝑀𝑔2𝑆𝑖,
elemental Mg and MgO. The 𝑀𝑔2𝑆𝑖 phase in the laser-printed
component is conserved to some extent with visible signs of
material degradation, which has aggravated the elemental Si,
and MgO content as observable from the relative intensity of
the labeled peaks. Further, since the elemental Mg content is
visibly unchanged (unchanged peak intensity for the Mg), it may
be concluded that the reduction in the melt pool temperature
successfully curtailed the Mg vaporization. Although, 𝑀𝑔2𝑆𝑖
material degradation at high temperatures in the presence of traces
of oxygen is a known phenomenon [23, 35] which is observed
here. As visible from Fig. 7, an intact and solid printed part
without significant balling or porosity as compared to the test run
has been obtained. This could be attributed to the lower melt
pool temperatures attained with the refined process parameters,
which are within the defined temperature bounds. Hence, it’s
clear that these parameters were successful in preventing the Mg
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FIGURE 6: MAXIMUM TEMPERATURE IN THE MOLTEN POOL FOR DIFFERENT PROCESSING CONDITIONS - SECOND RUN

FIGURE 7: XRD COMPARISON OF THE PRECURSOR POWDER
AND THE PRINTED MG2SI MATERIAL

evaporation, and a relatively denser 𝑀𝑔2𝑆𝑖 component could
be obtained with laser printing, which also further validates the
developed code.

3.2 Melt-Pool Thermal Kinetics
Analyzing the thermal meltpool kinetics was essential to

understanding the effects of laser power and speed on the meltpool
development. The meltpool temperature profiles obtained for a
select set of parameters by keeping the laser power constant and
increasing the scanning speed are depicted in Fig. 8. As depicted,
when the scanning speed is increased by keeping the laser power
constant, the peak temperature in the molten pool decreases. It
can also be observed that the molten pool tail observed due to the
movement of the laser becomes more prominent as the scanning
speed increases.

FIGURE 8: TOP VIEW OF THE MELTPOOL PROFILES WITH
CHANGING PROCESS PARAMETERS

As depicted in Fig. 8, the peak temperature in the melt
pool increases as expected with an increase in power, which also
results in an increase in the molten pool size. The radius of

the meltpool for the desired parameters was found to vary from
about 20-40𝜇𝑚 as the scanning speed decreased from 0.1 to
0.05m/s at a laser power of 12.5W. Hence, it’s important to adjust
the layer height and hatch spacing for each processing condition
to facilitate proper adhesion between layers to fabricate these
thermoelectric powders efficiently. These temperature profiles
were used to calculate the temperature gradient and the cooling
rate in the direction parallel to the laser path, as these parameters
affect the microstructure growth and are used as input for the
phase field simulation.

The temperature gradient was calculated using [36]:

𝐺 =
𝑇𝑚𝑎𝑥 − 𝑇𝑙

𝑟
(35)

where 𝑇𝑚𝑎𝑥 is the maximum temperature in the melt pool, 𝑇𝑙
is the liquidus temperature set as the sintering temperature in
this case, and r is the distance between the location of the maxi-
mum temperature and the chosen position along the liquidus line
(boundary of the melt pool). The solidification rate R can be
calculated with the geometrical relationship [27]:

𝑅 = 𝑈𝑏 cos(𝛼) (36)

where𝑈𝑏 is the beam scanning speed, and 𝛼 is the angle between
the normal to the S/L interface and the beam scanning direction.
Since the temperature gradient and solidification rate are calcu-
lated in the direction parallel to the laser path in this study, 𝛼 is
taken as 0 degrees. The cooling rate 𝑇̇ was calculated by taking
the product of the temperature gradient G and the solidification
rate R[27]:

𝑇̇ = 𝐺𝑅 (37)

The calculated temperature gradients and cooling rates for the
three most favorable parameters are depicted below in Fig. 9.
The cooling rate increases with an increase in scanning speed

FIGURE 9: CALCULATED TEMPERATURE GRADIENTS AND
COOLING RATES

while the temperature gradient does not change drastically as the
range of molten pool sizes and temperatures for these parameters
are not very wide, as depicted in Fig. 6.

3.3 Phase Field Simulation Results
3.3.1 Code Validation. Directional solidification of den-

drites is expected to happen by the edges of the molten pool[37]
in the direction of the temperature gradient due to energetically
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favorable heterogeneous nucleation that tends to happen by the
S/L interface. Since the met pool radius varies from 20𝜇𝑚 to
40𝜇𝑚 for this material based on the melt pool analysis, a square
computational domain of size 10𝜇𝑚 × 10𝜇𝑚 was chosen as
depicted in Table. 2 to emulate the dendrite growth by the edges
of the molten pool. Additionally, a small computational domain
size also helped reduce the computational time.

The computational domain is initialized with a small solid
nucleus with a diameter of 0.35𝜇𝑚. Figure 10 shows the evolution
of the microstructure during solidification from the pre-defined
solid nucleus for a case with the laser power set to 12.5W and
scanning speed set to 0.1m/s. As the solidification time increased,
it can be seen that the dendrites branched out into the molten
pool along the applied temperature gradient in the X direction,
as depicted in Fig. 10. It can be noted that, with the passage of
time, the dendrites branch out from the primary dendrites to form
secondary and tertiary dendrites. And, the solute concentration
ratio, as shown in Fig. 11, also follows the expected trend. The
solute concentration ratio is defined as:

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑅𝑎𝑡𝑖𝑜 =
𝑐

𝑐𝑙
𝑜

(38)

where 𝑐𝑙𝑜 is 𝑐∞
𝑘

. The concentration 𝑐 of the completely
solidified phase (region with 𝜙 = 1 in Fig. 10) and the liquid
phase (region with 𝜙 = -1 in Fig. 10) ahead of the interface
should be unchanged at the initial solute concentration of 𝑐∞[38]
which makes the concentration ratio in these regions equal to k(k
= 0.3 as shown in Table 2). This aligns well with the modeling
result as shown in Fig. 11. It should also be noted in Fig. 11 that
the solute concentration is high in the interdendritic region as the
solute is ejected from the advancing solid interface to the liquid
owing to the solid’s lower solute solubility compared to the liquid
[38].

FIGURE 10: MICROSTRUCTURE EVOLUTION - Q = 12.5W, Ub =
0.1M/S

FIGURE 11: CONCENTRATION RATIO ( c
cl o

) EVOLUTION - Q =
12.5W, Ub = 0.1M/S

According to the theory of solidification, the concentration
𝑐 ahead of the interface is high at 𝑐∞/𝑘 and decays down to 𝑐∞
as we move into the liquid farther away from the interface [38],
which can be observed in the modeled results as seen in Fig.11.

Additionally, the Secondary Dendritic Arm Spacing (SDAS)
was measured and compared with the analytical values. The ana-
lytical SDAS was calculated with the analytical model proposed
by Kurz and Fisher [39] as given below:

𝜆 = 4.3(𝑘Δ𝑇𝑜𝐷Γ) 1
4 𝑅

−1
4 𝐺

−1
2 (39)

where 𝜆 is the SDAS in 𝜇𝑚, k is the partition coefficient, Δ𝑇𝑜
= |𝑚 |𝑐∞ (1 − 𝑘)/𝑘 , Γ is the Gibbs Thomson coefficient (𝐾𝑚𝑚),
D is the diffusion coefficient (𝑚𝑚2𝑠−1), R is the solidification
rate (𝑚𝑚𝑠−1), and G is the temperature gradient (𝐾/𝑚𝑚). Im-
ageJ was used to measure SDAS from the simulated result for the
case depicted in Fig. 10. The average value of SDAS obtained
from the simulated results was 0.012 ± 0.0015 𝜇𝑚 while the an-
alytical value obtained was approximately equal to 0.00457 𝜇𝑚.
The variation observed can most likely be attributed to the sim-
ulation parameters like the low Gibbs-Thomson coefficient value
approximated for the material[32], which is still not available in
the literature and needs further research. Nevertheless, the values
are still comparable, and that further validates the code.

3.3.2 Microstructural Analysis. The temperature gradient
and solidification rate obtained from the CFD-based simulation
for the favorable process parameters were used as input parame-
ters in the phase field model to understand the correlation between
the process parameters and the microstructure. The temperature
gradient and the solidification rate corresponding to the scanning
speeds of 0.05m/s and 0.1m/s at a laser power of 12.5W were
used to understand the influence of increasing scanning speed on
the microstructure. The results from this run after 0.038ms are
depicted in Fig. 12. It can be observed that, with the increase in
scanning speed (also an increase in cooling rate), there is a visi-
ble reduction in the dendrite tip radius due to increased branching
near the tips. There is also a reduction in secondary and tertiary
dendrite branching from the sides of the primary dendrite axes,
which reduces the primary interdendritic spacing (PDAS). The
average PDAS was calculated using ImageJ, and with an increase
in scanning speed, the PDAS was found to reduce from 0.458
𝜇𝑚 to 0.348 𝜇𝑚. Hence, the simulated microstructure follows
the general rule of finer microstructure (lower PDAS) with an
increase in scanning speed and cooling rate.

FIGURE 12: MICROSTRUCTURE VARIATION WITH CHANGING
SCANNING SPEED (T=0.038MS)

The interdendritic regions are solute-rich, as depicted in Fig.
11, and these are the regions that solidify in the end. Hence, an

8 Copyright © 2024 by ASME



increase in the fraction of interdendritic regions would decrease
the compositional and phase homogeneity of the material, which
could alter the electrical and thermal carrier transport of 𝑀𝑔2𝑆𝑖
resulting in alteration of its thermoelectric properties. This cor-
relation requires more experimental data for validation with the
microstructural and phase analysis with respect to the thermo-
electric properties. As discussed in this section, the processing
parameters can be optimized to enable efficient SLM fabrication
of thermoelectric powders.

4. CONCLUSION
Fabrication of the 𝑀𝑔2𝑆𝑖 using SLM is demonstrated along

with the process’s numerical CFD analysis. A three-dimensional
numerical model of the molten pool was developed, with varying
laser powers and scanning speeds to derive temperature profiles
and process parameters. The range in which the melt pool tem-
perature lies with respect to the boiling point of Mg was found
to be crucial to preserve the phase and structural integrity of the
printed component.

Further, the thermal data from the CFD model was input
to a phase field analysis aimed at understanding the impact of
processing parameters on dendritic growth during solidification.
The effect of increasing the laser scanning speed, hence a higher
cooling rate, was observed to result in a finer microstructure with
reduced Primary Dendrite Arm Spacing (PDAS). Thus, tailoring
the microstructure is possible to suit the application.

Furthermore, the study opens the scope for an extensive ma-
terial characterization of the fabricated 𝑀𝑔2𝑆𝑖 components. This
would entail a thorough examination of the microstructure and
functional properties to understand how the various processing
conditions influence it and how accurately it fits with the phase
field modeled data.
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