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The high strength of Al-Si hypoeutectic alloys additively manufactured by powder-bed fusion is of great
scientific interest. To date, the mechanism of grain refinement near the fusion line, which contradicts
conventional Hunt’s columnar-equiaxed transition criteria, remains to be elucidated. Here we present the
first report on the mechanism of grain refinement. When a laser was irradiated on cast Al-Si alloy consisting
of coarse a-Al grain and o-Al/Si eutectic regions, grain refinement occurred only near the eutectic regions.
This strongly suggests that the Si phase is crucial for grain refinement. Multi-phase-field simulation re-
vealed that rapid heating due to the laser irradiation results in unmelted Si particles even above the liquidus
temperature and that the particles act as heterogeneous nucleation sites during the subsequent re-solidi-
fication. These results suggest the feasibility of a novel inoculant-free grain refinement that is applicable to
eutectic alloys comprising phases with a significant melting point difference.

© 2022 Published by Elsevier B.V.
CC_BY_4.0

1. Introduction

Additively manufactured (AMed) aluminum (Al) alloy parts are
being increasingly employed in industrial applications, in particular
transport equipment, such as automobiles, motorcycles, airplanes,
and spaceplanes, because of their high specific strength, high fatigue
resistance, and the degree of freedom in their shape [1-14]. Al alloys
with an equiaxed microstructure show good mechanical properties.
Therefore, commonly used AMed Al alloys also have fine equiaxed
grains, which are achieved by introducing rare-earth inoculant ele-
ments to form dissoluble particles as heterogeneous nucleation sites
[1-5]. However, expensive rare-earth inoculant elements sub-
stantially increase the cost of the powder. Therefore, a novel grain-
refining additive manufacturing (AM) process is required.

We focus on an anomalous microstructure of aluminum-silicon
(Al-Si) hypoeutectic alloy fabricated by laser powder bed fusion (i-
PBF)-type AM as a potential clue for developing such a process. In
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general, solidification microstructures are predicted by Hunt's co-
lumnar-equiaxed transition (CET) criteria [15-22]. According to
Hunt's CET criteria, solidification conditions are defined by the
combination of the temperature gradient (G) at a solid-liquid in-
terface and the migration velocity of the interface (R): Columnar
dendrites are expected to be formed near a melt pool boundary
under high-G and low-R conditions, whereas equiaxed grains are
expected to form at the center of a melt pool under low-G and high-R
conditions. In fact, such microstructures are commonly observed in
1-PBFed Ni alloys [23]. However, the relations between micro-
structures and solidification conditions for Al-Si hypoeutectic alloys
show an opposing trend to those predicted by the CET criteria
[7,9,11]: equiaxed grains appear near the boundary of a melt pool
(i.e., the fusion line), and columnar dendrites are observed in the
center of the melt pool (Fig. 1). Note that the equiaxed grains seem to
be similar to that observed in a chill zone which appear near a cold
mold wall in a casting process due to a high cooling rate [24].
However, at the melt pool boundary in the .-PBF process, the cooling
rate which can be represented by R x G is zero because the R is zero
at the melt pool boundary where is the turning point of melting and
solidification. Therefore, the equiaxed crystalline grains cannot be
explained by the same mechanism as that for a chill zone.
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Fig. 1. SEM-EBSD inverse-pole-figure (IPF) orientation maps of AMed AlISi10Mg. (b)
Magnified view of the framed region in the rectangle in (a). White dashed lines in-
dicate fusion lines.

Adapted from Ref. [1], Copyright (2017), with permission from Elsevier.

A similar anomalous microstructure was observed in in-
oculated AMed Al alloys [1-5]; specifically, inoculant compounds
with high melting points remain undissolved near the fusion line
in the heating process and act as heterogeneous nucleation sites
for equiaxed grains. The similarities in the microstructure suggest
that the unique equiaxed grains observed in Al-Si hypoeutectic
alloys can also be formed by a heterogeneous nucleation me-
chanism. In the powder bed fusion (PBF)-type additive manu-
facturing process, melting and solidification respectively occur at
high heating and cooling rates up to around 10® Ks™! [25]. Regions
near the fusion line (i.e., the isotemperature line for the liquidus of
the alloy) are heated to a temperature slightly above the liquidus
temperature and melted only for several tens of microseconds
[26]. We suggest that crystalline Si particles remain unmelted even
after the re-melting process (i.e., formation of a melt pool) and act
as heterogeneous nucleation sites for equiaxed grains in the re-
solidification process owing to the large difference of approxi-
mately 750K between the melting points of Al (933K) and Si
(1687 K) [27] and the exceptionally short time span of the rapid
melting process, which allows the only limited dissolution of Si
particles. However, this scenario is still to be justified by both
experiment and modelling.

In this study, we demonstrate for the first time the successful use
of the aforementioned grain refinement mechanism based on a
combination of a laser irradiation experiment on a bulk Al-10 mass%
Si hypoeutectic alloy and corresponding multiphase-field simulation
(MPF) of melting by rapid heating followed by solidification via rapid
cooling.
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Fig. 2. (a) SEM secondary-electron image of as-cast Al-Si hypoeutectic sample. (b)
SEM back-scattering electron image of cross section of the laser-irradiated region and
(c), (d) corresponding EDS element map ((c) Al, (d) Si) and (e) EBSD IPF orienta-
tion map.

2. Method
2.1. Experimental procedure

The laser-beam irradiation experiment was performed as follows.
Ingots of Al-10 mass% Si were prepared by melting Al with 99.99
mass% purity and Si with 99.999 mass% purity in alumina crucibles
at 973 K in an argon atmosphere. Fig. 2(a) shows a secondary elec-
tron image of the as-cast microstructure of the Al-Si alloy observed
by a field-emission scanning electron microscope (FE-SEM, JEOL JIB-
4610 F). The microstructure consists of primary o-Al crystals with a
diameter of approximately 50pum and eutectic colonies with an
average lamellar spacing of approximately 5 pum. A region including
both a primary «-Al and an eutectic domain was irradiated with a
scanning laser beam using a 1-PBF machine (EOS M290). The laser
power and scanning speed were 360 W and 1000 mms™!, respec-
tively. The crystal orientations and chemical compositions were
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analyzed using electron-backscattering diffraction (EBSD) and an
energy-dispersive X-ray spectrometer (EDS).

2.2. Computational method

Two-dimensional MPF simulations of a simplified Al-10 mass% Si
model were performed to reveal the microstructure formation pro-
cess in the regions near the -eutectic colonies using the
Microstructure Evolution Simulation Software (MICRESS) [28,29]
with TQ-Interface for Thermo-Calc [30]. The Gibbs free energy and
diffusion potential of the Al-Si binary system were calculated using
CALPHAD data [31]. The simulation domain size was 50pum
x 100 pm. The grid size Ax and interface width were set to be 1 pm
and 3.5 nm, respectively. Heterogeneous nucleation was assumed for
solid Si-phase (with diamond structure) from the a-Al solid/liquid
interface and for a-Al solids from the solid Si-phase/liquid interface.
In accordance with reports of MPF simulations for solidification of
Al-Si alloys by Eiken et al. [32,33], the interface energies corre-
sponding to a-Al/liquid, Si/liquid, a-Al/a-Al, and «-Al/Si were set as
165, 352, 150, and 380 m] m™2, respectively. For the interface mobi-
lity, a value of 5.0x 1071° m* ™! 571 was used. As an initial condition,
five crystalline Al nuclei with random orientations were placed at
the bottom of the simulation domain, and the remaining portion was
set as Al-10 mass% Si liquid. The temperature at the bottom was
initially set at 865K, i.e., 20 K below the liquidus temperature. So-
lidification was simulated under the condition of a cooling rate of
10* Ks™!, a temperature gradient (G) of 10° Km™, and an interface
velocity (R) of 1072 ms™. Then, the solidified model was re-melted at
a heating rate of 10* Ks™!. After melting up to 75 pm of the material
from the upper edge, i.e., 75% (3/4) of the simulation domain, the re-
melted model was re-solidified at a cooling rate of 10* Ks™!, which is
the same as the rate of initial solidification.

3. Results and discussion

Fig. 2(b-e) show the SEM cross-sectional backscattering electron
image (BEI) and corresponding EDS elemental and EBSD orientation
maps of the laser-beam-irradiated region in the Al-Si alloy ingot.
There are a-Al and eutectic regions outside the fusion line, indicated
by the white dashed line in Fig. 2(b). The corresponding EDS ele-
mental maps, shown in Fig. 2(c) and (d), exhibit no contrast in the
melt-pool region. This result suggests that solute elements are
homogeneously distributed during laser melting, at least on a mi-
crometer scale, because of high atomic diffusivity in the liquid phase
and high fluid flow. As shown in Fig. 2(e), microstructures that ap-
peared in the melted region depended on the microstructures of the
exterior regions. Equiaxed grains were observed near the eutectic
microstructure regions, as indicated by the arrows in Fig. 2(e). This
microstructure is essentially the same as the previously reported
microstructures in .-PBFed Al-Si-based alloys [7,9,11]. By contrast, no
equiaxed grain was formed near the large primary o-Al grain, and
epitaxial growth occurred. As shown in the EDS elemental maps
(Fig. 2(c) and 2(d)), the re-solidified melt-region has homogeneous
solute concentration distributions. This suggests that the fluids
formed by melting mixed completely before re-solidification on a
micrometer scale. This result indicates that the same Al-10 mass% Si
alloy liquid re-solidified in the regions near the large primary o-Al
grain and near the eutectic microstructure. It should be noted that
the shape of the melt-region is symmetric with respect to the ver-
tical center of the image. However, the microstructures outside of
the melt-region is asymmetric as seen in Fig. 2(b). A large primary o-
Al grain exist to the lower left of the melt region, whereas a eutectic
structure is in the corresponding location on the righthand-side.
There is no fine grain in the left area near the fusion line facing the
large a-grain on the left while fine grains were frequently observed
in the corresponding area on the right-hand side. This suggests the
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probability of nucleation were different in the left region and the
right region. Moreover, the two regions are suggested to be re-soli-
dified under almost the same condition because solidification con-
ditions are determined by a distance from a melt pool boundary in
the PBF type AM process. Therefore, the equiaxed grains should
appear in both regions if the nucleation is caused by the homo-
geneous nucleation mechanism. However, in the actual micro-
structure, equiaxed grains were observed only in the areas near the
eutectic microstructural regions.

Fig. 3 shows MPF models of solidified (Fig. 3(al) and (b1)), re-
melted (Fig. 3(a2) and (b2)), and re-solidified (Fig. 3(a3) and (b3))
Al-Si eutectic alloy colored based on Si concentration (Fig. 3(a1-a4))
and crystal-orientation angle (Fig. 3(b1-b4)). The solidification
condition defined by G =10 Km™ and R =102 ms™! was employed.
In the simulated solidification microstructure, as shown in Fig. 3(a1)
and (b1), columnar a-Al crystals with a width of approximately 5 pm
appeared elongated along the temperature gradient direction. Eu-
tectic regions comprising a-Al and Si phases formed between den-
dritic columnar crystals and between secondary arms. The solidified
Al-Si alloy model was heated until the melting of 75 um from the
upper edge, as shown in Fig. 3(a2) and (b2). The white dashed line in
Fig. 3(a2) indicates the fusion line (defined as the isotemperature
line) for the liquidus of the Al-10 mass% Si alloy. The solidified mi-
crostructure melted inhomogeneously: columnar dendrites of the o-
Al phase were fully melted, whereas the regions with the eutectic
microstructure were melted partially and the crystalline solid Si-
phase particles remained, as indicated by the arrows in Fig. 3(a2).
The re-melted Al-Si eutectic alloy model cooled again and re-soli-
dified, as shown in Fig. 3(a3) and (b3). Dendrites grew isotropically
near the fusion line, and equiaxed grains ~20 pym in diameter were
formed. The center positions of the equiaxed grains are the same as
those of the remaining Si particles observed in the re-melted model
in Fig. 3(a2) and (b2). This indicates that the remaining Si particles
act as heterogeneous nucleation sites during the re-solidification
process under high heating and cooling rates such as those in the 1-
PBF process. Notably, not all of the remaining Si crystalline particles
observed in the re-melted model become heterogeneous nucleation
sites in the re-solidification process. To investigate the micro-
structure formed in front of the equiaxed grains, the MPF simulation
of continued solidification subsequent to the re-solidified state
(Fig. 3(a3) and (b3)) was performed using moving-frame boundary
conditions. Fig. 3(a4) and (b4) show the Si concentration map and
the crystal orientation map of the re-solidified MPF model, respec-
tively. Equiaxed grains formed near the fusion line, whereas co-
lumnar crystals appeared in the upper region. This simulated
microstructure is quite similar to those observed in AlSi10Mg parts
built by -PBF [7,9,11], as shown in Fig. 1. These results suggest that
the experimentally observed equiaxed grains were formed by het-
erogeneous nucleation at the remaining small solid Si phases.

Fig. 4 shows schematics of the evolution of the microstructures
during the re-melting and re-solidification processes at low and high
heating rates. Let us assume that the initial microstructure consists
of a-Al and eutectic phases, as illustrated in Fig. 4(a). Under a low-
heating-rate condition, the eutectic phase of the Al-Si hypoeutectic
alloy melts initially at the eutectic temperature, as illustrated in
Fig. 4(b1). Then, the o-Al primary crystals melt at the liquidus
temperature, as shown in Fig. 4(b2). By contrast, under a rapid-
heating condition such as that encountered in PBF-type additive
manufacturing processes, only a short period of several tens of mi-
croseconds is allowed for atomic diffusion between the o-Al and
solid Si-phases in eutectic regions. Consequently, the crystalline Si
particles remain as illustrated in Fig. 4(c2). When re-solidification
initiates from the inhomogeneous liquid (Fig. 4(c2)), some of the Si
crystalline particles act as heterogeneous nuclei for the formation of
a-Al equiaxed grains (Fig. 4(c3)). To obtain direct evidence for this
prediction, three-dimensional observation experiment by serial
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Fig. 3. (a1-a4) Concentration maps and (b1-b4) crystal orientation maps of microstructures generated by MPF simulations of the sequential rapid solidification/re-melting/re-
solidification process: (a1, b1) Solidified, (a2, b2) re-melted, (a3, b3) re-solidified, and (a4, b4) after continued solidification subsequent to the re-solidified state simulated using

the moving-frame boundary condition.
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sectioning methods of 1-PBFed Al-Si samples and an in-situ TEM
observation experiment of melt and solidification of Al-Si thin films
under rapid heating and cooling conditions are currently underway.

4. Conclusion

In summary, we demonstrated that equiaxed grains near the
fusion line in a L-PBF-built Al-Si alloy are formed by an intrinsic
heterogeneous nucleation mechanism. We performed a laser-irra-
diation experiment and microstructure analysis on an as-cast Al-Si
alloy ingot consisting of coarse a-Al grains and «-Al/Si eutectic re-
gions. Notably, grain refinements occurred only near the eutectic
region containing a solid Si phase. MPF simulations revealed that Si
crystalline particles remain near the fusion line even after the rapid
re-melting process, serving as heterogeneous nucleation sites in the
re-solidification process. The crystalline Si particles remain owing to
the substantial melting point difference of approximately 750K
between a-Al and solid Si phases and the short diffusion time during
the rapid re-melting process. Our study revealed that grain refine-
ment can occur by an intrinsic heterogeneous nucleation mechanism
in an Al-Si alloy. This effect can be used to achieve a novel inoculant-
free fine-graining process. Moreover, the technique could possibly be
applied to other eutectic alloys with a large difference in the melting
points of constituent phases.
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