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Abstract: Gas blowing is a valid method to remove the impurities from metallurgical grade silicon (MG-Si) melt. The
thermodynamic behavior of impurities Fe, Al, Ca, Ti, Cu, C, B and P in MG-Si was studied in the process of O, blowing. The
removal efficiencies of impurities in MG-Si were investigated using O, blowing in ladle. It is found that the removal efficiencies are
higher than 90% for Ca and Al and nearly 50% for B and Ti. The morphology of inclusions was analyzed and the phases Al;Ni, NiSi,
and Al;Ni were confirmed in MG-Si by X-ray diffraction. It was found that SiB, exists in Si—B binary system. The chemical
composition of inclusions in MG-Si before and after refining was analyzed by SEM-EDS. It is found that the amount of white
inclusion reduces for the removal of most Al and Ca in the forms of molten slag inclusion and the contents of Fe, Ni and Mn in

inclusion increase for their inertia in silicon melt with O, blowing.
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1 Introduction

Metallurgical grade silicon (MG-Si) is the raw
material of solar grade silicon (SoG-Si) and it is
produced with silica and carbon materials in an ore
furnace. There are usually AlLO;, Fe,O;, CaO, TiO,,
MgO, etc in silica and ash of carbonaceous reducing
agent and the impurities in MG-Si are mainly Fe, Al and
Ca. It was reported that nearly 100%Fe,0;,
50%—55%A1,0; and 30%MgO would be reduced after
smelting [1-3].

Gas blowing is an important step to remove
impurities from MG-Si and obtain SoG-Si. Presently, the
requirement for SoG-Si is about a purity of 99.9999%
and the methods of producing SoG-Si are mainly
Siemens and metallurgical process [4,5]. Compared with
Siemens, the metallurgical process is becoming a popular
method for its low cost, friendly environment, safety and
low energy consumption [6—8]. MG-Si melt is usually

secondarily refined by gas blowing with O,, H, H,O and
CO; etc and some of impurities Fe, Al, Ca, B and P can
be pre-removed to a certain extent [9,10]. FLAMANT et
al [11] made the purification from MG-Si by a solar
process with a flow of Ar and H,O and the contents of B
and P were reduced from 5.7x10° and 9.4x10°° to
2.1x10°% and 3.2x10°%, respectively. In this work, the
thermodynamic behavior of impurities in MG-Si was
investigated and O, was blown into MG-Si melt in ladle
in order to obtain data for scaling up the process. At the
same time, the morphologies of impurities in silicon
before and after refining were researched through
characterization of inclusions by XRD and SEM-EDS,
which is helpful to the impurity removal of MG-Si in
theory.

2 Experimental

The trail of impurities removal from MG-Si melt
was tried out in ladle (800 kg scale) by O, blowing (flow
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rate: 8 L/min) at about 1600 °C for 2 h, which is
described in Fig. 1. The compressed O, was blown into
the melt through the pipe at the bottom of ladle. The
chemical compositions of silicon samples before and
after refining were measured by ICP—AES and the effect
of O, blowing on the impurities removal was studied. At
the same time, the phases in silicon samples before and
after refining were determined with X-ray diffraction
apparatus equipped with a position-sensitive detector
ranging 10 ° to 100 ° for 26.

Molten slag

MG-Si melt

Firebrick
Steelmantle

Gas blowing pipe
Compressed O,

Fig. 1 Schematic diagram of MG-Si refining using O, blowing
in ladle

Boron is one of the most difficult impurities to
remove from silicon. Its content in MG-Si is commonly
(10-50)x10°°, so the morphology is difficult to
determine for its trace amount in MG-Si. The phase
compositions of Si—B binary system were especially
investigated by experiment and it was carried out with
following steps. The metallurgical grade silicon powder
(99%) and boron powder (99.5%) were firstly mixed
with the initial composition in mole ratio of Si to B of
9/1. Then, the mixture was pressed into column and
melted at 1450 °C in a graphite crucible overlaid Al,O;
coat in an intermediate frequency inductive furnace for
10 h and then quenched at 1300 °C. Finally, the silicon—
boron sample was determined by X-ray diffraction. The
experimental process is illustrated in Fig. 2.

3 Results and discussion

3.1 Thermodynamic behavior of impurities in O,
blowing process
Si and other impurities in MG-Si melt will be
oxidized into oxides in an oxygen atmosphere and the
reactions may be expressed as Egs. (1)—(3) (Me=Ca, Al,
Ti, etc).

[Me]Si+02_)(MexOy) (l)

Boron
powder

for 10 h

Silicon +
powder

Mixture of
Siand B

Fig. 2 Schematic diagram of preparing silicon—boron melt

sample
[Si]+0,—>(Si0,) 2)
[Me]si+(S10,)—>(Me,O,)+[Si] 3)

The standard Gibbs free energy changes (AG®)
diagram of oxides for impurities in MG-Si at 1412—1600
°C was obtained and shown in Fig. 3. Though the
impurities in MG-Si couldn’t be regarded as pure
substance in the process of refining, the order of
difficulty for impurities removal might be estimated on
the basis of standard Gibbs free energy changes of oxides.
It can be concluded that Fe, Cu, V, C and P in MG-Si are
difficult to be removed using O, blowing but it is easy
for Ca and Al. It is difficult to forecast the removal of B
and Ti because the standard Gibbs free energy changes of
their oxides are very approximate to Si.
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Fig. 3 Standard Gibbs free energy changes of oxides for
impurities in MG-Si

3.2 Chemical compositions of MG-Si before and after
refining

Table 1 shows the chemical compositions of silicon
samples before and after refining in ladle. After refining,
the contents of impurities Cu, V and C in MG-Si are
basically invariable. Although Fe couldn’t be oxidized in
silicon in thermodynamics, it also decreases slightly
from 1545x107 to 1500x10®, which might be caused by
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the loss of silicon. Owing to being oxidized strongly,
Content of Al and Ca decrease from 1.24% to 880x10°°
and 1.84% to 320x10°, respectively, and their removal
efficiencies are both higher than 90%. P couldn’t be
oxidized into P4O;,, but its content decreases from
184x10°® to 112x10°° for the volatilization of P, [8]. It is
also effective for the removal of B and Ti. Especially,
boron content decreases from 35x107° to 18x10°® and it
is nearly 50% for removal efficiency. It is found that the
experimental results are basically consistent with
thermodynamic analysis.

Table 1 Chemical compositions of silicon sample
Content of impurities in MG-Si/10™®

Element
Before refining After refining
Fe 1545 1500
Al 12400 880
Ca 18400 320
Cu 7.5 7.0
A% 12 10
Ti 18 12
P 184 112
C 1200 1000
B 35 18

3.3 Phases in MG-Si

It was reported that the phase structure of impurities
in MG-Si had been researched [12,13]. It was thought
that the existent morphology of impurities Fe, Al, Ca, Ti,
Mn and P in MG-Si has 3 species: 1) Fe-based inclusion,
which is consistent with intermetallic compound FeSi in
chemical composition, contains 53.3%—56.5%Si and
belongs to brittle ¢ phase; 2) metallic inclusion, which
contains Si, Fe, Ti, Mn, V, P and includes approximately
28%Si, 25%Fe, 30%Ti, 0.5%—0.25%Mn, 1%—3%V and
0.5%—1.5%P; 3) molten slag inclusion, which is
composed of oxides unreduced in silica and ash in
carbonaceous reducing agent. SCHEI et al [14] and
GAFFET [15,16] also studied the forms of impurities in
MG-Si and the results indicated that Al, Ca and Fe could
form the intermetallic compounds FeSi,, CaSi,, AlCaSi,,
AlgFesSi; and AlgCaFe Sig, which will be easily
segregated out at the grain boundary during solidification
process.

The XRD patterns of silicon samples before and
after refining are shown in Fig. 4. It can be seen that Ca
exists in the form of CaSi,, which is consistent with
SCHEI and MARGARIA’s studies. It is also found that
NiSi, and AI;Ni exist in MG-Si, which are not reported
in literatures. Some unknown phases including other
impurities have not still been confirmed owing to their
low contents in MG-Si. The diffraction peak of SiO,
originating from molten slag inclusion in the refining
process is presumably caused by the oxidation of silicon.
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Fig. 4 XRD patterns of MG-Si before (a) and after (b) refining
using O, blowing
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The Si—B binary phase diagram calculated by the
CompuTherm technology (Pandat 7.0) is shown in Fig. 5.
There are 6 phases: Liquid, Diamond Si, SiB;, SiBg,
SiB, and $-B in the Si-B binary system. It can be known
that the boric phases are Liquid and SiBg in the range of
1412—-1600 °C. The XRD pattern of Si—B melt sample
prepared with silicon powder and boron powder shown
in Fig. 6 indicates the existence of phase SiB4 in the
Si—B binary system.
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Fig. 5 B-rich and Si-rich sides of Si—B binary system
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Fig. 6 XRD pattern of Si—B melt sample after quenching
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3.4 Morphology and energy spectrum of inclusion in
MG-Si

The microstructure indicates that the inclusions in
MG-Si might be classified into three species according to
colors: 1) light-colored inclusion which has obvious
boundary exists at the grain boundary of silicon; 2) dark-
colored inclusion which distributes in whole MG-Si is
the micro-particles of molten slag; 3) white inclusion
which has obvious color feature embeds into the
light-colored and dark-colored inclusions. The scanning
electron microscopy (SEM) images of sample before and

after refining are shown in Fig. 7 and it is indicated that
there are a large number of dark, light and white colored
inclusions in MG-Si before refining. However, their
amounts decrease substantially and the impurities take on
light and white colored inclusions after refining while
using O, blowing in ladle.

In order to confirm the chemical compositions of
inclusions in MG-Si, the energy dispersive spectra (EDS)
of different colored inclusions before and after refining
were determined and shown in Fig. 8 and Fig. 9. It can
be seen from Fig. 8 that the chemical compositions in

(b)si Element w/'% x/%
Al 12.27 16.71
Si 41.57 54.39
Ca 335 3.07
Ti 1.17  0.89
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Fig. 8 EDS (a) and element analyses of positions 1 (b), 3 (¢), 2 (d), 5 (¢) and 4 (f) of inclusions in MG-Si before refining
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(b)S‘l
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Fig. 9 EDS (a) and element analyses of positions 1 (b), 3 (c) and 2 (d) of inclusions in MG-Si after refining

white inclusion (position 1) are 41.57%Si, 23.75%Fe,
12.27%A1, 10.6%Ni and a few Ca, Ti, Mn, Ce. The light
inclusion (position 2) is composed of 52.25% Si, 14.98%
V, 14.56% Ti, 6.64% Fe, 521% Mn, 4.22% Al and
2.13% Ca. The white inclusion (position 3) is basically
similar to position 1 in composition. The dark inclusion
which might be intermetallic compounds is made up of
39.91% Si, 34.35% Al and 25.73% Ca. After refining, the
white inclusion (position 1) is less in amount (shown in
Fig. 9) but similar in composition compared with before
refining (positions 1 and 3) and composed of 53.38%Si,
29.85%Fe, 7.8%Mn and a few Ca, Ti, Al, V. The dark
inclusion (position 2) which is probably intermetallic
compounds of Si and Ca is composed of 61.31% Si and
38.69% Ca. By comparison, it is found that the white
inclusion is mainly Fe-based intermetallic compounds,
which contain other impurities Al, Ca, Ni, Mn, etc
besides Si and Fe. After refining using O, blowing, most
of Al and Ca are removed by forms of molten slag
inclusion, so the amount of white inclusion reduces. The
contents of Fe, Ni and Mn in silicon increase for their
more positive standard Gibbs free energy changes
compared with Si, as shown in Fig. 3. It can be
concluded that the light and dark colored inclusions are
transformed into white inclusion after refining owing to
the removal of Al, Ca, etc.

4 Conclusions

1) The impurity removal from MG-Si is analyzed in
thermodynamics and it is obtained by experiments using

O, blowing in ladle. The removal efficiencies are higher
than 90% for Ca and Al and nearly 50% for B and Ti.
But the removal of Fe, Cu, V and C in MG-Si is basically
invalid.

2) The phases NiSi, and Al;Ni exist in MG-Si. In
addition, the phase SiBy is also found to exist in the Si—B
binary system besides SiB;, SiBg, SiB,,.

3) The amount of white inclusion reduces for the
removal of most Al and Ca by forms of molten slag
inclusion and the contents of Fe, Ni and Mn in inclusions
increase using O, blowing in ladle by SEM-EDS
determination.
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