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[ Abstract] The equilibria of Al and Ca betw een silicon alloy and the SiO> Al,05 CaO ternary slags were investigated us-
ing graphite crucible at 1550 C. With increasing A1,0; and CaO content in the slags, the Al and Ca content increase re-

spectively. The variation of the impurities are also affected by the silica content in slag which provides the oxidant during

the oxidation refining process. The distributions of the impurities Al and Ca in silicon were given in terms of isoconcentra-

tion curves for Al and Ca in the ternary slags of SiO»Al,03-CaO. The present experimental work provided available data

to analyze the action of Al and Ca during oxidation refining process for silicon alloy.
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1 INTRODUCTION

Metallurgical grade silicon (M G-Si) is produced
in arc furnace by reducing the silicon oxide with car
bon. Both the silicon oxide and carbon are not purer
than expected, there are about 1 to 2 percent impuri-
ties such as aluminium, calcium, phosphor and iron
existing in the products!"!. Usually the M G-Si acts as
the starting material for the chemical silicon, solar
grade silicon ( SOG-Si) and semiconductor grade sili-
con (SEG-Si), the impurities are harmful to the use.
Therefore, the methods of purification or prepurifica-
tion have been explored recently. The techniques
mainly include three types. One way is the acid
leaching process'>™ ® in hydrometallurgy, which uses
different acids of HCI, H,SO4, aqua regia etc to deal
with the pulverized silicon. The acid leaching process
is always used in the production of high purity sili-
con, such as SOG-Si or SEG-Si. It is seldom used in
the prepurification of M G-Si because of its treatment
efficiency. The second way is the purification with
chlorine gas, which makes the impurities of Al, Ca

7. Tt is prohibited because of

into gaseous chlorides' >
the pollution aspects.
Oxidation refining process acts as another way to
purify the MG-Si, in which elements with higher
oxygen affinity than silicon are converted to their ox-

79 The oxidant is usual

ides forming a silicate slag
ly provided by oxygen, solid silica or synthetic silicate
slags. It has been found that the calcium and alumini-
um can be decreased through the oxidation refining

process. Many factories have purified the M G-Si by

this method efficiently since it causes less pollution to
the surroundings than any other methods. Though
many researchers' "% "% have reported the thermody-
namic properties of the Srbase alloys, the systematic
equilibrium data between the silicon alloy and the sili-
cate slags are still unclear.

We performed the equilibrium measurements on
the distribution of calcium, aluminium between liquid
silicon and slags in the entire liquid phase.

2 OUTLINE OF OXIDATION
METHOD

REFINING

The oxidation refining process can be carried out
by oxygen or silicate slags. We take the StAFCa O
system into consideration. So the ternary alloy SrAF
Ca will be in equilibrium with the slag system of
Si0ALO3Ca0 during the oxidation refining pro-
cess. By the phase rule, the degree of freedom during
the refining process is two at a given temperature and
pressure. The reactions used to identify the ultimate
equilibrium state are the following,

3 .. 1 2
4 (8i02) + [Al]= 7 (ALOs) + 7 [Si]
3/4 al/z
1 aps) %AL0y (1)
X[AN= Kl YAl a%?oz)
‘2L(Si02)+ [ Ca]l = (CaO) + ‘2L[Si]
1/2
_ 1 %, e (2)

X [Cal—
L ¥ Ca] a(lgizoq)
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The parentheses indicate the slag phase and the
brackets, the silicon phase.

At given temperature, as;, Yfﬂ, YZ‘A are con-
stant!”!. Then from Eqgns. (1) and (2), we know

that the equilibrium impurities of Al and Ca are the

. .. . 1/2 3/4
functions of activity ratios of “(A1203)/‘1(Si02) and

1/2 . . .
aca0)/ asio,) - There must exist a series of points in

. . 1/2 3/4
the slag liquidus where the ratios of a(iﬂz()})/ a(sio,)

/2 : .
and a(ca0)/ asio) are constant respectively, which

represents the same equilibrium concentrations of Al
and Ca in the silicon. Therefore, the equilibrium con-
centrations of impurities can be expressed by the iso-
concentration curves of w (Al) and w (Ca) in the slag
phase diagrams. Schei et al'”! has given such diagram
(Fig. 1) with the activities in Si0O>AL03-CaO slag
calculated by Rein et al'''' and the thermodynamics
properties of the silicon alloy measured by Weiss et
all”, Ottem! " [13]
ity coefficients of the impurities in silicon are ¥3j=

0.38, Yeu= 5.2x 10" * respectively at 1550 C.

I"and Margaria "', in which the activ-

Cat) ;0 26 30 4'0 50 60 70 80 96 AL,
w(ALO) /%
Fig. 1 Compositions of SiO2-Al,03-Ca0

slags in equilibrium with silicon alloy

In our present study, the selection of initial slag
and silicon compositions are based on the iso-concen-
tration curves calculated by Schei et al'”!, which are
expressed by the solid circle points in Fig. 1.

The chemicals used in the present study are list-
ed in Table 1. Master slags were premelted in
graphite crucibles. The quenched slags were crushed
to small grains for use in the following experiments.
The prepared master slags were analyzed to reconfirm
their chemical composition. Pure oxides were always
used to adjust the compositions of the slags. The al-
loys were prepared with the MG-Si, crystal silicon
and pure aluminium pow der.

The experiments were carried out at 1550 C
with the slag/ metal ratio of 1.5~ 2.0.

Table 1 Quality of chemicals used in experiment

Compounds Quality
S10,( pow der) Analytical grade
AL O3( powder) Analytical grade
CaCO3( powder) > 99.0%

MG-Si (lump)
Crystal Si (lump)
Al (powder)
Ar (gas)

Al: 0.1258%, Ca: 0.6216%
> 99.999 9%
> 99.99%
> 99.99%

3 EXPERIMENTAL

The experimental apparatus for the equilibrium
measurements is shown schematically in Fig. 2. The
electric furnace was powered with graphite heater.
The temperature was kept constant within +2 ‘C by
a controller which was activated by a Pt/ Pt-10% Rh
thermocouple 1 located outside of the graphite heater.
The actual temperature of the sample was measured
by another thermocouple-2 placed under the crucible a
few milimeters away.

g .

Fig. 2 Experimental apparatus for
equilibrium measurements

The furnace was evacuated to a certain degree at
beginning and then flushed with argon gas with puri-
ty of 99.994% . The argon gas was purified with Mg
slices (200 C) and drying agent for oxygen and wa-
ter removal before passing through the furnace. The
whole experiment process proceeded under the argon
atmosphere to avoid the oxidation of the graphite ma-
terial.

The crucible (45mm O. D. and height) was
made of high-purity graphite. All of the crucibles are
of four holes type, each hole ( 12mm I. D. and
40 mm height) acts as a separate container.

The crucible, charged with appropriate amounts
of slag and silicon alloy with desired compositions,
was lowered into the reaction zone of the furnace.
The system was then sealed and evacuated two times
with intermediate of Ar gas. The crucible was heated
from room temperature to the desired temperature
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1550 C in about 2h. The necessary time to reach the
slag/ metal equilibrium was 4h, which was deter
mined in preliminary experiments. After equilibra-
tion, the crucible was rapidly lifted to the water
cooled copper tube above the furnace by a Mo wire.

The samples of slag and silicon alloy were sepa-
rated carefully and crushed by carnelian mortar re-
spectively. The atomic emission spectroscopy ICP
method was used to analyze the chemical composi-
tions.

4 RESULTS AND DISCUSSION

The equilibrium data of the experiments are list-

ed in Table 2.

4.1 Relations of compositions between silicon and
slag

With increasing alumina content of the slag, the
aluminium content in the silicon increases as expect-
ed. The data are illustrated in Fig. 3. The experr
mental data of Weiss'® are also added to Fig. 3, in
which the equilibrium concentrations of aluminium
and calcium in silcon were measured along the silica
saturation line in SiOyAl,03-CaO system.

0.8 _
Experimetal data
0.7 Silicon alloy 0 .
0.6 1823K o
o ”

®0.5 —w(Si0;) >50% ,” o
~ O0—w(Si0)<50% o _g0°
<04  O-T. Weiss, etal® .~
20.3

0.2

0.1

0 5 10 15 20 25 30 35 40 45
w(ALOy)/ %

Fig. 3 Relations between Al content in silicon

and Al,03 content in slag at 1550 C

From Eqn. (1), we know that the equilibrium a
luminium content in silicon alloy attaches closely to
the properties of the alloy and the slag. The activity
coefficient of aluminium Yf\il in infinite dilute Srbased

solution can be treated only as the function of temper-
ature!”!. The silicon acts as nearly the pure matter,
so its activity is about the constant of unit.
Consequently, the equilibrium content of alu-
minium in silicon is directly controlled by the activi-
ties of silica and alumina in slag at fixed temperature.
The isoactivity curves of alumina in SiO>AlL,O3
Ca0 at 1550 C was given by Rein et al''Y, Kay et
all " and Ohta et al'"'in Fig. 4. In the liquid phase

of slag, the value of @10, Increases with increasing a-

lumina content in the slag if the silica content is
fixed, which leads to the increase of the Al content in
the silicon alloy.

iso-a AlOY

= {(ALO;)
Ohta [15]

[]

(_)~ Rein & Chipman 1) 02

Kay & Taylor 114

Fig. 4

Isoactivity curves of alumina in slags of

Si0rAl,05-Ca0 at 1550 CH! 141

Another information is expressed from Fig. 4,
where the isoactivity curves of alumina distribute
more compact when the silica content x ( SiO,) >
0. 45(or> 50% ( mass fraction) ). In other words, the
little variation of the alumina content will cause big-
gish change of @aL0,- The aluminium content in equi-

librium with the slag in such region will sure change
successively following the change of slag composi
tions, the solid circle points show such trends in

Fig. 3. While the silica content x ( SiO3) < 0.45 (or

< 50% (mass fraction)), the change of apLp, 1 less

sensitive to the variation of the alumina content in
slags, and the isoactivity curves of alumina disperse.
Simultaneously, the activities of silica decrease since
the silica content is low, which means that the oxida-
tion ability of the slags lowers. So the equilibrium a-
luminium content in the silicon alloy increases and the
equilibrium data scatter. The above analysis is proved
by the experiment data listed in Table 2 and Fig. 3.
The data agree well with those of Weiss'” who exam-
ined the equilibrium aluminium content in silicon alloy
with the silicarich slag.

The same explanation to the equilibrium calcium
content can be also obtained from the activities of the
silicon alloy and the CaO in slag. The relationship be-
tween the calcium content in silicon and the CaO con-
tent in slag is schemed in Fig. 5.

4.2 Distribution of aluminium and calcium in e
quilibrium with slags
Fig. 6 and Fig. 7 show the distributions of the
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Table 2 Results obtained in equilibration of silicon with slags in

graphite crucibles at 155

C (mass fraction, %)

i Slag/ Slags Silicon alloy - Slag/ Slags Silicon alloy
metal Si0, Ca0 ALO; Al Ca " metal Si0, Ca0 ALO; Al Ca
1 1.5 76.80 12.50 10.70 0.0745 0.0184 28 2.0 37.02 29.60 33.38 0.5512 0.1428
2 1.5 55.71 35.77 8.52 0.0676 0.0374 29 2.0 34.91 37.59 25.50 0.6121 0.1324
3 1:5 34.33 25.81 40.86 0.6118 0.0944 30 2.0 34.71 41.84 23.45 0.7693 0.3368
4 1.5 67.79 22.94 9.27 0.0206 0.0362 31 2.0 40.10 43.54 16.45 0.2345 0.2551
5 1.5 81.37 7.65 10.98 0.1795 0.0082 32 2.0 47.98 24.50 27.52 0.1027 0.0644
6 1.5 76.76 15.28 7.96  0.1361 0.0653 33 2.0 40.55 21.32 38.13 0.2849 0.1017
7 1.5 71.36  9.63 19.01 0.1077 0.0307 34 2.0 46.64 36.60 16.76 0.0951 0.0984
8 1.5 52.41 15.36 32.23 0.3246 0.0403 35 2.0 45.46 45.25 9.29 0.1148 0.2126
9 1.5 57.44 12.99 27.72 0.1965 0.0437 36 2.0 81.85 7.49 10.66 0.0732 0.1141
10 1.5 49.87 19.02 31.11 0.4226 0.0376 37 2.0 71.80 12.61 15.59 0.0914 0.0086
11 1:5 49.32 41.03 9.65 0.1029 0.0715 38 2.0 61.94 18.25 19.81 0.2033 0.0220
12 1.5 48.70 30.48 20.82 0.1976 0.0652 39 2.0 48.12 38.58 13.30 0.1631 0.1201
13 1.5 59.96 30.23 9.81 0.0607 0.0514 40 2.0 60.45 18.08 21.47 0.0894 0.0158
14 1.5 47.45 37.39 15.16 0.2068 0.2755 41 2.0 51.74 24.79 23.46 0.2437 0.0229
15 1.5 64.47 15.03 20.50 0.2559 0.0436 42 2.0 63.50 27.16 9.34 0.048 0.0681
16 1:5 60.52 21.35 18.13 0.2012 0.0431 43 2.0 54.71 32.46 7.43 0.060 0.0510
17 1.5 51.15 24.72 24.13 0.1547 0.0228 44 2.0 74.08 16.91 9.01 0.7858 0.0403
18 2.0 54.64 45.06 0.30 0.0122 0.1300 45 2.0 60.10 32.81 7.09 0.2018 0.0105
19 2.0 74.17 25.63 0.20 0.1585 0.2218 46 2.0 59.35 37.22 3.43 0.0918 0.0937
20 2.0 62.79 36.51 0.69 0.0148 0.0689 47 2.0 75.76  17.66 6.58 0.0836 0.0153
21 2.0 65.75 34.02 0.23 0.0139 0.1316 48 2.0 71.37 15.28 13.35 0.0645 0.0217
22 2.0 34.59 27.24 38.17 0.4914 0.4544 49 2.0 68.49 20.27 11.76 0.0563 0.1232
23 2.0 42.66 23.96 33.38 0.4461 0.1397 50 2.0 61.48 22.06 16.56 0.1482 0.0205
24 2.0 31.98 42.31 25.71 0.6035 0.2940 51 2.0 56.14 28.85 15.01 0.2213 0.0922
25 2.0 38.01 35.70 26.29 0.4317 0.3687 52 2.0 67.19 13.74 19.07 0.1622 0.0829
26 2.0 33.33 30.66 36.01 0.6654 0.2612 53 2.0 64.87 24.04 11.09 0.0637 0.0616
27 2.0 38.50 25.54 35.96  0.4586 0.1866
Experiment No. 18 to 21 are the data in equilibrium with the SiOy CaO binary slags
0.5 Si0,
E.x.perimental data Silicon metal Iso-Al
Silicon alloy 10
0.4F 1823K . 1550 Chostobalie X¥ L) Expetimental
! Tuset, et[#l
® 0,31 W—w(Si0,)>50% / —
= O—w(Si0,) <50% o, 8
g O—T. Weiss, et al!® .
3 0.2} a .~
0.1}
(o] 2 N
0 10 20 30 40 50

w(CaQ)/ %

Fig. 5 Relations of Ca content in silicon
and CaO content in slag at 1550 C

aluminium and calcium in equilibrium with the slag
system of Si0Al,O3xCaO at 1550 C.

The distributions are given in terms of iso-con~
centration curves for Al and Ca in silicon. T he isocon-
centration curves calculated by Schei et all”! are also
listed in Fig.6 and Fig. 7. It is clearly that the

GO 10 20 30 40 50 60 70 8 90 AL
w(AL0;)/ %
Fig. 6 Comparison of iso-Al concentration curves
between experiment and calculation!”
change direction of the curves agrees very well be
tween the present work and the calculated. Since we
can not measure all of the compositions in silicon and
slag, the present work may provide valuable data to
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Fig. 7 Comparison of iso-Ca concentration curves
[7]

betw een experiment and calculation
analyze the action of aluminium and calcium during
the oxidation refining process.

S CONCLUSIONS

The equilibria of Al and Ca between silicon alloys
and Si0,-Ca0-AL O3 ternary slags were investigated
using graphite crucible at 1550 ‘C. The distributions
of aluminium and calcium between silicon alloy and
ternary slags were obtained. With increasing Al,O3
and CaO content in the slag, the Al and Ca content
increase respectively. The variation of the impurities
is also affected by the silica content in slag which pro-
vides the oxidant during the oxidation refining pro-
cess.

The distributions are given in terms of isocon-
centration curves for Al and Ca in silicon. The pre-
sent experimental work provides available data to ana-
lyze the action of Al and Ca during oxidation refining
process for silicon alloy.
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