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A B S T R A C T

In the present work, a continuous growth model of primary silicon from Al-Si melts was established based on the
experimental and numerical data to analyze the separation mechanism of primary silicon from Al-Si alloy with
high silicon content during electromagnetic directional solidification process. Results show that the separation of
primary Si from Al-Si melts depends on the growth rate of primary Si phase and the solidification rate of the
melts. Moreover, the separation and enrichment effects of primary Si during the electromagnetic directional
solidification process could be improved by enhancing the bottom cooling conditions of crucible and the stirring
strength of Al-Si alloy melts. Finally, the distribution and composition of phases and microstructures of the Al-Si
alloy after the electromagnetic directional solidification technique were also analyzed and discussed.

1. Introduction

It's well-known that Al-Si alloys have been widely applied in various
kinds of industries such as aerospace, automobile and electronic do-
mains on account of their high strength-to-weight ratio, high cast-
ability, excellent wear and corrosion resistance, as well as their high
tensile, impact and fatigue properties after a proper heat treatment [1].
These merits of Al-Si alloys can be attributed to the presence of hard
silicon particles, including eutectic silicon and primary silicon. The
main idea behind the addition of silicon into the aluminum seems to be
the enhancement of the fluidity, casting characteristics, and hot tear
resistance [2].

Generally, the most common methods for manufacturing Al-Si al-
loys are the mixing method, molten salt electrolysis, and the electro-
thermal method; unfortunately, the cost of those methods mentioned
above are quite high [3]. In China, presently the mixing method is
mainly used for the production of eutectic Al-Si alloys, which are pro-
duced by re-melting metallurgical-grade silicon(MG-Si) and electrolytic
aluminum in different proportions [4]. The manufacturing chain from
bauxite, electrolytic aluminum, and MG-Si to eutectic Al-Si alloys has
the disadvantages of long transportation routes, high requirements for
equipment, high-energy consumption, and large environmental im-
pacts. The production of Al-Si alloys by the electro-thermal method has

the advantages of extensive sources of raw materials, low energy con-
sumption, short transportation routes, and less environmental pollu-
tion; therefore, this method has the prospect of becoming the main
method for producing Al-Si alloys [5]. Nonetheless, the electro-thermal
method does not effectively produce Al-Si alloys with a low silicon
content, such as A390 (16–18 pct Si), A392 (18–20 pct Si), and A393
(21–23 pct Si), though these alloys are very useful in some fields. In
order to effectively separate the Si phase from the high-silicon Al-Si
alloy, external fields such as electromagnetic or gravity fields and other
means are commonly used. Many researchers [6,7] investigated the
purification of the Si phase and separation of the primary Si from the
hypereutectic Al-Si melts by super-gravity sedimentation. It has been
suggested that based on the density difference between the primary Si
particles and the aluminum in Al-Si melts, the separation of primary Si
using a centrifuge can be realized, but this process is complex and in-
efficient [8]. Some researchers have focused on the separation of pri-
mary Si from Al-Si alloys using magnetic field [9]. Morita et al. [10–12]
found that the primary Si can be concentrated on the one side of the
sample by directional solidification of Al-Si melts using an electro-
magnetic field, and to be specific, high purified silicon was prepared
from the Si-rich layer by acid leaching. Jie et al. [14] used a rotating
magnetic field to separate and purify Si from Al-Si alloy melts, and he
found that the primary Si phase was concentrated around the sample in
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this method. However, it is difficult to separate the primary Si phase
and the remainder of Al-Si alloy in this method. In addition, the results
of Zou [5] et al. indicated that the Si content had an obvious influence
both on the thickness of the Si-rich layer forming around the sample
and on the impurity contents in the purified Si. According to Li et al.
[14], the different resistivity for the solid Si and the alloy melt results in
the diverse performance during the solidification process of Al-Si alloy
melts under a direct electric current. Ban et al. [15] also reported on the
refining of MG-Si from Al–Si melts by solidification under electro-
magnetic stirring, and their studies have improved the removal effi-
ciency of B, P, and other impurities based on this solvent purification
process.

The solidification refining of Si using a Si-Al, or Si-Sn alloy at low
temperature using electromagnetic stirring was investigated by Lei and
Ma [16–18] members of our research group. We also attempted to
purify the silicon phase and then separate the primary silicon from the
hypereutectic Al-Si melts more efficiently with an electromagnetic di-
rectional solidification refining process in order to save energy and
reduce the exhaust emission. What' more, we proposed a proper me-
chanism for the electromagnetic separation of Si [19,20]. However,
further research is still required to better reveal the separation me-
chanism of primary silicon from Al-Si melts with high silicon content
under an alternating electromagnetic field, and to control the Al-Si
alloy composition more effectively. Once the silicon of the Al-Si alloy
with a high silicon content can be effectively separated out by elec-
tromagnetic directional solidification process, the separation and pur-
ification process will be more practical, since the refining process can
be more convenient and efficient, and also has lower costs. Moreover,
not only can we obtain the eutectic Al-Si alloy or the sub-eutectic Al-Si
alloy (with lower silicon content), but also we can acquire the enriched
primary silicon which is used for producing high-purity silicon to
manufacture solar-grade polycrystalline(SoG-Si). However, there are
some limitations to current researches on the behavior of the pre-
cipitation, migration, and enrichment of primary silicon during the
directional solidification of Al-Si melt with high silicon content under
alternating electromagnetic fields, so the mechanism of separation has
not been clarified yet. The previous researches [9,17,18] only focused
on the migration process of the primary Si particles in the Al-Si melts
under an electromagnetic force, thus they did not discuss more in de-
tails about the growth of the primary Si crystal from the crystallization
front during the electromagnetic separation process.

In this study, we proposed a continuous growth model for the pri-
mary silicon from the crystallization front during the electromagnetic
directional solidification process of the Al-Si melts with high silicon
content. Experiments and simulation were conducted to figure out the
influence of the temperature gradient and the electromagnetic fre-
quency on the separation of primary silicon so as to verify the results of
the model. The distribution and composition of both the phases and the
microstructures of Al-Si alloy after the electromagnetic directional so-
lidification process were analyzed.

2. Experimental

The main component of the coarse Al-Si alloy produced by an
electro-thermal reduction method by the Dengfeng Power Group in
China is shown in Table 1 [21]. In the experiments, industrial-grade
aluminum particles and MG-Si particles were melted in an electric re-
sistance furnace to prepare the Al-45 wt%Si alloys which have higher
silicon content than that in Table 1. The chemical composition of the

raw materials for the aluminum particles and the MG-Si particles are
listed in Tables 2 and 3 respectively. Fig. 1 is a schematic diagram of the
experimental apparatus, which was mainly composed of a high fre-
quency induction furnace, a pulling control unit platform, a protective
gases system and a cooling system at the bottom.

Different heat-transfer conditions were set at the bottom of the
crucible. In Fig. 1(a), the refractory insulation materials were placed at
the bottom of the crucible in order to reduce heat loss at the bottom. On
the contrary, the water-cooled block, as is shown in Fig. 1(b), was
placed at the bottom of the crucible, strengthening the heat dissipation
in vertical direction at the bottom.

Moreover, the vacuum directional solidification system was used for
a comparison experiment, shown in Fig. 2. The main difference of the
two systems is that the vacuum directional solidification system uses a
resistance heating method while electromagnetic directional solidifi-
cation system uses an induction heating method together with elec-
tromagnetic stirring. Designed according to the Bridgman system, this
vacuum directional solidification furnace is equipped with a water-
cooled heat exchange device at the bottom of the crucible.

The experimental processes are as the following steps. Firstly, the
prescribed raw material was charged into a high purity and density
graphite crucible（25mmO.D., 17mm I.D., 65mm length）. They
were then heated in the Ar atmosphere for 2 h to form the Al-Si alloy
with high silicon content melts to homogenize the alloy's composition.
Next, the Al-Si alloy with high silicon content melts were pulled down
to carry out the electromagnetic directional solidification separation at
a specified rate. After finishing the electromagnetic directional solidi-
fication separation, the sample was cut in half along their section.
Finally, they were polished and sent for subsequent detection, such as
SEM, EDS, EPMA,and so on.

3. Results and discussion

3.1. Electromagnetic separation of primary Si phase

Fig. 3 shows the cross-section images of the Al-45 wt% Si alloy
obtained after the directional solidification in the vacuum resistance
furnace and in the electromagnetic induction furnace, respectively. The
primary Si gathered at the bottom of the sample when the Al-Si alloy
with high silicon content melt was pulled down in the electromagnetic
induction furnace, as is shown in Fig. 3(b). Furthermore, the crack
existing between Si-rich part and Al-Si alloy part can be clearly seen in
the ingot, and the Si-rich part can be easily peeled from the ingot. The
differential deformation between the upper part of Al-Si alloy and the
lower part of the Si-rich leads to the phenomenon of cracking. Con-
versely, the silicon phase is distributed homogeneously throughout the
cross-section of the sample when the Al-Si alloy with high silicon
content melts were pulled down in the vacuum resistance furnace, as is
shown in Fig. 3(a). This indicates that the primary Si phase can be
successfully separated from the Al-45%Si alloy melts and aggregated at
the bottom during the electromagnetic directional solidification pro-
cess, but the primary Si cannot be separated and aggregated in the

Table 1
Composition of coarse Al-Si produced by electro-thermal reduction method (wt%).

Element Al Si Fe Ca Ti Else

Aluminum Powder ≥ 55 35–38 4.5–7.0 1.5–2.3 0.7–1.0 < 0.01

Table 2
Composition of experimental aluminum (wt%).

Element Al Si Fe Cu N Else

Aluminum Powder ≥ 99 ≤ 0.3 ≤ 0.6 ≤ 0.05 ≤ 0.01 ≈ 0.04

Table 3
Composition of experimental MG-Si (μg /g).

Element Si Al Fe Ti Ca B P

Industrial Silicon Rest Weight 471 379 76.77 189 27.8 104.9
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