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Si purification by solidification of A1-Si melt with super gravity
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Abstract: The investigation on purification of metallurgical grade silicon by solidification of hypereutectic Al-Si melt with super
gravity as an intensified separation way was carried out. The results indicate that the refined silicon grains are successfully enriched
at the bottom of the Al-Si alloy along the direction of super gravity. Then the refined silicon was collected by aqua regia leaching.
The purity of the collected silicon is analyzed as 99.92%, which is obviously improved compared with the purity of the metallurgical
grade silicon of 99.59%, proving the feasibility of this purification method. Furthermore, the mass fraction of B is reduced from

8.33x10 % t0 5.25%107° and that of P from 33.65x10 °t013.50x107%.
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1 Introduction

The rapid growth in the photovoltaic industry has
caused a shortage of solar grade silicon (SOG-Si) or Si
with the required chemical purity for photovoltaic
applications, resulting in increased prices [1]. A large
source for SOG-Si has been electronic-grade silicon
rejected from the electronic industry. However, because
it is difficult to secure a steady supply of this material, a
low-cost mass production process for SOG-Si is desired.

Several groups have developed promising
metallurgical routes such as directional solidification,
vacuum melting and oxidation treatment for producing
SOG-Si. Directional solidification is an effective way of
removing metallic impurities because the segregation
coefficients of metals between the solid and liquid
silicon are small [2]. Vacuum melting and oxidation
treatment are often employed to remove phosphorus
[3,4] and boron [5—7]. However, the methods above need
very high temperature (>1700 K). So far, a little work
has been conducted in alloying metallurgical grade
silicon (MG-Si) and then utilizing the fractional
crystallization to improve the refining process. Some
attempts have been made with copper, aluminum or tin

as the alloying element [8—11]. For Cu—Si system,
copper has high affinity to a wide range of elements, low
activity coefficient and high diffusion coefficient in
silicon, which could remove most metallic impurities [8].
But alloying Cu—Si requires high temperature above the
Si melting point and it could form complex compound
resulting in the difficulty in separating refined silicon
from the alloy. For Sn—Si system, the segregation
coefficient of boron decreases to 0.038 at 1500 K [10],
which is much less than 0.8 at the melting point of
silicon. Although the contents of both boron and
phosphorus could be reduced to 0.1x10°°, the content of
Si in Sn—Si is less than 10% at low temperature,
therefore, the recovery of purified silicon would be low
for every time alloying treatment. Compared with Cu and
Sn, Al-Si alloy is a more effective system for the
purification of MG-Si because of its low alloy melting
point, high solubility of silicon and single eutectics
without complex compound. However, because of the
similar densities of primary Si and Al-Si melt, the
primary Si grains are distributed in the Al—Si eutectics. It
is difficult to separate them under normal gravity.
Although acid leaching is a promising method to
selectively collect primary Si from the alloy, it would
result in considerable loss of aluminum, as well as
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generation of waste acid. Therefore, it is necessary to
make primary Si separated and enriched from the Al-Si
alloy for the effective acid leaching process.
YOSHIKAWA and MORITA [9,11,12] reported that
solidified Si grains were successfully agglomerated in
the Al-Si alloy by the use of electromagnetic force under
fixed alternating magnetic field. In essence, the reason
for such agglomerating effect is temperature gradient
together with electromagnetic force. Compared with
preceding method, super gravity may control the
distribution of different phases, wherein crystals move
out from the melt during the solidification process
[13—16]. The morphology of crystals would be
influenced by super gravity [17]. Based on the above
characteristics, the separation efficiency of primary
silicon grains could be increased by super gravity to
some extent.

In this work, a new method of super gravity plus
acid leaching was introduced to the Al-Si solidification
refining process for the separation of primary silicon and
purification of metallurgical grade silicon. The
morphologies of Al—Si alloy and refined silicon before
and after super gravity treatment were analyzed.

2 Experimental

2.1 Principle

MG-Si is initially alloyed with aluminum which is
used as solvent metal to trap impurities, and later the
refined silicon is recovered by super gravity. Al-Si alloy
is a typically binary eutectic system. Alloying MG-Si
with Al is a process of redistribution of impurities in
silicon by taking advantage of the thermodynamic
instability of impurity elements in solid silicon at lower
temperature, and the segregation ratios of impurity
elements between solid Si and Al—Si melt are less than
those between solid Si and liquid Si [12]. Therefore, the
mass fractions of impurities in primary Si are less than
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those in MG-Si. In order to obtain primary Si crystal, the
proportion of Al-Si should be selected in the
hypereutectic region. The primary Si crystal would
initially precipitate from liquid alloy when the
temperature of Al—Si melt decreases. However, the
solidified structure of hypereutectic Al-Si alloy is
composed of uniformly distributed needle-like Si crystals
and surrounding Al-Si eutectic, which results in the
difficult separation of primary silicon and ineffective
acid leaching. To intensify the separation, super gravity
is introduced into the Al-Si refining process. The
primary silicon is separated from the Al—Si melt under
super gravity and the refined silicon is obtained after acid
leaching.

2.2 Method

The generated by a
centrifugal apparatus in the experiment. Figure 1 shows
the sketch of this apparatus. The furnace was fixed into
the centrifugal rotor. The dash line represents the furnace
in stationary state. The gravity coefficient is calculated as
the ratio of super-gravitational acceleration to normal-
gravitational acceleration by Eq. (1). The samples were
MG-Si and high purity aluminum, and the compositions
of which are summarized in Table 1.

super-gravity field was

(D

where w is the angular velocity, 1/s; N is the rotating
speed of the centrifugal, r/min; r is the distance from the
centrifugal axis to the sample, m; and g is normal-
gravitational acceleration. At N=0, G is equal to 1.

A total of 9 g MG-Si and 16.7 g high purity Al were
imposed in a dense graphite crucible with inner diameter
of 22 mm and 13 g covering slag. The covering slag
was a mixture of 48% sodium chloride and 52% calcium
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Fig. 1 Schematic diagram of experimental centrifugal apparatus
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Table 1 Chemical compositions for MG-Si and high purity Al
(<107
Sample Fe Al Ca Mg Ti Mn
MG-Si 1694 873.10 616.66 696.57 84.70 40.10
Al 101.81  Bal.

219.20 10553 2.32 -

Sample Ni Cr \% Cu B P
MG-Si 5137 475 6.82 10.11 833 33.65
Al 0.70 3.25 - 47.88 18.83 56.25

chloride (mass fraction), and both of them were of
analytical grade. The temperature of the furnace was
raised to 1473 K and kept for 3 h in an Ar atmosphere,
and then the centrifugal apparatus was started and
adjusted to the specified angular velocity. The apparatus
was kept rotating until the sample was cooled to room
temperature at a certain cooling rate. The sample was cut
into halves along the direction of the super-gravity, and
one of the halves was polished and then investigated on a
metallurgical microscope. The left one was cut into two
parts along perpendicular direction of super-gravity, and
the agglomeration part of primary silicon was dissolved
with aqua regia to obtain the refined silicon. Then the
concentrations of impurities in refined silicon were
examined on an inductively coupled plasma optical
emission spectrometer (ICP-OES).

3 Results and discussion

3.1 Refined silicon distribution

The comparison of the Al-35%Si alloy solidified
structure at a cooling rate of 0.5 K/min with gravity
coefficients of 1 and 403 is shown in Fig. 2. At G=1, the
solidified structure is composed of uniformly distributed
needle-like Si crystals and surrounding Al-Si eutectics
(Fig. 2(a)). At G=403, the growth of needle-like primary
silicon grains is mainly along the direction of super
gravity, the alloy appears obvious stratification. The
upper part of the alloy is mainly Al-Si eutectics, and the
primary Si distributes in the lower part, including a
little Al-Si eutectics. The height of sedimented Si layers
accounts for half of the total height, which indicates that
the separation of primary Si could be realized under
super gravity.

Under normal gravity (G=1), the needle-like
primary Si could not be separated from the alloy because
of narrow density difference between primary Si and
Al-Si melt. However, super gravity as an intensified
separation way could affect the structure and property of
solidified alloy to some extent. Super gravity may
control the distributions of different phases, wherein
crystals move out from the melt during the solidification

Super
gravity
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Fig. 2 Effect of gravity coefficient on solidification structures
of Al-35%Si alloy: (a) G=1; (b) G=403

process [14]. Moreover, some research confirmed that
there was a significant stratification with respect to
density difference [14—17]. For Al-35%Si melt system,
the density difference between primary silicon and Al-Si
melt is narrow, and increasing super gravity coefficient
equivalently improves the gravity acceleration of the
silicon in the melt. Therefore, the separation of primary
Si from Al—Si melt could be realized under the condition
of super gravity.

3.2 Refined silicon microstructure

Figure 3 shows the longitudinal-section micro-
structures of different parts inside the Al-35%Si alloy at
a cooling rate of 0.5 K/min under G=403. As mentioned
above, Al-35%Si alloy has a distinct stratification. The
results show that the upper part is mainly uniform
eutectics of Al-Si alloy accompanying with a little
primary silicon, and the length of primary silicon is less
than 50 pm, as shown in Fig. 3(a). The center part of the
alloy is mainly long coarse needle-like primary silicon
surrounding by the eutectics of Al-Si alloy, and the
average length of needle-like primary silicon is more
than 500 um, as shown in Fig. 3(b). The primary silicon
at the bottom of the alloy is short dendrite-like
silicon shown in Fig. 3(d). At the edge of the sample,
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the average length of needle-like primary silicon is less
than 500 pm, as shown in Fig. 3(d).

During the cooling process, the primary silicon
crystal is gradual precipitation. Because of certain
temperature gradient existed in the Al-Si system, the
primary silicon would preferentially precipitate from the
edge of the sample close to the crucible wall. Based on
the density difference between silicon and Al-Si melt,
the primary silicon would move towards the bottom of
the Al-Si alloy along the direction of super gravity.
Besides, the primary silicon crystals would be influenced

by super gravity companying with the movement process.

With the increasing distance from the centrifugal axis to
the primary silicon crystals, the effect of super gravity on
the primary silicon crystals would be larger. When the
super gravity increases to a certain degree, the long
coarse primary silicon would be interrupted and change

Fig. 3 Longitudinal-section microstructures of
Al-35%Si alloy at cooling rate of 0.5 K/min
and G=403: (a) OM image; (b)—(e) Enlarged
images of zones 4, B, C and D in Fig. 3(a),

respectively

into short dendrite-like particles. Furthermore, the
viscosity is of particular importance for considering the
relationship between the convection and solidification of
the melt. Normally, viscosity increases with decreasing
temperature, which could also directly affect the
movement of primary silicon in the Al=Si melt obviously.
During the cooling process, the dendrite-like silicon is
initially sedimented at the bottom along the direction of
the super gravity. With the increasing viscosity, the
movement of primary silicon is restrained and changed
into long needle-like primary silicon in the lower part of
the alloy, as shown in Fig. 3(b).

3.3 Refined silicon composition

The concentrations of different impurities in the
refined silicon together with removal fractions are
summarized in Table 2, where the removal fraction is
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Table 2 Impurity contents of collected Si and removal fraction
after refining test

Element Content/10™° Removal fraction/%
B 5.25 37.0
P 13.50 63.2
Ca 43.03 93.0
Fe 34.12 98.0

Mg 22.28 96.8
Mn 4.76 88.1
Cr 0.46 90.3
Ni 4.48 91.3
Ti 0.63 99.3
vV _ _

Al 701.60 19.6
Cu 9.11 9.9

defined from the ratio of the impurity content of refined
Si to that of MG-Si. As can be seen, the purity of refined
Si at the lower part increases from 99.59% to 99.92%.
For refined Si at the lower part, the removal fractions of
most metallic impurities, such as Ca, Fe, Mg, Cr, Ni, Ti
and V, are higher than 90%, furthermore, the mass
fraction of B is reduced from 8.33x10 ®to 5.25x10°° and
that of P from 33.65x10°° to 13.50x10°°. During the
solidification of Al-Si melt with super gravity,
needle-like primary silicon is gradually sedimented
towards the bottom of the sample, while the eutectic
Al-Si phase remains in the above part. The results of
refined silicon confirm that the refining of Al-Si alloy
with the use of super gravity would improve the purity of
MG-Si. Although problems concerning the solidification
process to obtain ideal purification remain, the
solidification of silicon from the Al—Si melt is effective
for the purification with super gravity, especially for
most metallic impurities, such as B and P. To achieve
further effective purification of metallurgical silicon,
much more research is needed.

4 Conclusions

1) For the separation and agglomeration of refined
silicon grains solidified from AIl-Si melt during the
solidification refining, the use of super gravity is found
to be effective to obtain agglomerated refined Si grains
in the solidified Al-Si alloy.

2) Laboratory scale refining test of the solidification
refining of silicon with Al-Si melt is demonstrated using
super gravity, and the high purification ability of this
refining is confirmed. For the refined primary Si in the
lower part, the purity increases from 99.59% to 99.92%,
the mass fraction of B reduces from 8.33x10° to
5.25x10 °and that of P from 33.65x10 °t013.50x10°°.
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