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ABSTRACT

In this work, thermo-fluid dynamics of melt
pools formed during Laser Powder Bed Fusion (LPBF)
of a Scalmalloy® part was studied using
Computational Fluid Dynamics (CFD) simulations.
The formation of the melt pools was examined, and
non-dimensional analysis of various flow and heat
transfer driving forces was performed to justify the
assumptions used in the model. The microstructure
model predicted that the morphology factors increase
with the energy density, due to thermocapillary effect
and decreasing cooling rates. At high energy density
the grain morphology tends to be columnar rather than
equiaxed, albeit with the existence of mixed columnar-
equiaxed regime, which is confirmed by the evaluation
of the solidification map. In addition, the
microstructure grain size was predicted to decrease
with the scanning speed, as the cooling rate intensifies.
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INTRODUCTION

Metal Additive Manufacturing (MAM)
technologies are gaining traction in manufacturing
industries due to their ability to rapidly produce high-
quality metallic 3D components layer by layer.
Compared to conventional subtractive methods and
forming processes, MAM offers distinct advantages,
including the ability to create complex shapes with
features such as overhangs and lattice structures that
are difficult or expensive to obtain otherwise. These
structures are highly sought after for their functional
superiority, providing high strength-to-weight
performance and design flexibility.

Among the existing MAM processes, Laser-
Powder Bed Fusion (LPBF) has found applications in
various industries, including aerospace (Blakey-
Milner et al., 2021), maritime (Ziolkowski and Dyl.,
2020), automotive (Vasco, 2021), medical (Huang et
al., 2020), and energy systems (Sireesha et al., 2018).
LPBF enables the fabrication of parts using a wide
range of metallic materials, including alloys based on
Fe, Al, Ti, Ni, Cu, Co, and composite metals
(Gokuldoss et al., 2017). Previous studies have
demonstrated that LPBF applied to structurally
optimized aviation components can result in a weight
reduction  of  approximately 33%  without
compromising mechanical strength (Wang et al., 2022).
Lightweight components incorporating lattice
structures based on tessellation can be built using
LPBF, allowing tuning of mechanical properties to
obtain better structural performance (Bhat et al., 2023a;
Bhat et al., 2023b). Treatment using LPBF was also
demonstrated to recover the corrosion resistance of
alloy metal (Lee & Liu, 2018).

Despite its advantages, LPBF still faces several
challenges. The rapid local heating and solidification,
accompanied by high temperature gradients in
multiple directions during the layer-by-layer thermal
cycles, result in microstructure non-uniformity,
residual stress, part distortion, and compromised
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mechanical properties as well as surface quality
(Shaikh et al., 2022). Poor local mechanical properties
arise due to porosity formation (Khairallah et al., 2016),
residual stresses (Shaikh et al., 2022), cracking, and
distortion (Parimi et al., 2014). LPBF parts can also
experience significant elongation, reaching up to
10.1% (Wen et al., 2018), which poses challenges for
engineering structures.

In the context of LPBF, one popular material
currently utilized is Scalmalloy®, an alloy combining
scandium, aluminum, and magnesium. Scalmalloy®
stands out among other aluminum alloys due to its
ability to overcome hot cracking issues commonly
encountered in high-temperature processes. This is
attributed to the formation of nucleation sites at
elevated temperatures, which are well distributed in
the solidified microstructure. The addition of at least
0.6 wt% Sc in the alloy leads to the formation of Al-Sc
precipitates, further promoting nucleation site
formation (Kuo et al., 2021). These precipitates
effectively limit the formation of columnar grains that
typically trigger hot cracking mechanisms.

Despite ongoing experimental efforts to study
the post-solidification microstructure of LPBF-printed
Scalmalloy® materials, questions remain regarding
the formation of a bi-modal grain morphology
distribution in the melt pool, characterized by the
coexistence of fine equiaxed grains and coarse
columnar grains (Martucci et al., 2022). To this end,
there is still a gap with regards to understanding how
heat transfer and fluid flows within the melt pool for a
given set of process parameters contribute to the grain
distribution in the microstructure of of LPBF-printed
Scalmalloy® and its correlation with the mechanical
properties of the final parts. The work in this paper
attempted to fill this gap, so that it can later guide the
process parameters optimization for LPBF of
Scalmalloy® parts through a combination of
numerical simulations and experiments. In line with
this direction, a numerical model pertaining to the
thermo-fluid dynamics of melt pools formed during
LPBF of Scalmalloy® has been developed in this work.
Additionally, the microstructure was evaluated to
study how different energy densities influence the
morphology distribution in Scalmalloy® parts during
the LPBF process.

PROBLEM OF INTEREST

The problem of interest in this work is the LPBF
of a Scalmalloy® workpiece, as illustrated in Fig.1.
This setup is based on previous experiment (Turangi
et al., 2020), in which the energy density range of 40-
110 J/mm? resulted in Scalmalloy® parts with relative
densities over 99%. The dimension of the workpiece
is 50 mm X 10 mm X 2.5 mm, in X, y, and z,
respectively.

A powder bed with a thickness of 30 microns
was deposited on top of the sample. LPBF proceeds
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through the translation of a laser beam that melts the
powder, resulting in a melt pool, fusing it with the base
material during solidification. A Renishaw AM 400
SLM machine was used to deliver a pulsed laser with
a focus diameter of 70 microns and a maximum power
of 400 W. The hatch distance of the laser scan is 150
microns. Other important process parameters are laser
scanning speed and energy density. The energy density
E,; is a function of laser scanning speed v;, which can
be formulated as (Spierings et al, 2017):
P

E, = 1
«= 0D, )

where P is the laser power, Dj the hatch distance,
and t; the layer thickness. In this work, E; was
varied by using several values of scanning speed. The
process parameter variation is summarized in Table 1,
where energy density is inversely proportional to laser
scanning speed, according to Equation (1). The energy
densities of 64 and 80 J/mm?® were selected based on
the range in the reference experiment. The highest
value (160 J/mm?®) lies outside the range but was
chosen to represent a high energy density scenario.

Scan direction

mp [
|| Laser beam

p Melt pool |
< -

Powder layer

Workpiece i

ZTéy’
Fig. . The schematic of LPBF of Scalmalloy®. The
laser scans in x-direction (from left to right).

Table 1. Parameter variation used in this study. (ED
in the left column stands for energy density)

Energy density Scanning speed

Case Name (J/mm?) (mm/s)
ED160 160 555
EDO080 80 1111
EDO064 64 1389

The composition of Scalmalloy® powder used
(Turangi et al., 2020) by analysis was as follows: Al
(bal.), Mg (4.55 wt%), Sc (0.65 wt%), Zr (0.3 wt%),
Mn (0.51 wt%), Si (0.16 wt%), Fe (0.14 wt%), Zn
(0.02 wt%), Ti (0.01 wt%), Cu (0.01 wt%), V (0.01
wt%), and O (0.02 wt%). The examination of powder
morphology showed that the maximum particle
diameter is 63 microns, and 6 vol% particles were
smaller than 20 microns.

SIMULATION MODEL

CFD Governing Equations
The mathematical model for the simulation
employs the following assumptions: (1) The fluid flow
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in the melt pool is continuum, Newtonian,
incompressible, and laminar; (2) The powder layer
follows a continuum behaviour with effective thermo-
physical properties; (3) The melt pool surface is flat
and non-deformable; (4) The evaporative mass loss is
neglected.

The model is represented by the following
governing equations of conservation of mass
(continuity), momentum (Navier-Stokes), and energy,
respectively.

dp

o7 TV (U) =0 (2)

., - oy R
&(pU) +V-(pUU)=-Vp+V-(uvU) + S, + S, 3)

%(pH) + V- (pUH) =V - (kVT) + Sy (4)

In the above equations, p is density, U
velocity vector, p pressure, yu dynamic viscosity,
§g and §m momentum source terms, H total
enthalpy, k thermal conductivity, T temperature,
and Sy energy source term.

In the Navier-Stokes equation, the two body
forces §gand §m represent thermal buoyancy effects
and momentum damping in the mushy zone (0 < a <

1, a being the liquid fraction), respectively. The
thermal buoyancy force is expressed as

S = pg[1 = B(T = Tres)] (5)
where § is the gravity acceleration vector, B
thermal expansion coefficient, and T,.f reference
temperature.

The mushy zone damping force is formulated as

S 1-a)?,,

Sm = C(a3+e)U (6)
Here, C is the velocity damping coefficient, set as
10, which is active in the solid zone (where liquid
fraction a = 0). The constant € is a very small
number (set as 107) to avoid division by zero in the
solid zone.

The energy source term represents the
volumetric heat source due to energy transfer from the
laser into the powder layer and the sample, which is
defined in a volumetric Gaussian form, as follow:

3nP [_3[(95 —x—vt)+ - Yi)z]]

hyer? rf

Su

ZZ
Z 7
exp [hzz] (7
where 7 is the laser absorptivity by the metal powder,
r; laser beam radius, and h; the laser penetration
depth. The latter can be approximated based on the
powder layer thickness and laser absorptivity
(Rahman et al., 2020), i.e.
2]
by = 2.3037 ®)
In addition, x, y, and z are the computational cell
coordinates, whereas x; and y; are the initial laser
position coordinates.

The physics of phase change (melting and
solidification) is considered by defining the total
enthalpy in energy equation as the sum of sensible
enthalpy and phase change (melting) enthalpy, where
the latter depends on the liquid fraction a(T), as

follow:
T

Cp(T)dT + La(T) 9

To

where L is the latent heat of fusion. The liquid

fraction is assumed to vary linearly with temperature

between the solidus (Ty) and liquidus temperature (T;).
In the present work, CFD software ANSYS

Fluent 2020R2 with User-Defined Function (UDF)

was employed.

H(T) = h+ AH,, =

Computational Domain and Boundary Conditions

In many cases, the melt pool is symmetrical with
respect to the plane along the laser scan direction. With
this symmetry assumption, the computational domain
only covers half of the melt pool, and thus the
symmetry boundary condition was imposed, as shown
in Fig.2.

At the bottom and three side boundaries, the no-
slip velocity ( U=0 ) and thermally insulated
conditions (dT /dn = 0, with n the normal direction
of the boundary) were imposed. At the top boundary,
flat surface assumption implies that u, =0 .
Moreover, there is a balance between the shear force
and the surface tension (Marangoni condition):

R e (10)
9z )rop AT \0x) 1o
S du, _ do (6T) (1)
ve="M9z ) Tar\ay
top top

where do/dT is the temperature gradient of surface
tension. Additionally, heat losses corresponding with
convection, radiation, and evaporation were also
imposed at the top boundary:

aT
k (a_> = —he(T — Tyep) — ope, (T* — T)
Z/ top
my L,my(T —Ty)
—@LyParm 2kaT exp k TT,
B B
(12)

In equation (12), h, is the convective heat
transfer coefficient, o the Stefan-Boltzmann
constant, & surface emissivity, ¢ evaporation
coefficient, L, latent heat of vaporization, pgim
atmospheric  pressure, m, atomic mass, kg
Boltzmann constant, and T}, boiling temperature.

The computational domain was spatially
discretized into a finite number of computational cells
(mesh), where high mesh resolution was concentrated
in the melt pool region along the laser path. Mesh
independence study was performed to evaluate the
sensitivity of the numerical solution to the refinement
of the mesh. It was found that the mesh independent
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solution was obtained using around 2 million
computational cells with refinement in the melt pool,
corresponding with the smallest element of 0.5

microns.
Melt pool ’
Side
boundary

z
Y
{' - Bottom bourﬁa_ryj

Fig. 2. Computational domain and boundaries used
in the simulation.

Top boundary

Symmetry
boundary

Thermophysical Process
Parameters

The thermophysical properties of Scalmalloy®
and the process parameters used in the simulation are
outlined in Table 2. It must be noted that although
some parameters are clearly described in literature
and/or material database, some others were
approximated or assumed due to lack of data. For
example, laser absorptivity of the powder bed was
estimated as the value for pure spherical aluminum
powder bed and a substrate (Boley et al., 2015),
instead of for Scalmalloy® powder with the given
composition. Another example is the powder bed
porosity, which was approximated using the volume
ratio of a pack of spheres with uniform size that can fit
within the total volume of the bed (length X width X
layer thickness). The estimated value (¢ =0.48) lies
within the typical range found in literature.

The bulk properties, including density, thermal
conductivity, and specific heat, were especially treated
by accounting for the phase values (solid and liquid, as
listed in Table 2), which are weighted by the liquid
fraction. Additionally, porosity was also considered in
the calculation of the bulk properties. Here, the solid
substrate positioned below the powder bed has zero
porosity. The following expressions were used to
update the properties at each time step:

p=¢pa+ (1= P)lap + (1 —a)p (13)
G, = [aplcpl +(1- a)pscps]/p (14)
k= ¢ko + (1= @)lak, + (1 — a)k,] 1s)

In the simulation, the laser movement was set in
the x-direction, from its initial position at x = 2.2
mm to its final position at x = 2.8 mm, hence with a
traveling distance of 0.6 mm.

Properties and

Numerical Settings

The conservation equations were discretized
using the finite volume method. Spatial discretization
for the convective terms was based on the 2"-order
upwind scheme, whereas 1%-order implicit Euler
scheme was used for the transient terms. A time step
size of 10" s was employed, with a maximum iteration
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of 50 per time step. Under-relaxation factor of 0.3 was
used for pressure, 0.7 for velocity vectors, 0.9 for
liquid fraction update, and 0.8 for energy. A
convergence criterion of 10 was used for the residual
of the system of linear equation iteration to obtain
velocity vectors, and 107 for energy. The pressure-
velocity coupling was treated using the SIMPLE
algorithm.

Table 2. Thermophysical properties of Scalmalloy®
and process parameters used in the simulation.

Properties Symbol Values
Density (solid) Ds 2670 kg m~3
Density (liquid) 2580 kg m~3

Thermal conductivity 1
(solid) kg 100 Wm™" K
Thermal .cor.lductlvny k, 120 W m-! K-
(liquid)
Specific heat capacity 11
(solid) Cps 935] kg™ K
Specific heat capacity -1
(liquid) Cp1 1073 J kg™ K
Latent heat of fusion L 3.86 x 1075 ]
Solidus temperature Ty 873 K
Liquidus temperature T, 908 K
Dynamic viscosity u 1.38 x 1073 kg
Thermal expansion 5 -1
coefficient p 1.8 x 107K
Temperature gradient of _ _a
surface tension do/dT 35X 107N
Reference Tref 300 K

Convective heat

-2 -1
transfer coefficient he 10 Wm™ K

Surface emissivity & 0.2
Evaporation coefficient 0.82
Latent.hea.t of L, 2.84 % 105 ]
vaporization
Atomic mass my 0.02738 kg
Boiling temperature T, 2800 K
Laser power P 400 W
Laser beam radius 1 35 microns
Laser absorptivity n 0.22

Laser penetration depth
Powder bed porosity b

hy 59.21
0.48

Microstructure Prediction Model

One of the main interests in the LPBF study is to
evaluate how the energy transfer from the laser source
affects the thermo-fluid dynamics of the melt pool and
eventually the microstructure characteristics of the
sample. CFD results can be used as inputs to a
predictive model for the microstructure. The following
important variables were obtained from CFD
simulations and used in the microstructure model
(Raghavan et al.,, 2016; Bayat et al., 2019), i.e.
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temperature gradient, cooling rate, growth velocity,
and grain morphology factor.

The temperature gradient components in three
directions can be directly obtained from simulations:

G =G, .G G]—aT o aT] 16

- x Yy 1Yz - ax ) ay ) aZ ( )
The cooling rate can be calculated as:

cr=1"Ts 17

pirars (17)

where t; and tg are time taken to reach liquidus
and solidus temperature, respectively. The

morphology factor can be estimated using:
G

Fer (18)
where the growth rate R is calculated as:
CR
R=— 19
‘ 19)

Two possible microstructures resulting from the
process are columnar and equiaxed grains, which
depend on the grain morphology factor. High
morphology factor usually results in columnar grains,
whereas low values result in equiaxed grains. Equiaxed
structures are usually preferred to columnar ones since
they promote isotropy, hence loading direction
flexibility of the final manufactured parts. Furthermore,
the grain size can also be deduced from the cooling rate,
i.e. the product of temperature gradient and growth rate
(Equation (19)). The higher the cooling rate, the
smaller the grain size. Small grains are associated with
better mechanical properties, e.g. hardness, yield
strength (Hall-Petch strengthening (Thangaraju et al.,
2012)), and creep resistance. In this work, the effect of
process parameters (Table 1) on the grain morphology
was studied.

RESULTS AND DISCUSSIONS

Melt Pool Size

The melt pool formed by melting of the powder bed
and substrate due to laser irradiation is shown in Fig.3
for the three cases simulated. The melt pools shown
correspond with the quasi-steady state, where it is
assumed that the rate of change of melt pool shape,
temperature profile, and velocity profile are already
negligibly small, despite the continuing translation of
the laser beam. It is obvious that the size of the melt
pool (volume, length, width, and depth) increases with
the energy density. At the highest energy density
(ED160), the scanning speed is the lowest, such that
the rate of laser energy absorbed into the substrate is
high, causing higher peak temperature at the melt pool
center, as summarized in Table 3.

It is also shown in Fig.3 that the melt pool surface
flow is radially outward for all cases studied. The
outward flow from the melt pool center at high
temperature to the melt pool edge at lower temperature
can be attributed to the thermocapillary (Marangoni)

effect due to gradient of surface tension with respect
to temperature, do/dT. As shown in Table 2, do/dT
is negative. This implies that surface tension decreases
with temperature, and surface tension at the melt pool
center is lower than that at the edge. Consequently, the
flow direction is from the center, i.e. area with low
surface tension, to the edge (with high surface tension).
This in turn extends the melt pool boundary (illustrated
as the solidus and liquidus temperature isolines in
Fig.3) radially. With the high temperature gradient in
ED160 case, the Marangoni effect was the strongest,
causing higher convective heat transfer, hence larger
melt pool. The maximum velocity magnitude in Table
3 also increases with the energy density, indicating
higher convection at low laser scanning speed. Due to
continuity, at the melt pool edge the surface flow is
deflected by the solid boundary towards z-direction.
With stronger convective flow in a high energy density
case, the flow velocity in this direction is also higher,
such that the melt boundary is also pushed further
downward, resulting in a deeper melt pool. The melt
pool size (volume and dimension in three directions)
is also summarized in Table 4. The range of melt pool
depth obtained from simulations (~51 - 63 microns)
agrees well with the laser penetration depth in Table 2
(59.21 microns).

Fig. 3. Temperature fields and velocity vectors in the
melt pool at quasi-steady state: (a) ED160;

(b) EDO08O; and (c) ED064.

Table 3. Maximum velocity magnitude and maximum
temperature of the melt pool with varying energy
density at quasi-steady state.

Case Vmax(M/S) T(K)
EDI160 5.45 334141
EDO080 5.41 3038.55
ED064 5.32 2883.13

Table 4. Size of the melt pool with varying

energy density.
Volume Length Depth Half-width
Case
(mm?) (mm) (mm) (mm)
[ED160[ 3.6 x 107* 0.26 0.0628 0.118
IEDOSO 2.54 x 107 0.24 0.0542 0.0965
IED064 2.23x 107* 0.23 0.051 0.0863
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The sequence to quasi-steady state can be
explained in Fig.4, showing the time history of
maximum temperature and volume of the melt pool.
As all three cases use the same laser traveling distance,
the time needed to reach the final laser position (end
of simulation) is the shortest for ED064 case, since it
corresponds with the highest scanning speed.

The trend observed in Fig.3 that maximum
temperature and melt pool volume increase with
energy density is also demonstrated in Fig.4. In all
three cases, a steep increase of maximum temperature
and melt pool volume is observed initially, and their
rates of change decrease towards the quasi-steady state.
The time needed to reach quasi-steady state also
increases with the energy density, due to longer
interaction time between laser and the larger melt pool
at low scanning speed.

In LPBF with high energy density, the high
temperature of the melt pool will also lower the
reflectivity of the powder bed, thus increasing its laser
absorptivity (Khorasani et al., 2022). This may lead to
a deeper melt pool, and even transition to keyhole
mode at sufficiently high temperature. Based on this
notion, it is important to revisit the laser absorptivity
currently used by varying its value with the energy
density in the future work to enhance the prediction of
the melt pool characteristics.

—  EDIGD

——. EDOSO
-—- EDO64

-
04 [ 08

Time [ms] Time [ms]
(@) (b)
Fig. 4. Time history of (a) Maximum temperature;
and (b) Melt pool volume.

Non-dimensional Number Analysis

Melt pool formed during heat-intensive material
processing involves a wide range of physical
phenomena. It is widely known that there are several
factors that contribute to the fluid flow and heat
transfer in the melt pool and to the surrounding solid
substrate or the heat-affected zone. The importance of
the driving forces can be assessed using a simple, yet
powerful method based on non-dimensional numbers.
In this subsection, several important non-dimensional
numbers pertaining to the melt pool obtained from the
simulation are evaluated to gain insights into the
interplay between various possible driving forces of
the flow in the range of process parameters employed
in the current study. Additionally, the non-
dimensional numbers are also useful in evaluating the
validity of assumptions employed in the model and
simulations. These numbers were calculated at the
quasi-steady state and are outlined in Table 5.

It is known that the main driving force of the melt
pool flow is thermocapillary force or Marangoni effect,
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due to surface tension gradients that result from
temperature gradient at the pool surface. At the surface,
due to the tendency of a liquid to resist shear, viscous
effects are also present. The ratio of thermocapillary
force to the viscous force can be characterized using
the Marangoni number, Ma:
pLc (g%) ATmax (22)

where L. is the melt pool characteristic length, taken
as the radius or half-width of the pool, and AT, is
the maximum temperature difference. From Table 5, it
can be seen that Ma is in the order of 10* to 10° or
Ma >> 1 for all the cases studied. This suggests that
thermocapillary effect is considerably more dominant
than viscous effect.

Ma

Table 5. Non-dimensional numbers of the quasi-steady
melt pool obtained from simulations.

Case Ma Pe Gr ‘We Re
ED160 1.4 x 105 | 14.86 | 0.0397 | 10.05 | 1200
ED080 1.01 x 105 [12.02| 0.019 | 8.1 | 974
ED064 [8.37 x 10*|10.61|0.0127| 7 860

The next important non-dimensional number is
Péclet number, formulated as
pCyvL, 23)

k

which represents the ratio of convective to conductive
heat transfer. The predicted Pe in Table 5 suggests
that heat convection in the melt pool outweighs heat
conduction by the factor of 10 - 15. This has an
important consequence in terms of melt pool thermal
field prediction using numerical simulations in that
one cannot neglect the fluid flows in the pool or simply
rely on a solid conduction model.

Beside thermocapillary and viscous forces,
buoyancy force is also present in the melt pool due to
temperature difference in the direction normal to the
laser scan direction. The temperature difference thus
gives rise to the density difference that can also drive
the flow, i.e the natural convection mode. The ratio of
buoyancy to viscous force is represented by Grashof
number, Gr

Pe =

_ 9Bp*L3AT

or =2 (24)

where L, is the buoyancy characteristic length and
defined as one forth of the melt pool radius. However,
it is obvious from Table 5 that Gr is only of the order
of 102, which implies that buoyancy force is much less
significant than viscous force. Such a characteristic is
also caused by the very small dimension of the melt
pool, hence much less important body force. By
considering both Ma and Gr, it can be easily
predicted that the ratio of thermocapillary to buoyancy
effects is Ma/Gr ~ 106 — 107 . Therefore, it is
clearly proven that thermocapillary (Marangoni) effect
is the most significant in driving the melt pool flow.
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The simulations were performed based on a
model that assumes a non-deformable melt pool
surface, or in other words, a flat melt pool surface. The
validity of such assumption can be tested using the
Weber number, We, i.e., the ratio of inertia to surface
forces:

v2L
We = P ¢

(25)
0o

where g, is the surface tension. For sufficiently low
We, either at very low velocity or very high surface
tension, the surface is kept at the minimum area
possible, hence the tendency to flatten instead of to
deform. Therefore, the free surface deformation can be
neglected and the flat surface assumption in the
numerical model has a strong rationale. However, this
is not the case observed from simulations, as outlined
in Table 5, where We is predicted to be in the range
of 7 — 10 for all the cases evaluated. This implies that
a more suitable model incorporating free surface
deformation is needed.

Furthermore, the laminar flow assumption can be
evaluated using the Reynolds number, Re, which
defines the ratio of inertial force to viscous force.

pvL,

Re (26)

U

It was suggested that melt pool flow in the laser
welding process is turbulent for Re > 600 (Atthey,
1980). It was also experimentally demonstrated that
melt pool flows in additive manufacturing exhibit
randomness, which characterizes turbulence (Wirth et
al., 2018). The predicted Re in the current study lies in
the range of 860 - 1200. Based on this, it can be argued
that the assumption of laminar flow used in the current
simulations may need to be revisited, and comparison
with simulations using turbulence models should be
employed in future works. With a turbulence model,
one can expect to capture the effect of local velocity
fluctuations to the overall momentum transport and
heat transfer.
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Microstructure Prediction

From the numerical simulations, the several
variables can be extracted and/or calculated for all
computational elements to evaluate the microstructure
characteristics of the printed layer with the given
process parameters. First, the morphology factor in the
solidified region can be evaluated and compared for
different energy density or laser scanning speed.

Table 6. Plane-averaged values of morphology factor.

Case x-coordim(llt;: I:)]{ YZ plane Favg (Ks m‘z)
ED160 2.625 1.26 x 108
EDO080 2.617 6.93 x 107
ED064 2.611 5.84 x 107

The cell values of morphology factor at the
sample plane are shown in Fig.5 for the three studied
cases. At high energy density (ED160), a region of
high morphology factor (~10°) was obtained close
to the surface. The area of high morphology factor was
significantly reduced for EDO8O case. In ED064 case,
the maximum morphology factor is only ~7 X 108.
The plane-averaged values of morphology factor are
summarized in Table 6. From both Fig.5 and Table 6,
the maximum and averaged morphology factor
increases with the energy density, hence inversely
proportional to the laser scanning speed.
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Fig. 6. Solidification map (G-R) for varying energy
density.

The microstructure characteristics can also be
assessed by plotting the temperature gradient (G) and
dendritic growth velocity (also known as growth rate
R) in the solidification map (G — R diagram), as
shown in Fig.6. The plot is based on the data extraction
from the mushy region in the symmetry plane at quasi-
steady state (marked by the colored dots). Such a
region lies in the vicinity of the solidification boundary
and is bounded by the solidus and liquidus temperature.
Moreover, the analytically derived boundaries
defining the columnar to equiaxed transition are also



mapped in Fig.6 (marked by the dashed lines), based
on the CET formula (Gaumann et al., 2001) applied to
Scalmalloy® (Singh et al., 2022). In the solidification
map, the region above and to the left of the green
dashed line is the region of high morphology factor
(ratio of G to R ), thus occupied by the fully
columnar grains, whereas the region below and to the
right of the yellow dashed line corresponds with the
fully equiaxed grains (low morphology factor). The
region between the dashed lines is the mixed zone,
where the grain morphology is the mixture of both
columnar and equiaxed. From the solidification map,
it is found that the grains tend to be columnar for all
process parameters used. However, there is a higher
portion of the grains that lie in the mixed region and
closer to the equiaxed region for ED080 and ED064,
as compared with ED160. Therefore, low laser energy
density has more tendency to yield equiaxed grains in
the solidified regions rather than high energy density.
Such finding is consistent with the observation of the
cross-sectional morphology factor in Fig.5.

In the G — R diagram, the top right region is
associated with a high cooling rate (short solidification
time), while the bottom-left corresponds with a low
cooling rate (long solidification time). Fig. 6 thus
suggests that the cooling rate (the product of G and
R) increases with the laser scanning speed or is
inversely proportional to the energy density. In general,
cooling rate determines the grain size through the
following relation (Kurz and Fisher, 1998):

§ = at! =b(CR)™" 7)

where § is the secondary dendrite arm spacing, tr
local solidification time, CR the cooling rate, and a
and b proportional constants that depend on the type
of the alloy. With a long solidification time (low
cooling rate) at low laser scanning speed, a sufficient
time window is available for the formation of larger
dendrite arm spacing and larger grains. Based on this
relation, it can be inferred that the grain size generally
increases with energy density or decreases with laser
scanning speed. It must be underlined, though, that the
Scalmalloy® composition in Singh et al. (2022) used
for the CET boundaries in Fig.6 somewhat differs
from that used in the current study. Therefore, a slight
deviation of the boundaries is to be expected. However,
given that the same relative positioning of the G — R
data plots predicted from simulations with varying
energy densities would still apply otherwise, the
interpretation would also still hold.

CONCLUSIONS

In this study, we employed a finite volume-based
CFD model to simulate the thermo-fluid dynamics of
the melt pool formed during Laser Powder Bed Fusion
(LPBF) of Scalmalloy® components. The simulation
results demonstrated that higher energy density,
characterized by longer laser-material interaction time
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and more pronounced thermocapillary-driven
convective flow, led to the formation of a wider and
deeper melt pool. Through non-dimensional analysis,
we assessed the relative importance of different
driving forces in fluid flow and heat transfer,
validating the assumptions used in the model. The
findings revealed that the thermocapillary force
(Marangoni effect) significantly dominated over
thermal buoyancy and viscous effects in driving the
flow. With Péclet numbers ranging from 10 to 15, it
was evident that convective heat transfer plays a
prominent role compared to conductive heat transfer.
Thus, incorporating fluid flow prediction in the
simulations, rather than relying entirely on heat
conduction, is crucial for accurate results. The
assumption of a flat surface used in this study was not
fully justified, as the predicted Weber number is in the
range of 7 — 10, thus requiring an appropriate model
with free surface deformation. It should also be noted
that the laminar flow assumption may be insufficient
since the estimated Reynolds numbers fell within the
turbulent regime for the melt pool flow. Therefore,
future refinements of the simulations could involve
turbulent flow modeling. To enhance the fidelity of the
simulations, future work should also include
temperature-dependent thermophysical —properties
obtained from experimental measurements of
Scalmalloy® samples.

Furthermore, the microstructure prediction
indicated that the maximum and average morphology
factors increased with energy density, with high
energy densities favoring the formation of columnar
grains rather than equiaxed grains, as confirmed by the
solidification map evaluation. Such tendency was
caused by the increase in thermocapillary effect
(represented by the Marangoni number), hence surface
temperature gradient, as well as low cooling rates in
the high energy density process. As the cooling rate
intensified with higher laser scanning speeds, a
decrease in grain size case could be inferred from the
simulations.
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NOMENCLATURE
a liquid fraction
B thermal expansion coefficient
C velocity damping coefficient
C, specific heat capacity

CR cooling rate

J. CSME Vol.45, No.5 (2024)

Dy, hatch distance

do /dT temperature gradient of surface tension
E; energy density

€ a very small number to avoid division by zero
&, surface emissivity

F grain morphology factor

@ evaporation coefficient

g gravity acceleration vector

G temperature gradient

Gr Grashof number

H total enthalpy

h. convective heat transfer coefficient

h; laser penetration depth

n laser absorptivity by the metal powder
k thermal conductivity

kr Boltzmann constant

L latent heat of fusion

L, latent heat of vaporization

Ma Marangoni number

m, atomic mass

u dynamic viscosity

P laser power

Pe Péclet number

p pressure

Datm atmospheric pressure

¢ powder bed porosity

Re Reynolds number

r; laser beam radius

p density
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-

S

g momentum source term due to thermal buoyancy

Sy energy source term due to laser energy
§m momentum source terms due to solidification
o Stefan-Boltzmann constant

T temperature

T, boiling temperature

T, liquidus temperature

t; powder layer thickness

T,y reference temperature

T, solidus temperature

U velocity vector

v; laser scanning speed

We Weber number

x; initial laser position x coordinate

y; initial laser position y coordinate
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