
Jingwei Li, Xiaolong Bai, Yanlei Li, Boyuan Ban and Jian Chen*

Effect of Ga Addition on Morphology and
Recovery of Primary Si During Al–Si Alloy
Solidification Refining

Abstract: The effect of Ga addition on alloy macro-
structure, morphology and recovery rate of primary Si
during the Al–Si–Ga alloy solvent refining process of sili-
con was studied in this work. The addition of Ga to Al–Si
alloy could change the morphology of the primary Si. The
average plate thickness of the primary Si increases with
increase of Ga content. With the increase of Ga content,
the average plate length of the primary Si crystals becomes
larger when the Ga content is less than 5% in the Al–30%
Si–xGa alloy, but becomes smaller when the Ga content
exceeds 5%. Al–Si–Ga alloys consist of three types, pri-
mary Si, GaxAl1–x, (α-Alþ Siþ β-Ga) eutectic. (111) is the
preferred growth surface of the plate-like primary Si. The
recovery rate of the primary Si increases with the increase
of Ga content. When the Ga content increased to 20% in
Al–30%Si–xGa alloy, the relative recovery rate of the pri-
mary Si increased to 50.41% than that in Al–30%Si alloy.
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Introduction

Photovoltaics (PV) based on solar cells, one of the clean-
est methods of producing electricity, has been widely
used in recent years in response to the growing demand
for clean energy. Refining of metallurgical-grade silicon
(MG-Si) for using as raw materials for solar cells attracts
research interest due to its low material and energy cost,

and more environmentally friendly technology in
comparison with the traditional Siemens process [1].
The solvent refining is a purification process that relies
on preferential segregation of impurities to a liquid,
from which high-purity solid silicon crystals are
grown [2].

Solidification refining of Si using an Al–Si solvent at
low temperature has been extensively investigated [3–6].
Al–Si alloy is a typical binary eutectic system. Alloying
MG-Si with Al is a process of redistribution of the impu-
rities in silicon by taking advantage of the thermodynamic
instability of the impurity elements in solid silicon at lower
temperature, and the segregation ratios of the impurity
elements between solid Si and Al–Si melt are less than
that of it between solid Si and liquid Si. Some other
metals–solvents, such as Sn [7], Ti [8] and Cu [9], have
been introduced into the Al–Si solvent refining process to
improve the recovery rate of the primary Si and modify the
microstructure of Al–Si alloy. Maronchuk. I. E et al. [10]
reported that Ga–Si solvent refining could reduce the
impurity elements, such as B and P. In order to obtain
the primary Si crystals, the proportion of Al–Si should be
selected in the hypereutectic region. The primary Si crystal
would initially precipitate from liquid alloy when the tem-
perature of Al–Si melt decreases.However, a large content,
~12.6 wt.%, of Si is wasted during Al–Si melt cooling
because of Al–Si eutectic formation. The recovery of the
primary Si is limited, which remarkably reduces the eco-
nomic feasibility of this process. Little work has been
focused on the effect of Ga addition on the Al–Si solvent
refining. From the respective fundamental research, it is
necessary to investigate the effect of Ga addition on mor-
phology and recovery of the primary Si during Al–Si alloy
solidification refining and improve the refining efficiency.

The increase in the primary Si recovery rate with Ga
addition was predicated considering the low content of Si
in Ga–Si eutectic in the phase diagram [11] (Figure 1). In
this study, Ga addition to the Al–Si melt during solidifi-
cation refining was investigated to improve the recovery
rate of the primary Si. The effect of Ga content variation
on the alloy macrostructure and the primary Si size
distribution was investigated.
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Experimental

The raw materials used to prepare the alloys were MG-Si,
Al block and Ga block, and the alloy compositions are
shown in Figure 2, and marked in the Al–Si–Ga ternary-
phase diagram. Mass fractions of impurities in MG-Si,
Ga and Al are shown in Table 1. The content of Si in
Al–Si–Ga alloy was fixed at 30%, but the content of Ga
varies (2%, 5%, 10% and 20%). Figure 3 shows the flow-
chart of solvent refining process of MG-Si. The MG-Si,
Al and Ga block samples were placed in an SiC
electric resistance furnace, which was connected to a
proportional–integral–derivative (PID) controller with a
Pt/Pt–10%Rh thermocouple, maintaining thermally equi-
librium at 1,473 K, which was above the corresponding
liquidus temperature of the alloys, held for 7.2� 103s in
Ar atmosphere and then cooled down to room tempera-
ture at a rate of 8.3� 10−3 K/s. Then, all samples were cut
into two halves and one-half of each sample was
polished for macro- and micro-structure analysis. The
left half was treated with hydrochloric acid leaching to
obtain the Si particles (primary Si and eutectic Si). A 5 g
sample of Al–Si–Ga alloy was immersed in hydrochloric
acid (12 mol/L) at 353 K for 8.64� 104 s. After acid leach-
ing, the solution was filtered and the silicon particles
were rinsed thoroughly with deionized water and then
dried. The Si particles were screened with a 35 mesh sieve
to obtain the primary Si grains. The primary Si grains

Figure 2: Compositions of Al–Si–Ga alloys in this work.

Figure 1: Ga–Si binary phase diagram.

Table 1: Mass fraction of impurities in MG-Si, Ga and Al (ppmw).

B P Al Fe

MG-Si 25 43 2,434 2,818
Ga 0.93 3.13 5.72 8.77
Al 7 35 Main 9,279

Figure 3: Flowchart of solvent refining process of MG-Si.
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were analyzed by optical microscope (OM), scanning
electron microscope (SEM) and X-ray diffraction (XRD).

Results and discussion

Figure 4 shows the cross-sectional microstructure of the
Al–Si and the Al–Si–Ga alloys solidified at a cooling rate of
8.3� 10−3 K/s. As can be seen from that, for Al–30%Si
alloy, the needle-like primary Si grains were uniformly
distributed and surrounded by eutectics in the entire
alloy shown in Figure 4(a). No Si floatation was observed.
For the Al–Si alloy, the variation of Si content generated
the distribution change of the primary Si. Jiayan Li et al.
[12] reported that the primary Si crystals are distributed at
the bottom and the edge of the Al–22.8%Si alloy sample,
while in the middle, no primary Si crystals are found. In
our previous work [13], the primary Si crystals distribute
more uniformly in the Al–35%Si alloy without super grav-
ity. Therefore, it can be concluded that the distribution of
the primary Si crystals becomes more uniform for hyper-
eutectic alloys with the increase of Si content in the Al–Si
alloys. When Ga was added into the Al–Si alloys, the
distribution of the primary Si is also uniform in the entire
alloy as shown in Figure 4b–d. Although the density of

solid Si (2.3� 103 kg/m3) is less than that of the Si–Al melt
(～2.4� 103 kg/m3) [14] or Ga melt(～5.1� 103 kg/m3), the
high viscosity of the melt makes the primary Si crystals
dispersed uniformly in the Al–Si–Ga alloy.

Figure 5 shows the images of plate-like primary Si
particles. As can be seen from that, the sizes and shapes
of plate-like primary Si particles are not constant. The
number of plate-like primary Si particles is too large, and
it is difficult to accurately define the primary Si from the
three-dimensional angle. In order to describe the size of
the plate-like primary Si, the thickness and the length of
the primary Si in the cross section of the alloy are statis-
tically counted by image analysis.

With the addition of Ga, the variations of the thickness and
the length of Si plate is confirmed by the image analysis,
which is shown in Figure 6a and b. In Figure 6a, with the
increase of Ga content in the Al–Si–Ga alloys, the plate
thickness of the primary Si crystals increases. When the Ga
content is 0, i.e. Al–30%Si alloy, the plate thickness of the
primary Si crystals is 0.50�0.21 mm. When the Ga content
is 2% in the Al–30%Si–xGa alloy, the primary Si thickness
is also 0.50�0.21 mm, which is equal to the thickness of
that in Al–30%Si alloy. However, the primary Si length
(6.73� 2.53 mm) in Al–30%Si–2%Ga alloy is larger than
that (6.19� 2.48 mm) in Al–30%Si alloy. As for Al–30%Si–
20%Ga alloy, the thickness of that is 0.70�0.25 mm.
However, the variation of the length of the primary Si
crystals is not consistent with the trend of the thickness.
With the increase of Ga content, the average length of the
primary Si crystals becomes larger when the Ga content is
less than 5% in the Al–30%Si–xGa alloys, but when the Ga
content exceeds 5%, the average length of the primary Si
crystals decreases, which is shown in Figure 6b. For Al–
30%Si alloy, the length of the primary Si is 6.19� 2.48
mm. When the Ga content is 5%, the length of the primary
Si crystals is 8.49� 3.72 mm, but the length of that is
4.83� 1.52 mm for Al–30%Si–20%Ga alloy. Jiayan Li
et al. [7, 15] have investigated effect of Sn addition on the
primary Si recovery in Si–Al melt during solidification
refining of silicon, and experimental results also

Figure 4: Macrostructures of Al–Si alloy with different Ga contents:
(a) Al–30%Si,(b) Al–30%Si–5%Ga, (c) Al–30%Si–10%Ga,
(d) Al–30%Si–20%Ga.

Figure 5: Images of plate-like primary Si particles of
Al–30%Si–20%Ga alloy.
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demonstrated that with the addition of metal Sn, the thick-
ness of the Si plates increases. Therefore, the addition of
metal on Al–Si alloy could increase the thickness of the Si
plates to some extent.

As for the reason of thickness variation, it can be
explained as follows. First, the refining temperature of
the alloy decreased with the addition of Ga. For Al–30%
Si alloy, the liquidus temperature of Al–30%Si alloy is
1,010 K [16], and the melting point of Ga is 303 K [11].
After the introduction of Ga, the liquidus temperature of
Al–30%Si–xGa alloy was lower than that of Al–30%Si
alloy. The precipitation duration of the primary Si was
prolonged, which maintained the precipitation process
and made sufficient growth of the plate-like primary Si
along specific crystallographic orientation to obtain
longer primary Si. Second, viscosity is of particular

importance for considering the relationship between con-
vection and solidification of melt. The melt convention
increases and the viscosity of alloy decreases with the
addition of Ga. In literature, the viscosity of Ga is 0.436
mPas [17]. However, for Al–Si hypereutectic alloy, viscos-
ity increases with decrease in temperature. For example,
in Al–16%Si alloy, the viscosity of the melt was in the
range of 0.5–0.65 mPas when the temperature was
between 1,223 and 973 K [18]. After the addition of Ga,
the viscosity of the melt could be decreased to some
extent, which increases the convection of the Al–Si–Ga
melt and promotes the precipitation of the primary Si to
obtain the large size plate-like primary Si.

Figure 7 shows the SEM micrograph of Al–30%Si–5%
Ga alloy, and EDS line analysis demonstrates that it is
divided into three main phases. The microstructure

Figure 7: SEM micrograph of Al–30%Si–5%Ga and EDS line profiles of Al, Ga and Si, respectively.

Figure 6: Plate thickness and length of primary Si as a function of Ga content (a) thickness, (b) length.
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contains primary Si, GaxAl1–x, (α-Alþ Siþ β-Ga) eutectic.
The phases with gray color are primary Si, the dark gray
phases at the boundary of the primary Si are GaxAl1–x
phase, and the light color phases are mixture of Si, α-Al
and β-Ga, which could be identified by EDS shown in
Figure 4b–d. During the solidification process of the Al–
Si–Ga ternary alloy, the primary Si grows from the melt
first, because of the high melting point of Si and low
solubility of Si in Al and Ga. And then the binary
GaxAl1–x forms, followed by the solidification of the tern-
ary eutectic α-Alþ Si þ β-Ga. Compared with the binary
Al–Si alloy, the primary Si in the Al–Si–Ga alloys
becomes shorter and thicker with the increase of Ga
content.

The relationship between Ga content in the Al–Si–Ga
alloy and the recovery rate of Si is plotted in Figure 8. The
alloy samples were dissolved by HCl solution to obtain the
purified Si, which contains the plate-like primary Si grains
and powdery eutectic Si. The Si particles were screened
with a 35 mesh sieve to obtain the primary Si. The total
recovery rate of Si refers to the ratio between the Si mass
(primary Si and eutectic Si) and the alloy mass. As can be
seen from Figure 8, the total recovery rate of Si was kept in
the range of 25–30% with the increase of Ga content. The
experimental result was close to the theoretical total recov-
ery rate of 30%, which was abided by the law of mass
conservation. However, as compared with Al–30%Si, the
recovery rate of the primary Si was decreased first and
then increased with the increase of Ga content in the Al–
30%Si–xGa alloy.When the Ga content was less than 10%
in the Al–30%Si–xGa alloy, the recovery rate of the pri-
mary Si was less than that in the Al–30%Si alloy. Then,
when the Ga content was higher than 10% in the Al–30%

Si–x%Ga alloy, the recovery rate of the primary Si was
larger than that in the Al–30%Si alloy. For Al–30%Si
alloy, the recovery rate of primary Si was 16.90%. When
the Ga content increased to 20% in Al–30%Si–xGa alloy,
the recovery rate of the primary Si was 25.42%. The relative
recovery rate of the primary Si increased to 50.41% than
that in Al–30%Si alloy. These results indicated that Ga
could refine the primary Si grains. With the increase of
Ga content, the average size of the primary Si grains also
became larger, which increased the recovery rate of the
primary Si. At the same time, according to the mass con-
servation, the recovery rate of the eutectic Si was the
subtraction between the total recovery rate of Si and that
of the primary Si. Therefore, the opposite variation trend
on the recovery rate of the eutectic Si was shown in
Figure 8. As can be seen from that, the increase in the
recovery rate of the primary Si is significant with the
increase of Ga. This result indicates that it is beneficial to
improve the recovery rate of the primary Si with Ga
addition.

After acid leaching and sieving, the solvent of Ga, Al
and partial Si are dissolved, leaving the plate-like pri-
mary Si crystals. XRD analysis demonstrates that the
plate-like primary Si is crystalline Si with <111> crystal-
lographic orientation shown in Figure 9, which indicated
that (111) is the preferred growth surface. X. Gu et al.[3]
also reported the <111> crystallographic orientation of the
purified Si from Al-Si melt. This is in agreement with the
current experiment results. It also shows that the addi-
tion of Ga in the Al–Si alloys does not change the pre-
ferred growth surface of the primary Si plates. As for the
removal effect of impurities, much more work need to be
done in future.
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Figure 9: XRD patterns of MG-Si and primary Si after Al–30% Si–5%
Ga alloy solvent refining.
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Conclusions

The addition of Ga to the Al–Si alloy could change the
morphology of the primary Si phase. The plate thickness
of the primary Si plates in Al–Si–Ga alloy increases with
the increase of Ga content. With the increase of Ga con-
tent, the average length of the primary Si crystals became
larger when the Ga content is less than 5% in the Al–30%
Si–xGa alloy, but becomes smaller when the Ga content
exceeds 5%. Al–Si–Ga alloy consisted of three types of
microstructure and the microstructure contains primary
Si, GaxAl1–x, (α-Alþ Siþ β-Ga) eutectic. The (111) surface
is the preferred growth surface of the plate-like primary
Si. When the Ga content increased to 20% in Al–30%Si–
xGa alloy, the relative recovery rate of the primary Si
increased to 50.41% than that in Al–30%Si alloy. The
increase in the primary Si recovery rate is significant
with the increase of Ga, which indicates that it is bene-
ficial to improve the recovery rate of the primary Si.
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