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ABSTRACT

Carbothermic reduction of quartz to Si is the overall reaction in Si production. A solid
knowledge about the reaction kinetics at high temperature zones of Si furnace will certainly help us
to optimize the Si production. In this work, agglomerates made of quartz and silicon as well as
quartz and SiC mixtures have been heated in the thermogravimetric furnace at 1550, 1730, and
1820°C in the Ar atmosphere. At temperatures lower than 1550°C, both reactions are slow. At
temperatures 1550-1730°C, the Si+SiO, reacts maximum 1.5 faster than the SiC+SiO,. However,
the SiC+SiO; reaction dominates at around 1800°C. Significant increase of the reaction rate is
observed for the SiC+SiO, with temperatures. The reaction rvate increases for 5 times for the
Si+SiO; from 1550°C to 1730°C, while it reduces again at higher temperatures.
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INTRODUCTION

Metallurgical Si is produced by the reduction of silica in an electronic arc furnace by means
of carbonaceous materials. One of the major intermediate species is the SiO gas. Schei et al. [1]
describes the Si process by dividing the furnace into an inner and outer zone. The inner zone is
described as the area around the electrodes. The outer zone is described as the area close the furnace
top or with a distance to the electrode with lower temperatures. Figure 1 shows the calculated SiO
partial pressure against temperature by dominating reactions, assuming that the total pressure is
equal to 1 bar and it consists only of SiO and CO gases, since the prevailing gas species in the Si

furnace are SiO and CO.
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Figure 1: Equilibrium diagram for the dominating reactions in the furnace,
calculated with data from JANAF thermochemical table
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FERROSILICON PRODUCTION AND OPERATION

In the inner crater zone SiC and molten silica reacts with each other and form SiO, CO, and Si
according to reactions (1) and (2). In the outer zone of the furnace, carbon reacts with ascending
Si0. The capture of SiO gas in the outer zone will determine the Si yield and thus also the energy
consumption of the process.

Kinetics of the reactions (1) and (2) is the main goal in this work. The melting points of Si0O,,
Si and SiC are, respectively, 1723°C, 1414°C, and 2480°C. SiC is in the solid form in the whole
temperature range of interest, whereas SiO, and Si are solid below 1723°C and 1414°C,
respectively. In fact, molten SiO; is a very viscous liquid at temperatures closed to the melting point
at 1723°C. The overall reactions are therefore between two solids, or between a solid and a viscous
liquid that may behave similar to a solid. The reaction rate may be determined by reactions in solid
state (or solid-viscous liquid state) and/or diffusion and the gas flow of SiO and CO away from the
reaction site. If there are temperature gradients in the system, the produced gas may condensate
according to the reversed reactions as well.

25i0,(s,1) + SiC(s) = 3Si0(g) + CO(g) (1)
Si0,(s, 1) + Si(s, 1) = 2Si0(g) (2)

Andersen|[2] had carried out similar work with approximately 400mg hand pressed powder in
a Ta crucible with a graphite holder, heated at a rate of 5, 10, or 15°C/min to 2000°C. As expected,
he concluded that both reactions are temperature dependent:

For reaction (1),

e 1450-1723°C, exponential increase of reaction rate;

e 1723-1770°C, constant or slightly decrease of reaction rate;

e 1770-2000°C, significant increase of reaction rate.

For reaction (2),

e 1450-1723°C, exponential increase of reaction rate;

e 1723-1860°C, reduced reaction rate due to the viscosity of liquid silica;

e 1860-2000°C, increasing reaction rate again as the equilibrium pressure exceeds one bar.

Ciftja [3] carried out the similar work with the si ntered pellets of approximately 390mg
SiC+Si0O; (the mole ratio of 1:1.82) using the same crucible and the holder as Andersen [2]. He
heated the samples at 10°C/min to 1550, 1730, or 1820°C and kept constant at these temperatures
for 1h. He observed the maximum reaction rates of 10 and 13 times faster at 1730 and 1820°C than
that at 1550.

The condensation of SiO on the graphite holder brought a considerable error. The sintering of
the mixed powder introduced an uncertainty as well. Si will be oxidized during the sintering. The
oxidation of SiC in air is very slow at room temperature [4], and SiC will react with oxygen to form
a silica-rich surface layer at temperatures above 700°C. SiC oxidation is controlled by the diffusion
of oxygen molecules/ions through the thin oxide film [5]. The oxidation behaviour of SiC is also
influenced by factors such as moisture, particle size, and metal impurities [5]. However, not much
information is known for the oxidation of SiC with SiO gas.

Apparatus and experimental procedure

In this work, tthermogravimetric (TG) tests were performed in a Setaram SETSYS 2400
TGA/DTA (SETARAM Instrumentation, 7 rue de I'Oratoire 69300 Caluire, France) apparatus at
SINTEF equipped with a type C (W-5%Re/W-26%Re) thermocouple under the crucible and in a
graphite furnace tube (figure 2). Approximately 100mg of briquette was used for each
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measurement. The briquettes were made by mixing SiC+Si0O, (the mole ratio of 1:2) or Si+SiO,
(the mole ratio of 1:1) powder and pressed under 6 bar for 1 min. It was placed into a e5mm Ta
crucible sitting in a @13 mm Ta crucible with a W (tungsten) hanger. This is to protect the W wire
from melting at high temperatures due to the formation of the eutectic Ta,Si[6 ]. With the 20ml/min
Ar (99.9999%) flushing from the top of the tube, the sample was heated to 1550, 1730, or 1820°C
at a constant heating rate 15°C/min, and held at 1550 and 1730°C for 2 hours and at 1820°C for 1
hour, respectively. The samples were then cooled down to the room temperature at a cooling rate
50°C/min. The weight change (TG signal) and the furnace temperature were recorded
automatically. The off gases (CO, Ar, O, and CO,) were analyzed with a Pfeiffer QMG 422
Quadrupole mass spectrometer (MS) (Pfeiffer Vacuum GmbH, Berliner Strasse 43, 35614 Asslar,
Germany.).
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Figure 2: Sketch of the experimental set-up

A blank test at each temperature employing the same experimental parameters but without
sample was carried out and subtracted from the actual run to minimize the effect from the apparatus
and other variables. The data shown in this work is blank test subtracted. Table 1 gives an overview
of the experimental sequences.

The weights of sample and the crucible have been measured before and after the test and are
summarized in table 1 including the actual temperature at the isothermal period after calibration.
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The Si0,+SiC mixture at 1820°C was repeated in exps. 5 and 7 to check the reproducibility. In
previous work it was found that gas transfer out from the crucible could be rate determining, and
hence there was no lid on the crucible in this work.

Table 1: The summary of experiments

Experiments Actual temp. at iso- Small Ta Crucible+ Small Ta Crucible+

period [°C] Sample, in [g] Sample, out [g]
Blank test at 1550°C 1550 1.112 1.112
1 SiO,+SiC,1550,2h 1545 1.215 1.203
2 SiO,+8i,1550,2h 1540 1.205 1.166
Blank test at 1730°C 1715 1.109 1.111
3 SiO,+SiC,1730,2h 1710 1.198 1.112
4 SiO,+8i,1730,2h 1705 1.215 1.140
Blank test at 1820°C 1790 1.067 1.069
5 SiO,+SiC,1820,1h 1785 1.172 1.084
6 SiO,+8i,1820,1h 1780 1.228 1.171
7 SiO,+SiC,1820,1h 1775 1.094 1.007

RESULTS

Figure 3 to figure 6 summarizes the tthermogravimetric analysis (TGA) results for all
experiments. In the blank tests, two Ta crucibles together with the tungstan hanger gain weight of
12.84 mg, 9.53 mg (0.09%), and 6.93 mg (0.09%), at temperatures of 1550, 1730, and 1820°C
respectively.

In figure 4, the SiC+SiO, sample reacts in the rate of approximately 0.11- 0.12 mg/min and
loses 16.4% weight after holding sample at 1550°C for 2h. The Si+SiO, sample starts with a faster
reaction rate of 0.41 mg/min, and ends with 0.27 mg/min. It loses 44.1% weight. Both reactions
initiate from temperature approximately 1300°C. The reaction rate decreases when sample becomes
small.

Figure 5 shows TGA signal obtained at 1730°C. From approximately 1372°C, the SiC+SiO;
sample reacts very quickly to its peak at 1.33 mg/min, then gradually reduces and ends by 0.02
mg/min. This indicates that the sample is almost consumed. It gives 83.9% of weight loss in the end
of the 2 hour isothermal reaction. The Si+SiO, sample reacts more violently with the biggest
reaction rate of 2.02 mg/min, ends up with 0.12 mg/min. 70.1% of weight loss is detected after the 2
hour holding.
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Figure 3: The TGA results for blank tests Figure 4: The TGA results at 1550°C
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Figure 8: The gas signals for Si+SiO, at various temperatures

The thirteenth International Ferroalloys Congress

Efficient technologies in ferroalloy industry

277

June 9-13, 2013
Almaty, Kazakhstan



FERROSILICON PRODUCTION AND OPERATION

However, the weight loss rate of SiC+Si0, sample is faster than that of the Si+Si0O, sample at
1820°C (figure 6). The two SiC+SiO, samples achieve their maximum rates of 4.11 and 4.37
mg/min, and end with 83.3% and 85.5% weight losses after 1h at 1820°C. While the Si+SiO;
Sample losses 49.3% weight. Its maximum rate is 1.94 mg/min.

Figure 7, 8 summarizes the off gas signals. Note that the same increment and ticks are scaled
for each gas. Thus, the curves are with the same magnification. No change for the CO; and O,
species is observed at different temperatures for both samples. Larger CO peaks (and related Ar
dips) are observed with higher temperatures, for example at 1820°C. The oscillated CO signal
represents the CO production from the reaction (1).

DISCUSSION

In the Ar stream, the gas will flow through the voids in solid samples. The flow rate is much
higher than the diffusion rate of species. The chemical reactions may be far away from the
equilibria for both the Si+SiO, and SiC+SiO, mixtures. Thus there is a non-equilibrium situation,
and resulting rate is controlled by the rate of the chemical reactions until the materials are used up.
The porous samples have been observed after the exps. 5 and 7 for SiC+SiO, sample. The residues
stocked with the crucible for the rest of the mixtures.

The reaction rate

The mass change can be modified to express the conversion rate, o, which expresses the extent
of the reaction (equation 3). When the reaction has only gaseous products the reaction rate can be
expressed as the rate of weight change (equation 4).

w-w,

a=—-— 3)

T We-w,

=2 - _ prg )

T oat dt

where W indicates the weight of the sample at time t, W, is the initial weight, and W/ is the sample
weight after completed the reaction. Note that in this case, Wy =0.

The conversion rates for the SiO,+Si0; and SiO,+Si samples have been compared in figure 9
and 10, respectively. The conversion rate increases obviously with the increase of the temperature,
for the SiC+Si0, sample, until it approaches around 0.8. Whereas, a maximum 0.7 conversion rate
is observed for the Si+Si0, sample at 1730°C, and around 0.5 at 1820°C.

The reaction rates for both SiO,+SiC and SiO,+Si samples at different temperatures are
shown in figure 11 and figure 12, respectively. The reaction rates of the SiC+SiO, agglomerate
increases from approximately 0.1 to 1.3 and 4.1 mg/min with the increasing of the temperature from
1550 to 1730 and 1820°C. Approximately 56 min is used for the SiC+SiO, sample at 1820°C until
the conversion rate above 0.8, whereas approximately double time is required (112 min) at 1730°C.
The reaction rate increases from 1550 to 1730°C for the Si+SiO, agglomerate. However, it reduces
again at 1820°C.

The gas signals (in uV) from the mass spectrometry have linear relations with gas contents in
ml/min or in the volume percentage. Thus with the detection of CO peak, an Ar dip is followed in
figure 7 and 8. Only the gases with comparable amount to 20ml/min of Ar gas can be distinguished
by mass spectrometer. For example, CO peak of 0.01ml/min (figure 13) at 1550°C was not able to
be detected in figure 7. However, 0.2 and 0.6ml/min of CO at 1730 and 1820°C were detected. Note
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that the gas productions, in figure 13 for SiC+Si0O; and in figure 14 for Si+Si0,, are calculated from
the weight loss rate. Figure 13 also indicates that SiO producing at the maximum 1.8 ml/min rate
may condense inside the furnace for the experiment at 1820°C. White condensate on the
thermocouple under the crucible is observed.

Effect of the temperature

As discussed above, the reaction in SiC+Si0, mixture accelerates quickly with the increase of
temperatures, whereas the maximum reaction rate for the Si+SiO, mixture appears at 1730°C. The
Si evaporates from the briquette leaving a very low reduction area between silica and silicon, and
hence reducing the reduction rate and conversion rate. This has been confirmed with Si droplet
observed by Vangskasen [7].

Poch and Dietzel [1] observed the same phenomena. The reaction is rather slow for the mixed
powders of Si0,+xSiC (actual number of x was not mentioned) at 1 bar pressure in a stream of CO
and Ar below 1550°C, but the reaction accelerated with rising temperature. Below about 1800°C
the stoichiometry of the reaction is close to the reaction (1).

As calculated in figure 15 both reactions (1) and (2) have thermodynamic potential of
producing SiO gas. The reaction (2) is exothermic in nature. Thus, the reaction rates in principle
cannot be accelerated by temperatures, especially at 1600°C and above. Temperature promotes the
reactions of SiC+SiO, mixture.

Pellets composition: SiO,+SiC and SiO,+Si

At 1550°C and 1730°C, Sit+ SiO; reactions are more active than those of the SiO,+SiC sample
(figure 4, 5). Liquid Si enhances reactions. However, the SiO,+SiC sample becomes more active at
1820°C (figure 6). At temperature higher than 1723°C, both Si and SiO, are melted. The liquid
would trap the gas bubble until it becomes big enough to escape. Andersen [2] observed bubbling in
both samples at temperatures above the melting point of SiO, with a visual recordings, where
samples were heated with the same parameters and high frequency pictures were taken during
heating.

SiO condensation
The content of SiO in the off gas cannot be determined by mass spectrometer, due mainly to

that 1) SiO could not survive at the detection temperature of MS, in our case 180°C and 2) the
condensation occurs according to the following reactions:

Si0 + 2C(s) = SiC(s) + CO(g) (5)
Si0 + SiC(s) = 2Si(s,1) + C0(g) (6)
25i0(g) = Si0,(s,1) + Si() (7)
35i0(g) + CO(g) = Si0,(s,1) + SiC (8)

Brown condensate on the graphite holder was observed in the previous work [2]. In this work,
white condensate on the thermocouple and the tungsten hocks above the crucible is observed.
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Vangskasen [7] had investigated the cavity formation of SiO, and SiC with Si or carbon in

graphite crucibles.
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Figure 14: The calculated gas production for
SiC+Si0,

Si+Si0O,

He concluded that the brown condensation contains mostly Si and SiO, with some SiC, and

the white one may be with more C (or SiC). As suggested by Ringdalen and Tangstad [8], the
brown condensate is formed by the reaction (7) while the white condensate is formed at a lower
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temperature by reaction between SiO and CO gas according to the reaction (8). Owing to the
sweeping Ar gas from the top, most of the SiO gas travels under the crucible and condensates on the
thermocouple [2]. The brown condensate in the previous work [2] is probably due to the reaction
(5). SiC 1is stable below the temperature of 2545°C [6]. The reaction (6) may exist at higher
temperatures, i.e. 1820°C, with more mass loss due to the evaporation of Si. The only source of C in
Si+Si0, sample in this work is from the graphite tube in the furnace. It is a high quality, corrosion
resistant graphite that no foreign object was observed after the experiments. However, the CO peaks
at 1730 and 1820°C in figure 8 indicates that graphite tube reacts with gaseous species in the
measurement.
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Figure 15: The Gibbs energy and Enthalpy change for reactions (1) and (2) calculated by HSC7.1
CONCLUSIONS

The kinetics of reactions (1) and (2) has been investigated in a thermal gravimetric apparatus
under the Ar atmosphere in the temperature range of 1550-1820°C in this work. The non-
equilibrium solid-solid reactions or the solid-viscous liquid reactions have been studied.

For reaction (1), reaction rate is almost constant at 1550, and then increases exponentially to
1730 and 1820°C, until the samples are almost consumed. Temperature accelerates the reaction
substantially.

For reaction (2), reaction rate at 1550°C is constant, and the reaction rates increase in a
similar exponential trend at 1730 and 1820°C. This may due to reasons: the exothermic reaction (2)
and that the Si vapour increases at higher temperatures and leaves briquette, leaving a very low
reduction area between SiO, and Si.

At temperatures lower than 1550°C, both reactions are very slow. At temperatures 1550-
1730°C, the Sit+SiO; reacts maximum 1.5 faster than the SiC+SiO,. However, the SiC+SiO,
reaction dominates at around 1800°C. Significant increase of reaction rate is observed for the
SiC+Si0O; with temperatures. Reaction rate increases for 5 times for the Si+SiO, from 1550°C to
1730°C, while reaction rate reduces again at 1820°C.
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