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Al alloy parts fabricated by powder-bed fusion (PBF) have garnered significant attention, and inoculant rare-earth elements are typically
introduced to enhance their mechanical properties. However, extracting rare-earth elements raises powder costs and mining poses environmental
risks. Therefore, a novel grain refinement method for the PBF process that does not rely on inoculation is needed. We previously proposed that
the intrinsic heterogeneous nucleation caused by rapid heating during the PBF process is key to a novel grain refinement strategy. It is essential to
understand the relationships between laser irradiation parameters, melting and solidification conditions, and the resulting microstructure to
provide guidelines for microstructure control in the PBF process. In this study, we investigated melting and solidification conditions in the PBF
process of Al-Si hypoeutectic alloy by computational thermal-fluid dynamics simulations. It was found that the heating rates in the PBF process
are around 108K /s and are 10 times higher than the cooling rates, and these rapid heating and cooling conditions are suggested to cause the
intrinsic heterogeneous nucleation unique to the PBF of the Al-Si hypoeutectic alloy. Furthermore, the melting and solidification conditions vary
significantly within the melt pool, and the experimental microstructural inhomogeneity at the melt pool boundary can be explained based on the
distribution of melting and solidification conditions. In addition to the rapid solidification unique to the PBF process, the focus on rapid heating

paves the way for a wider range of microstructure control.

[doi:10.2320/matertrans. MT-M2025132]

(Received October 1, 2025; Accepted December 20, 2025; Published March 25, 2026)

Keywords: additive manufacturing, laser powder-bed fusion, Al-Si hypoeutectic alloy, computational thermal-fluid dynamics

1. Introduction

Recently, additive manufacturing (AM) technology has
received attention due to its ability to produce complex
shapes [1-4]. Application of AM to aluminum (Al) alloys is
expected to reduce weight while maintaining strength,
particularly in the fields of aerospace and automotive [5—
11]. Among the AM processes, powder-bed fusion (PBF)
type AM has emerged as a preferred technique for metal AM
[12—18]. In the PBF, inoculant elements such as scandium are
introduced to form heterogeneous nucleation sites, thereby
enhancing the mechanical properties of Al alloy components.
However, the extraction of rare-carth elements increases
powder costs [19], and mining poses environmental risks,
such as soil contamination [20]. Therefore, a novel grain
refinement method for the PBF process that does not require
inoculant elements is necessary.

We are focusing on the anomalous microstructure observed
in PBF-type AM of Al-Si hypoeutectic alloys to develop a
grain refinement process. The microstructure formation in
Al-Si hypoeutectic alloys [21] differs from that predicted by
the conventional columnar-to-equiaxed transition criteria
proposed by Hunt [22]: equiaxed grains form at the melt
pool boundary, while columnar crystals form in the central
region. In a previous study, we suggested that rapid heating
during melting significantly affects microstructure formation
in the AI-Si hypoeutectic alloy, where there are large
differences in the melting points of the constituent phases
[23]. We demonstrated through multi-phase field (MPF)
simulations that inhomogeneous melting occurs under the
rapid heating conditions assumed for the LPBF process, and
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the remaining Si particles act as heterogeneous nucleation
sites during subsequent resolidification. Additionally, MPF
simulations with optimized initial solidification, remelting,
and recrystallization conditions predicted the formation of
finer equiaxed microstructures around 12.3 pm [24].

Most of the studies of microstructural formation in the
PBF-type AM process focus on the unique rapid solid-
ification conditions. On the other hand, we suggested that the
rapid heating conditions are also crucial for microstructure
formation for eutectic alloys with significant differences in
melting points, such as Al-Si alloys. Thus, it is necessary
to reveal the relationship between laser irradiation conditions,
melting and solidification conditions, and the formed
microstructure for the guideline of microstructure control in
the PBF process. However, no studies have systematically
investigated melting conditions, although there are extensive
studies on solidification conditions.

In the present study, we investigated rapid heating and
cooling conditions in the PBF process using computational
thermal fluid dynamics (CtFD) calculations, which were
validated by experiments. The CtFD simulations were
performed under various laser power and scanning speed
conditions, and the melting and solidification conditions
were evaluated. Furthermore, we compare the micro-
structures formed in the Al-Si build part and predicted by
phase-field simulations to provide a guideline for micro-
structure control that incorporates these melting conditions.

2. Experimental Procedures and Simulation Methods

The Al-10mass% Si (Al-10Si) alloy was prepared by
melting pure Al and Si in an alumina crucible under a
99.999% pure Ar atmosphere. The bulk was laser irradiated
using a laser PBF-type AM machine (EOS M290). In the
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Fig. 1 Schematic illustrations of the laser irradiation experiment. (a) Multi-

track scanning for microstructure homogenization and (b) single-track
scanning. (online color)

laser irradiation experiment, the as-cast microstructure is
coarse relative to the melt pool size and would affect its
melting and solidification behavior. Thus, the region for
single-track irradiation experiments was pre-scanned under
the conditions with laser power P =360 W and scanning
speed V' =800mm/s, as schematically shown in Fig. 1(a).
Then, laser irradiations were performed to form a single bead
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with a scanning distance of 1000 um under various beam
irradiation conditions shown in Table 1 (Fig. 1(b)). The
cross-section of the formed melt pool was observed using an
optical microscope (Olympus DSX1000) and a field emission
scanning electron microscope (FE-SEM, JEOL JSM6500).

The CtFD simulations were performed using the same
laser irradiation conditions as those in the experiments. The
CtFD simulations were performed using a general 3D
thermal-fluid analysis software (Flow Science FLOW-3D®).
The laser beam was linearly scanned for 5000 um to
investigate the temporal evolution of the temperature
distribution. The simulation is composed of two computa-
tional domains: a 7000 um x 400 um x 1200 pm domain
with a mesh size of 10 x 10 x 10 um for the laser-irradiated
region and a 9720 pm x 3120 um x 1200 um domain with a
mesh size of 50 x 50 x 50 um for the other area. Table 2
shows the thermodynamic properties used for the simulation.
The initial substrate temperature and the atmospheric
pressure were set to 300K and 1.013 x 10° Pa, respectively.
The energy absorption rate n was calculated assuming
multiple reflections using the Fresnel equation:

Table 1 Irradiation conditions and corresponding line energies.
Scan speed, V' (mm/s)
Line energy, Eline = P/V (J/mm)
800 1000 1200
360 0.45 0.36 0.3
Beam Power, P
300 0.375 0.3 0.25
(W)
240 0.3 0.24 0.2
Table 2 Thermophysical properties used in CtFD simulations.
Thermophysical properties Value Sources
Density (298.15K) kg/m? 2670 [25]
Viscosity (1683.68K) kg/(m s) 1.38 x 10° [26]
Specific heat (298.15K) J/(kg K) 546.6
Thermal conductivity (298.15K) W/(m K) 116
Liquidus temperature K 867 [25]
Solidus temperature K 850
Latent heat of fusion J/kg 423 x10°
Surface tension (1683.68K) kg/s? 1000 - 0.152T [27]
Latent heat of vaporization J/kg 1.07 x 107
[25]
Saturation temperature (1atm) K 2743
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where ¢ and 0 are the Fresnel coefficient and the incident
angle of the laser, respectively. The ¢ was used as a fitting
parameter and adjusted to reproduce the experimental melt
pool depth. The cooling rate, heating rate, temperature
gradient, and solid-liquid interfacial velocity during the
melting and solidification process were evaluated from the
change in the temperature distributions.

To compare the simulation-predicted and actual micro-
structures, Al-10Si parts with dimensions of 10 x 10 x
10 mm were fabricated using a PBF-type AM machine (EOS
M 290) in an Ar atmosphere with an oxygen content below
0.1%. The gas-atomized Al-10Si spherical powders (Toyo
Aluminium) were used for the fabrication. The beam power
P, scanning speed V, hatch spacing, and layer thickness were
360 W, 800mm/s, 100 um, and 40 um, respectively. The
laser scanning direction was only in the x-directions. The
cross-section of the fabricated specimen was analyzed by
the SEM equipped with an electron backscatter diffraction
(EBSD) detector.

2

3. Results and Discussions

3.1 Transition from thermal conduction melting to
keyhole melting occurs in a single-track formation

Figure 2(a) shows an optical microscope image of a cross-
section perpendicular to the scanning direction of the
irradiated laser beam. It was found that the melt pool shape
largely depends on the line energies of the laser irradiation:
melt pools formed by laser irradiation under conditions with
line energies of 0.3J/mm or less were significantly smaller
than melt pools with higher line energies. Figure 2(b) shows
the relation between line energy and melt pool depth, and
tendency changes at the line energy of 0.3 J/mm. It has been
reported that the shape of the melt pool changes continuously
with the amount of line energy in stainless steels [28] and Ni-
based superalloy [29, 30]. On the other hand, the melt pool
depth changed discontinuously with the amount of input
energy for the Al-10Si alloy.

The CtFD laser irradiation simulations for single track
formation were performed to clarify the behavior within the
sample during melting and solidification. Figure 3(al) shows
a longitudinal cross-sectional snapshot of the melt pool
formed under P =360W and V' = 1200mm/s conditions,
and the depth of the melt pool transitions discontinuously
during the laser irradiation process. The drastic change in size
of the melt pool, which was observed experimentally, also
occurred in the simulation. This suggests that the transition
occurs based on physics. To obtain a deeper understanding of
the transition, the single-track simulations with various
Fresnel coefficients e. Figures 3(a2) and 3(a3) show the
cross-sections of the melted region parallel to the scanning
direction. The transition in melt pool depth was also
observed, and the coordination of the transition was found
to depend on the Fresnel coefficient: The time until the
transition begins decreases with increasing Fresnel coef-
ficient. Thus, input heat is supposed to be related to the
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Fig. 2 (a) Optical microscope images of the cross section of the melt pool
formed by various scanning speeds and laser beam power with Al-10Si
casting alloy, and (b) melt pool depths. (online color)

transition, and we investigated the temperature changes of the
regions near the melt indicated by white square in Fig. 3(b).
Figure 3(c1)—(c3) shows the average temperature just before
melting at each place in the direction parallel to the laser
scanning direction. The dashed black line indicates the
transition point of the melt pool formation behavior. It
was found that there is a threshold temperature, and a heat
accumulation temperature of approximately 550K is
considered to cause a transition from heat conduction-type
melt pool formation to keyhole-type melt pool formation.
Drastic changes in melt pool formation behavior with
irradiation conditions have also been observed in pure copper
[31], which has a high thermal conductivity of approximately
390 W/(mK). AI-10Si has a thermal conductivity of
approximately 116 W/(mK) at 867K, which is about five
times greater than that of 304 stainless steel. Thus, the
transition is caused by the rapid diffusion of absorbed heat
owing to the high thermal conductivities of both Al-10Si and
pure copper. In recent years, the PBF process has enabled us
to control crystal orientation by controlling the overlapping
of melt pools through laser scanning strategies [15], and
understanding the factors that determine the shape of the melt
pool formed by a single laser scan is crucial. Therefore, the
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Fig. 3 (al)—(a3) Snapshots of the cross-section of the melt pool formed by scanning laser beam under different Fresnel coefficients, .
Beam power and scanning speed are P = 300 W and V' = 1200 mm/s, respectively. (b1)—(b3) Temperature just before melting at each
position in the direction parallel to the laser scanning for the same Fresnel coefficients. The dashed lines indicate the positions of the

transition in the depth of the melt pool. (online color)

melt pool shape transition phenomenon identified in this
study is considered to be one guideline for microstructure
control.

3.2 Relationship between laser irradiation conditions
and melting/solidification conditions

The temperature gradient G at the solid-liquid interface
and the interface velocity R during melting and solidification
were evaluated from the temperature distributions obtained
through the CtFD simulations. Figures 4(a) and 4(b) show
cross-sections and the G—R plot colored by the time each
region melted and solidified. The P and V are 360 W and
800 mm/s, respectively. The temperature gradient G at the
solid-liquid interface decreases as melting and solidification
proceed. On the other hand, the liquid-solid interfacial
velocity R decreases monotonically during melting and
increases monotonically during solidification. The P and V
are 360 W and 800mmy/s, respectively. The solidification
occurred under the conditions around G = 10°K/m and
R =10"my/s. It is reported that the solidifications induced by
electron/laser beam irradiations for the PBF processes occur
under around G = 10°K/m and ¥ =10""m/s in stainless
steels [32] and under around G = 10’ K/m and V' = 10"'m/s
in Ni-based superalloy [13]. Compared to these alloys,

solidification in the Al-Si alloy is found to occur under 100
times larger interface velocity. It is supposed that the
difference is caused by the lower heat capacity of 0.9
J/(gK) and the higher thermal conductivity of 116 W/(mK)
of Al-10Si, which enables temperature change to occur
quickly and heat to transfer easily, resulting in significantly
higher cooling rates compared to other alloys.

Conversely, the melting occurred under G = 10’ K/m and
R =10"m/s conditions. Melting occurs under a high solid-
liquid interface velocity similar to that of solidification. On
the other hand, the temperature gradient is ten times larger
than that of the solidification. Figure 4(c) compares the
heating and cooling rates at the same XZ coordinate on the
cross-section (Fig. 4(a)). The heating rate is approximately
ten times higher than the cooling rate in the same area
because of the difference in temperature gradient. In the
previous study, we demonstrated through multiphase-field
(MPF) simulations that the Si particles in eutectic regions
near the melt-pool boundary of a solidified Al-Si alloy remain
after the remelting process [23]. According to the equilibrium
phase diagram, heating from room temperature causes the
eutectic microstructure to melt at the eutectic temperature via
diffusion between the component phases. However, under the
extremely rapid heating conditions in PBF processes, only
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Fig. 4 (a) Melting and solidification conditions and (b) heating and cooling
rate evaluated by the CtFD simulation. Beam power P and scan speed V'
are 360 W and 800 mm/s, respectively. (online color)

the lower-melting-point o-Al phase melts due to the limited
time for mixing. As a result, the Si phase, which has a
melting point approximately 700 K higher than that of a-Al,
remains and acts as a heterogeneous nucleation site for a-Al
equiaxed crystalline grains in the subsequent resolidification
process [23].

To obtain a guideline for controlling the microstructure
based on the melting and solidification conditions, the
distributions of G and R within the melt pool were
investigated. Figure 5 shows cross-sectional melt pools
colored by temperature gradient Geyoiing and solidification
rate Reqoling during the solidification process (Fig. 5(a)) and
by temperature gradient Gheqiing and solidification rate Rpcaing
during the melting process (Fig. 5(b)). The Gegoling is highest
in the regions near the fusion line (10’ K/m) and decreases
as the solid—liquid interface moves toward the center of the
melt pool (10°K/m). The Reooling 18 lowest near the fusion
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Fig. 5 CtFD simulated cross-sectional melt pools colored by (a) solid-
ification conditions (Reooling and Geooling) and (b) melting conditions
(Rneating and Gheating)- Beam power P and scan speed V are 360 W and
800 mm/s, respectively. (online color)

line (1 m/s) and becomes higher as the interface approaches
the center of the melt region (20 m/s). On the other hand, the
Gheating 18 lowest in the regions near the fusion line (106 K/m)
and decreases as the solid—liquid interface moves toward the
center of the melt pool (107 K/m). The Rhcating 18 lowest near
the fusion line (1 m/s) and becomes higher as the interface
approaches the center of the melt region (20 m/s). Comparing
the solidification and melting conditions, R exhibits the same
distribution trend within the melt pool, and is large in the
central region. Conversely, G showed an opposite distribu-
tion. We proposed in the previous study [24] that initial
solidification, remelting, and resolidification conditions
influence the microstructure, resulting in various micro-
structure formations from fine equiaxed grain to columnar
grain: the microstructure with the finest grains is expected to
form under a high G and low R during initial solidification, a
high heating rate during remelting, and a small G with a high
R during resolidification. In contrast, columnar crystals grow
epitaxially at the melt pool boundary under a small G and a
high R during initial solidification, a low heating rate during
remelting, and a large G and a low R during resolidification.
Thus, the microstructure control can be achieved by
controlling the overlap of the melt pool via a laser scanning
strategy, such as adjusting the scanning pitch, to control local
initial solidification, melting, and resolidification conditions
based on the spatial distributions of solidification and melting
conditions obtained in this study.

We investigated the relationship between the distributions
of melting and solidification conditions and the laser
irradiation conditions to obtain further guidelines for
controlling the microstructure. Figure 6 shows the solid-
ification and melting conditions within melt pools formed
by laser irradiations with various beam powers P and
scanning speeds ¥, respectively. Increasing the beam power
and decreasing scanning speed, i.e., increasing line energy
Ejine = P/V, causes smaller melt pool formation. As a result,
solidification occurs under lower Geooling and higher Reooling
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Fig. 6 CtFD simulated cross-sectional melt pools colored by (al), (bl) solidification conditions (Rcooling and Geooling) and (al), (b2)
melting conditions (Rpcating and Gheating)- Beam power P and scan speed Vare (al), (a2) 360 W and 800 mm/s and (b1), (b2) 360 W and

1200 mm/s. (online color)

conditions (Figs. 6(al) and 6(a2)). On the other hand,
increasing line energy Ej,. causes melting under higher
Gheating> and Rheating conditions (Figs. 6(b1) and 6(b2)). These
results also suggest that increasing the line energy FEjne
increases the gap between the values of Gegoling, Reoolings
Gheating> and Rycating inside the melt pool and at its boundary. It
is expected that more advanced guidelines for microstructural
control can be obtained by considering both solidification and
melting conditions through laser irradiation conditions.

3.3 Comparison of the microstructures of the fabricated
part and those predicted based on simulations

Figures 7(al)-7(a3) show the SEM-EBSD grain map of
the Al-10Si alloy fabricated by laser PBF. The laser power
and scanning speed are 360 W and 800 mm/s, respectively.
The melt pool boundary is indicated by the dotted lines. The
formed microstructure differs significantly depending on the
region within the melt pool. Equiaxed fine grains are formed
on the right side of the melt pool boundary (Region A). In
contrast, columnar crystals are formed on the left side of
the melt pool boundary (Region B). This microstructural
heterogeneity is attributed to differences in initial solid-
ification, remelting, and resolidification conditions resulting
from melt pool overlapping.

Figure 7(b) shows the schematic illustrations of the
overlap of melt pools at regions A and B. Both regions are
placed at melt pool boundaries; thus, the remelting and
resolidification conditions are considered to be the same.
Therefore, the heterogeneity in the microstructure is
attributed to differences in the initial solidification condition.
Based on the results of the CtFD simulations shown in
Section 3.2, solidification occurs at the melt pool boundary
under higher Geooling and lower Reqoling conditions compared
to the central part of a melt pool. In Region A, initial
solidification occurs at the melt pool boundary, and remelting
and recrystallization also occur at the boundary. Considering
the distribution of solidification conditions within the melt

pool, the initial solidification is suggested to occur under
higher Geqoling and lower Reqoling conditions. PF simulations
predict the formation of equiaxed grain structures under these
conditions of solidification, remelting, and recrystallization,
and the experimentally observed structure formation is
consistent with this prediction. Conversely, initial solid-
ification in Region B is supposed to occur at the central part
of the melt pool. In this case, initial solidification is suggested
to occur under lower Gegoling and higher Reooling conditions.
PF simulations predict the formation of columnar grains,
which is consistent with the experimental microstructure.
These results demonstrate that the CtFD and PF simulation
results can predict the experimental microstructure formation.

4. Conclusion

In the present study, we conducted single-track laser-beam
irradiation experiments and corresponding CtFD simulations
of Al-Si alloys to obtain guidelines for microstructural
control, considering the rapid heating and cooling conditions
unique to PBF-type AM processes. Additionally, the
microstructures predicted based on the evaluated melting
and solidification conditions were compared to the micro-
structure of the PBFed Al-Si alloy part.

The single-track laser-beam irradiation experiments
revealed that the shape of the melt pool changes significantly
at a line energy threshold of 0.3J/mm, and a deeper melt
pool is formed under higher line energy irradiation
conditions. The CtFD simulations also demonstrate this
transition during single-track irradiation. It was found that the
transition from thermal conduction-type to keyhole-type melt
pool formation occurs at the point where the pre-irradiation
heat accumulation temperature exceeds 550K, and this
transition is attributed to the high thermal conductivity.

The CtFD simulations revealed that melting and solid-
ification occurred under rapid heating and cooling rate
conditions of ~10%K/s and ~107K/s, respectively. Fur-
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Fig. 7 (al)—(a3) SEM-EBSD grain maps of laser PBFed Al-10Si part. Grain boundaries are indicated by solid lines. (b) Relative position
of regions A and B and microstructure formations predicted by Phase-field (PF) simulations [24]. (online color)

thermore, the melting and solidification conditions vary
significantly within the melt pool. The R decreases during
melting and increases during solidification. Meanwhile, the
G at the solid-liquid interface decreases as both melting and
solidification proceed. Thus, the distribution of G in the
melt pool region reverses during solidification and melting:
melting and solidification occur at the melt pool boundary
under conditions of larger Geooling and smaller Rqgling, and
smaller Gpeaiing and smaller Rycaing. Additionally, a laser
irradiation with a larger line-energy condition is suggested
to cause a greater difference in the G and R between the
interior and boundary of the melt pool. It was indicated that
the experimental microstructural inhomogeneity at the melt
pool boundary can be explained based on the distribution of
melting and solidification conditions within the melt pool.
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