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Abstract: The effects of melt viscosity on the enrichment and separation of Si crystals from Al-Si melt during an electromagnetic
solidification process were investigated. Both the enrichment efficiency and the separation were found to be strongly dependent on
the melt viscosity. A high melt viscosity was beneficial to the enrichment of primary silicon, whereas a low melt viscosity facilitated
the separation process. A new enrichment mechanism was proposed in order to clarify the influence of melt viscosity, and an
improved process for achieving high-efficiency enrichment of Si crystals via control of the melt viscosity was also proposed.
Additionally, the morphology of Si crystals was found to change from spheroidal to plate-like in shape owing to the difference in

viscosities in different regions.
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1 Introduction

Exploitation of solar energy is attracting increasing
attention as a solution to problems of environmental
pollution and shortage of conventional (fossil) energy
sources. Conventionally, solar cells are dependent on
expensive  semiconductor-grade  silicon  (SEG-Si,
99.9999999% purity), which is manufactured by the
Siemens process. With the aims of producing solar-grade
silicon (SOG-Si, 99.9999% purity), a modified Siemens
process and a fluidized bed reactor process have recently
been developed. However, the potential for cost
reduction in these processes is limited because the Si
productivity is low [1]. A metallurgical route, which
usually includes acid leaching [2], oxidation treatment
[3], vacuum melting [4], slag refining [5], directional
solidification [6,7], and electron beam melting [8], has
been proposed to deal with the metallurgical grade
silicon (MG-Si, 98%—99.9% purity) by removing the
impurities from it for the demand of SOG-Si, and it is
considered as a potential method for achieving cost
reduction.

In recent years, considerable progress has been
made toward reducing cost further by alloying Si with
other elements such as Al [9], Sn [10], Cu [11], and Fe
[12]. This method has the following outstanding
advantages: 1) the refining temperature is much lower
than the melting temperature of Si (i.e., 1687 K), 2) the
solid/liquid segregation of impurities is enhanced at low
temperatures, and 3) the process is environmentally
friendly.

Al-Si alloy refining [13—15] is a highly promising
process for low-cost SOG-Si production and is one of the
few MG-Si purification processes which is realized on
the industrial scale [16]; thus, this alloy system at low
temperature has received extensive research attention.
Generally, Si purification using Al-Si alloy is performed
in three steps: 1) fusing the mixture of MG-Si and metal
Al to obtain a hypereutectic Al-Si melt, 2) cooling the
melt slowly to induce nucleation and growth of primary
Si, and 3) acid leaching to remove Al and other
impurities for collecting Si crystals.
considerable amounts of aluminum and silicon are
wasted during the process of acid leaching. Therefore,
efficient enrichment and separation of Si crystals before
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acid leaching are crucial for achieving cost reduction and
environmental conservation. Electromagnetic separation
is an effective method for promoting the migration of Si
crystals in order to improve their enrichment efficiency
during the solidification of Al-Si alloy [17-21]. Melt
viscosity is a key factor influencing the movement of Si
crystals in Al-Si melt during the electromagnetic
separation process [22]. However, no study has thus far
been focused on the mechanism of influence of melt
viscosity on the enrichment and separation of Si. The
influence of melt viscosity needs to be investigated
thoroughly in order to improve the enrichment efficiency
of Si in Al-Si melt.

In the present work, the influence of melt viscosity
on the enrichment of Si crystals is examined and a new
Si enrichment mechanism is proposed in order to clarify
the influence of melt viscosity. The influence of melt
viscosity on the separation process is also analyzed.

2 Experimental

Hypereutectic Al-Si alloys were prepared by
mixing of metallurgical-grade Si (99.9%) powder and
pure Al (99.99%) powder in a graphite crucible and
subsequently melting the mixture to obtain alloys in an
electrical resistance-heating furnace. Finally, through
adjustment of the mass fractions of Si and Al, Al-25% Si,
Al-35%Si, and Al-45% Si alloys were prepared. The
total mass of each sample was 80 g. The process of
silicon enrichment was performed by placing samples of
the prepared alloys at the center of the coil zone of a 60
kW high-frequency induction furnace and then heating
the samples until they were melted completely. After the
samples had been melted, they were pulled down by a
pulling system. The pulling rate was controlled at 7 um/s,
and the temperature gradient was 35—40 K/cm in the
axial direction of the sample. For specific experiments,
the pulling distance was set to 6 cm, 8 cm, and 10 cm in
the downward direction from the lower end of the
induction coil. During the pulling-down process, the
current intensity was controlled at 12 A. After
completion of the enrichment, separation of the enriched
Si crystals from the Al-Si melt was performed by
removing the graphite crucible from the induction
furnace and then dumping the crucible to pour out the
Al-Si melt rapidly. A schematic diagram of the
experimental setup is shown in Fig. 1.

After solidification, the alloy samples were cut in
the longitudinal direction to examine the enrichment of
primary silicon crystals. The surface of the samples was
ground with SiC paper for metallographic observations.
The macrostructures and microstructures of the solidified
samples were observed with a SONY digital camera and
Olympus PMES3 light optical microscope (LOM) with an

attached KAPPA image analyzer, respectively. The Si
enrichment region was cut out from the sample and then
subjected to atomic absorption spectroscopy (AAS)
measurement for observing the Si content. X-ray
diffraction (XRD, Advance D8) was used to characterize
the preferential growth face of primary silicon in the
enrichment zone. For the XRD characterization, the
enrichment zone in different positions was cut down
from the sample and polished. The XRD pattern from
20° to 120° was used to confirm the preferred growth
orientation with a Cu K, radiation resource. The
viscosity of semisolid Al-Si melt was measured using a
high-temperature viscometer (self-designed by Kunming
University of Science and Technology), which consisted
of an outer cylinder (crucible) and an inner cylinder.
Both cylinders were made of graphite. The shear rate was
controlled at 10 s ' by adjusting the angular rotation
speed of the motor. During the measurement, the samples
were kept inside an argon-recirculating furnace to
maintain the apparatus in an isothermal condition
(£1 °C). The viscosity measurement experiment was
repeated three to five times at a given temperature, and
the mean values were taken as the apparent viscosities of
the melts.
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Fig. 1 Schematic diagram of experimental setup
3 Results and discussion

3.1 Enrichment of primary silicon

Figure 2 shows the cross-sections of the enriched
samples, which reveal that the Si crystals agglomerated
mostly in the lower part of the samples. The separation
phenomenon could be attributed to the combined effect
of electromagnetic stirring and the axial temperature
gradient. Figure 3 shows a simulation diagram of the Si
enrichment mechanism. During the enrichment process,
a mushy zone formed between the melt and the
enrichment zone owing to the axial temperature gradient,
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Fig. 2 Cross-sections of enriched samples: (a) Al1-25%Si; (b) Al-35% Si; (c) Al-45% Si

Induction coil

—— Al-Simelt

“‘ ;
' [} H
: vy
5 et 5 ————» Meltflow
v A Y ol
~-"q e
v 4 ——— Mushy zone

l

Pulling down

[

Enrichment zone

Fig. 3 Simulation diagram of Si enrichment mechanism

which was confirmed in our previous work [22,23]. As
the temperature decreased to the liquidus line, the Si
crystals began to nucleate and grow, and they were then
pushed to the mushy zone owing to the electromagnetic
stirring. The temperature of the mushy zone should be
lower than that of the melt and the viscosity of the mushy
zone should be higher than that of the melt; the Si
crystals can easily adhere to the mushy zone when they
approach it. Gradually, the mushy zone was entrapped by
the solid/liquid interface to become the enrichment zone
and a new mushy zone formed again near the enrichment
zone.

From the enrichment zones depicted in Figs. 2(a)—
(c), it can also be seen that the Si crystal content
increased as the initial Si content increased; this indicates
that a higher Si content could result in more efficient
enrichment of Si crystals. Under the condition of
steady-state diffusion, the growth velocity of Si crystals
is mainly dependent on Si content in the melt; a higher Si
content in the melt should of course raise the growth
driven force and thus promote the Si crystal content.
However, considering that electromagnetic stirring was
performed during solidification, the steady-state
diffusion could be disrupted to some extent. Hence, the

o e e =

impacts of melt stirring and melt viscosity on the Si
crystal distribution should be taken into account. For
example, numerous Si crystals are present outside the
enrichment zone, as seen in Figs. 2(a) and (b), which
indicates that the melt viscosity of the mushy zone may
be a key factor influencing the enrichment of the Si
crystals. If the viscosity of the mushy zone is not high
enough, the Si crystals will also be pulled back to the
melt from the mushy zone by the electromagnetic
stirring.

It is necessary to emphasize that the viscosity of the
mushy zone is related to the temperature, solid volume
fraction, or, perhaps, the magnetic field. Temperature
may be the most important factor for changing the
viscosity of the mushy zone in accordance with the
well-known Arrhenius equation, given in Eq. (1):

— Ea
U—UOCXP(RT) (M
where 7 is the viscosity of the melt, E, is the activation
energy for viscous flow, #, is the pre-exponential
viscosity, T is the temperature, and R is the mole gas
constant. However, the axial temperature gradient of
each sample remains constant during the enrichment
process, which can result in the impact of temperature on
the experimental results being ignored. The magnetic
field may be another factor affecting the viscosity of the
mushy zone, as expressed in Eq. (2) [24]:

n=no+kB’ (@)

where k is a ratio coefficient related to the electrical
conductivity of the melt and the radius of the Si grain
and B is the intensity of the magnetic field. It is worth
emphasizing that the magnetic field induced by the
alternating current is very low (in the range of
(0.01-0.04)T in this experiment). This may still result in
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the impact of the magnetic field on the viscosity of the
mushy zone being ignored. The relation between the
viscosity and the solid volume fraction can be simply
established by adopting Einstein’s original results [25],
as given in Eq. (3).

n=no(1+2.5fs) 3)

where fs denotes the solid volume fraction of the melt. It
has been shown that the viscosity is proportional to the
solid volume fraction.

Figure 4 shows the relationship between the solid
volume fraction and the alloy composition at different
temperatures. The data for calculation were derived from
the Al-Si binary diagram [26]. It is clearly seen that the
solid volume fraction increased with increasing Si
content of the Al-Si alloy at the same temperature.
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Fig. 4 Solid volume fraction dependence of temperature

Figure 5 shows the measurement results of the melt
viscosity. The numerals in parentheses are the solid
volume fractions. The melt viscosity was found to
increase sharply with increasing solid volume fraction.
Through fitting of the discrete data in Fig. 5, we can
obtain values of 7, and E, by transforming Eq. (1) to the
logarithmic Eq. (4).
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Fig. 5 Measurement results of viscosity

An Arrhenius plot, as shown in Fig. 6, can be
obtained from Eq. (4). The calculated data of 7y and E,
are listed in Table 1. It should be noted that E, can be
regarded as the temperature sensitivity of the viscosity.
Obviously, the viscosity of Al-25%Si plays a more
important role in temperature sensitivity than those of
Al-35%Si and Al-45%Si. This implies that the viscosity
is affected mainly by the solid volume fraction when the
solid volume fraction is high. Conversely, when the solid
volume fraction is low, the viscosity is affected mainly
by temperature. These results suggest that the solid
volume fraction is the most important factor governing
the viscosity of the mushy zone in this experiment.
However, SONG et al [27] have also reported values of
E, in the case of an Al-12%Si eutectic alloy, which are
much smaller than those determined in the present work.
This significant difference can possibly be attributed to
the difference in liquid structures between the eutectic
alloy and the hypereutectic alloy.
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Fig. 6 Arrhenius plot of experimental data (scattered points)

and fitting lines

Table 1 Calculated values of 7y and E,

Alloy 7o/(mPa-s) E,/(J-mol™") T/K

Al-12%Si [27] 0.2356 9316.4853 843
Al-25%Si 0.904x1077 141595.734  1000-1050
Al-35% Si 0.448x10* 81186.210  1000-1050
Al-45% Si 0.0109 61806.276  1000-1050

Based on these experimental results, the adhesion
ability of the mushy zone in Al-45%Si must be better
than those in AI-35%Si and Al-25%Si, which will result
in higher Si crystal content. However, other factors
affecting the Si crystal content cannot be ignored. For
example, with the progress of enrichment, the solid
volume fraction of Al—45%Si will decrease to that of
Al-35%Si, which will result in the same Si crystal
content in these alloys. However, in reality, the Si crystal
contents in most regions of Al-45%Si (shown in
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Fig. 2(c)) are higher than those of Al-35%Si (shown in
Fig. 2(b)). The reason for this result is the difference in
the numbers of Si nuclei in these alloys. Obviously, there
are more Si nuclei in Al-45%Si than in Al-35% because
of the higher Si content in the former. After the Si nuclei
are pushed to the mushy zone adjacent to the bottom of
the sample, subsequent crystal growth will occur
continuously. Thus, the Si crystal concentration can also
be dependent on the number of initial Si nuclei.

Figure 7 shows the quantitative Si contents in
regions 4 to C shown in Fig. 2(c). It can be seen that the
contents of Si in regions 4, B, and C are 65%, 55%, and
30%, respectively. Obviously, the enrichment efficiency
of primary silicon decreases from the bottom to the top
of the sample. This implies that the adhesion ability of
the mushy zone varies during the enrichment process. It
is necessary to emphasize here that the solid volume
fraction of the melt must decrease gradually since the Si
crystals are enriched continuously, which, in turn, will
weaken the viscosity of the mushy zone with the
progress of the enrichment. Therefore, control of the melt
viscosity in the mushy zone is important for achieving
high-efficiency enrichment.
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Fig. 7 Si contents in different regions of Al-45%Si sample

Figure 8(a) shows an enhanced process of
enrichment of Si crystals. To maintain a constant solid
volume fraction in the Al—Si melt, metallurgical-grade Si
powder was continuously added to the melt during the
enrichment process. The experimental result is shown in
Fig. 8(b); a highly uniform Si crystal content is found in
most regions of the enrichment zone, as can be observed
at position I in Fig. 8(b). The upper part of the
enrichment zone shows a sharp decline in the Si crystal
content owing to the termination of the feed in the final
stage, as observed at position II in Fig. 8(b).

The above-described analysis proves that higher-
viscosity melt would be beneficial for the adhesion of Si
crystals. However, it needs to be emphasized that high
viscosity will have an adverse effect on the transportation
of Si crystals to the enrichment zone. Therefore, the

intensity of electromagnetic stirring should be a key
factor for overcoming the problem of Si crystal
transportation as well as achieving efficient enrichment
of primary silicon. The relationship between Si crystal
transportation and electromagnetic stirring has been
discussed in our previous work [23].

M

etallurgical Si powder
i\r\_‘—Fccd control valve

Fig. 8 Schematic of enhanced process of enrichment (a) and

cross-section of sample enriched by enhanced process (b)

3.2 Morphology of primary silicon crystals

Figure 9 shows the micro morphologies at positions
I and II in Fig. 8(b). It can be seen that the morphology
of enriched Si crystals changes from spheroidal to
plate-like in shape. It should be noted that several factors
may affect the morphology of Si crystals. Of these, the
dominant influencing factor is the Si content in the Al-Si
melt. Additionally, the melt viscosity is expected to be
another important influencing factor, since the diffusion
of Si atoms in the melt can be strongly dependent on this
factor.

Figure 10 shows the XRD analysis results of the Si-
enriched crystals at positions I and II indicated in
Fig. 8(b). Obviously, the preferential growth face of Si
crystals at position II is (111). Further, the preferential
growth plane of Si crystals at position I is (311). It is
well known that the close-packed plane of Si crystal is
the (111) plane, which can usually form a plate-like
morphology. The transportation of Si atoms has been
considered to be the most dominant parameter for the
formation of plate-like Si crystals [28]. Therefore, the
morphology of Si crystals can be easily affected by the
melt viscosity, since it is an important factor governing
the transportation of Si atoms. On the other hand, the
enrichment zone can also be regarded as a porous
medium, because the irregular shape of Si crystals causes
this zone to become porous. According to Darcy’s
law [29], the movement of fluid in a porous medium has
some relationship with the porosity structure. Thus, to
eliminate the residual melt from the enrichment zone
and improve the enrichment efficiency, it is important to
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Fig. 9 Microstructures at position I (a) and position II (b)
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Fig. 10 XRD pattern analysis of Si-enriched crystals

control the morphology of Si crystals in the enrichment
zone.

3.3 Separation of primary Si from Al-Si melt

Figure 11 shows the schematic diagram of the Si
separation process. After the Si crystals in the lower part
of the sample have been enriched, the Al-Si melt in the
upper part can be poured out to achieve separation of Si.
It should be noted that the Al-Si melt viscosity is the
most important factor governing the pouring process, as
well. A very high melt viscosity may increase the
difficulty of pouring. Therefore, control of the viscosity

of Al-Si melt to appropriate values will result in perfect
separation of Si from the melt.
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Fig. 11 Schematic diagram of Si separation process

Figure 12 shows the results of the separation
experiment. Here, it is necessary to clarify that the
pulling distances in Figs. 12(a)—(c) are 6 cm, 8 cm, and
10 cm, respectively. Further, it should be noted that Si
crystals are gradually enriched to the lower part of the
sample during the pulling-down process. Thus, the
pulling distance is the key factor in deciding whether or
not the enrichment is complete. In Fig. 12(a), it is seen
that the Si crystals have not been completely enriched in
the lower part of the sample, which results in a high Si
content and high viscosity of the upper Al-Si melt.
Therefore, pouring of the upper Al-Si melt from the
sample is difficult owing to the poor mobility of the melt.
In Fig. 12(b), it is seen that most of the upper Al-Si melt
has been poured out from the sample; the poured Al-Si
melt is shown in Fig. 12(d). As shown in Fig. 12(c),
almost all of the upper Al—Si melt has been poured out
from the sample; in this case, the poured AI-Si melt
exhibits excellent mobility, as shown in Fig. 12(e). The
microstructures of the poured alloy in Figs. 12(d) and (e)
are shown in Fig. 13.

(a) (b) (©)

Enriched
primary Si

Poured
Al-Si alloy

Fig. 12 Cross-sections of samples with different pulling
distances: (a) 6 cm; (b) 8 cm; (¢) 10 cm; (d, e) Poured Al-Si
alloy after separation process
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A considerable amount of Si crystals are observed
to remain in the poured alloy when the pulling distance is
8 cm, as shown in Fig. 13(a). On the contrary, the poured
alloy exhibits a eutectic structure when the pulling
distance is 10 cm, as shown in Fig. 13(b). Obviously, the
solid volume fraction in the former case is larger than
that in the latter case, which results in the melt viscosity
in the former case being higher than that in the latter
case. These results simultaneously prove that the
mobility of the melt can be affected by its viscosity,

which is the determining factor for the separation process.

This leads to the conclusion that the melt viscosity not
only plays an important role in the enrichment of Si
crystals but also affects the separation process. These
results are expected to be useful in the development of a
continuous or semi-continuous process for Si separation
from the Al-Si melt, which will further reduce the
manufacturing cost of high-purity Si.

4 Conclusions

1) The melt viscosity plays an important role in the
enrichment of primary silicon in Al-Si melt. A higher
viscosity of the mushy zone is beneficial to the adhesion
of primary silicon crystals which will promote the
efficiency of enrichment.

2) An improved enrichment process has been

proposed to obtain a high-efficiency enrichment of
primary silicon by controlling the melt viscosity
constant.

3) The morphology of Si crystals changed from
spheroidal to plate-like in shape in different regions of
enrichment zone owing to the different viscosities.

4) The separation of enriched Si crystals and Al-Si
melt was found to be dependent on the viscosity of the
melt. A lower viscosity facilitated the separation due to
the better mobility of this melt.
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