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The production of silicon-calcium alloy is energy intensive (> 10,000 kWh/t). This means that energy cost has a
relevant influence in the price of the alloy. The utilization of concentrated solar energy in the synthesis of silicon-
calcium alloy is proposed in this paper. Metallurgical quality silicon and limestone are used as starting materials
(25 wt.%, 50 wt.% and 75 wt.% Si). After a 12 min treatment under power values of around 1 kW and without
using special atmosphere, silicon-calcium was detected in all samples, although mixed with the products of
reaction (CazSi»O7, Ca;0025Sis, SiO2). This last question means that there was not proper separation metal-slag,

and it should be improved in future investigations. However, the basic knowledge presented in this paper could
be of great interest for an industrial process based on the solar energy. This way, the energy costs could be
reduced, the pollutant emissions could be minimized, and the competitiveness of the ferroalloys industry could

be increased.

1. Introduction

Solar energy, when properly concentrated, offers a great potential in
high temperature applications, and therefore its use in the field of
materials has been studied for many years (Fernandez-Gonzalez et al.,
2018a). These applications include metallurgy, materials processing
(welding and cladding; surface treatments; coatings and surface hard-
ening; and, powder metallurgy), and non-metallic materials (ceramics,
fullerenes, carbon nanotubes, and production of lime) (Ferndndez-
Gonzalez et al., 2018a). In the case of the research group that signs this
manuscript, different processes were studied using concentrated solar
energy: in the synthesis of calcium aluminates (Fernandez-Gonzilez
et al., 2018b), in the indirect reduction of mill scale to produce high
quality magnetite (Ruiz-Bustinza et al., 2013), in the direct reduction of
iron oxides (laboratory quality reagents, Mochén et al., 2014;
Fernandez et al., 2015; Ferndndez-Gonzélez et al., 2018c¢; real iron ore
sinter, Fernandez-Gonzélez et al., 2018¢); and in the treatment of BOF
(Basic Oxygen Furnace) slag (Fernandez-Gonzélez et al., 2019).

Silicon-calcium is a strong deoxidizing and desulphurizing element
that is used in the production of high-quality steels (Pero-Sanz, 2004;
Pero-Sanz et al., 2018). The alloy is used in quantities ranging from 0.5
to 3kg/ton of steel, with 1-2kg being the average. The world

* Corresponding author.
E-mail address: fernandezgdaniel@uniovi.es (D. Fernandez-Gonzalez).
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production of this alloy is very limited because only 150,000 tons of
silicon-calcium are produced worldwide. The production of the silicon-
calcium is distributed into few plants, for instance, FerroGlobe (one of
the biggest producers of ferroalloys) produces approximately 30,000
tons of silicon-calcium alloys in Chateau Feuillet (France) and Mendoza
(Argentina). Apart from being a strong deoxidizing and desulphurizing
alloy, silicon-calcium alloys allow controlling the shape, size and dis-
tribution of the oxides and sulfides inclusions (Sancho et al., 2003). In
this way, the fluidity, machinability, ductility and properties of the final
product are improved: reduction in the number of inclusions and im-
provement in their shape, reduction of blowholes during the solidifi-
cation, improvement in the toughness, etc.

Silicon-calcium alloys are usually produced in submerged arc elec-
tric furnaces, which have energy consumptions higher than 10,000 kWh
(Robiette, 1973). Mixtures used in the manufacture of silicon-calcium
alloys usually comprise quartz/quartzite, lime, fine coke, charcoal and
coal. Lime must contain at least 90% CaO because poorly burned lime
increases power consumptions, reduces the efficiency of the furnace,
implies a non-smooth process and shortens the life of the furnace.
Concerning the quality of the different cokes used in ferroalloys in-
dustry, their main characteristics can be found in Rodero et al. (2015).
Three industrial methods have been developed to produce silicon-
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calcium alloys (Robiette, 1973; Tanstad, 2013):

— Method 1: Simultaneous reduction of calcium and silicon oxides with
carbon.

The raw materials used in this method to produce the silicon-cal-
cium alloy are: lime (> 87% CaO), quartzite (95% SiO,) and coke.
Sulphur quantity in the initial materials must be limited because cal-
cium and sulphur would form CaS during the process. The following
chemical reaction describes the process:

CaO(s) + 2Si0,(s) + 5C(s) —» Ca(l) + 2Si(l) + 5CO(g)

The process is governed by the Boudouard mechanism. According to
the program HSC5.1 the process becomes favorable above 1700 °C. The
reduction is facilitated because of the presence/formation of stable
associates close to CaSi,. In this situation, the activity of calcium and
silicon is reduced and the recovery of these elements from the oxides is
increased. SiC and CaC, are formed in the process, and excesses of
carbon in the charge must be avoided to minimize the formation of
these carbides in the furnace bath. On the contrary, shortage of coke in
the charge intensifies the formation of slag from CaO and SiO,. This
leads to losses of raw materials, energy, and problems in the operation
of the furnace. A precise dosage of the materials that form the mixture
is necessary. Extraction efficiency is normally of 67% for the calcium
and of 75% for the silicon (Tanstad, 2013).

— Method 2: Reduction of calcium oxide with silicon.

Ferrosilicon is used as reductant agent in this method. If metallic
silicon was used, this process would become more expensive due to the
price of the metallic silicon (Robiette, 1973). The process can be re-
presented using the following reaction (Tanstad, 2013):

4Ca0(s) + 6Si(s)(infact, FeSi) — 2Ca(l) + 5Si(l) + 2Ca0-SiO,(s)

Silicon has higher affinity for the oxygen than the calcium. This
question is problematic, and reducing the activity of the calcium is
necessary, if the reaction should proceed in the direction of obtaining
silicon-calcium alloy. This means that in the final product high silicon
and low calcium would be available. As a result, the process has interest
in the event of desiring low grades of silicon-calcium (FeSiCa) (< 20%
Ca). The industrial practice used to improve the fluidity and, in this
way, facilitate the separation melt-slag, is adding fluorspar. The re-
covery of calcium is low, 20-30%, because there are vaporizations of
calcium, while the utilization of ferrosilicon rises to 75-85% (Tanstad,
2013). The quality of the FeSiCa obtained using this method is higher
than in the case of the method 1 due to the low sulfur and carbon
contents in the alloy.

— Method 3: Reduction of silicon from quartzite with carbon coming from
CaC2.

In this case, mixtures used to produce the silicon-calcium alloy in-
clude quartzite, calcium carbide and a mixture of coke with charcoal.
The process can be described by the reaction:

25i0,(s) + 2C(s) + CaCy(s) — Ca(l) + 2Si(l) + 4CO(g)

From the operational point of view, this process is the least difficult
of the three because some calcium is already reduced and there is less
CO produced, which tends to reduce the volatilization losses (Robiette,
1973). Other problem of these alloys is their specific gravity because
they tend to float on the slag and slag/metal separation is difficult.

The first and the third methods are difficult smelting operations
because of the high temperatures (around 1700 °C) required before the
process becomes markedly favorable (AG® < 0) (Robiette, 1973).
Under these conditions there are problems of vaporization, which mean
important losses. Thus, the control of the carbon requirements is
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complicated because excesses of carbon imply the appearance of in-
fusible calcium and silicon carbides, while on the contrary, deficiency
of carbon imply fluid calcium silicates resulting in excessive slag losses
(Robiette, 1973).

In the experiments described in this manuscript, the utilization of a
variation of the Method 2 is proposed, from now it is called Method 2.1,
where limestone (CaCOs3) instead of lime (CaO) was used, and me-
tallurgical silicon instead of ferrosilicon was employed. The process
could be summarized using the following reaction:

4CaCO5(s) + 6Si(s) = 2Ca(l) + 5Si(l) + 4CO,(g) + 2Ca0-SiO,(s)

Initially, limestone was calcined into lime at around 900 °C
(Fernandez-Gonzalez et al., 2018b; Sancho et al., 2003; Ballester et al.,
2003), according to the reaction:

CaCO;(s) + heat - CO,(g) + CaO(s)

After that, lime is reduced via silicothermic reduction to form cal-
cium, which with the silicon forms the alloy (silicon-calcium):

4Ca0(s) + 6Si(s)(99%Si) — 2Ca(l) + 5Si(l) + 2Ca0-SiO,(s)

Apart from the alloy, silicates of calcium are formed during the
process. One of the advantages of the solar process is that could provide
a purer alloy because there will not be contamination coming from
electrodes. Apart from that, CO, emissions could be reduced due to
carbon is not used as reductant reagent.

It was previously indicated that Methods 1 and 3 utilize carbon as
reductant reagent, while silicon (or ferrosilicon) is the reductant re-
agent in the Method 2. In the three methods, lime is required to produce
calcium for the silicon-calcium alloy. Lime is produced by calcination of
the limestone and requires 20-70 kWh of energy per ton of CaO. The
calcination of the limestone can be performed in the own process,
which was the method used in the experiments presented in this
manuscript, or in a separated stage. CO, emissions associated to the
calcination of the lime are unavoidable, but the emissions associated to
the energy (electricity or fossil fuels) used to calcine the limestone
might be avoided. The following assumptions were made:

— 0.428 kg CO,/kWh are emitted in EU28 (average);

— 0.05-0.07 €/kWh for industrials;

— 22.5€/ton CO, is the cost of releasing carbon dioxide in the EU
according to the EU Emissions Trading System (with expectative of
increasing).

It is possible to check that 8.5-30 kg CO»/ton of lime might not be
emitted only in the production of lime if the generation of heat to
produce the lime was taken into account, 1-4.9 €/ton of lime might be
saved considering the energy consumption and 0.2-0.7 €/ton lime
might be saved only considering the taxes of emitting CO,. The in-
dustrial production of lime using solar energy was studied by Flamant
et al. (1980), Imhof (1997), Meier et al. (2004) and Meier et al. (2006).
Meier et al. (2004, 2005a, 2006) designed a kiln furnace indirectly
heated using a system of rotary tubes. Absorber tubes were heated by
means of solar energy and they are responsible of heating the load.
Meier et al. (2006) used a 15 kW solar furnace where the experiments
required 1.5-2h to reach stationary conditions and after that the
treatment lasted 30 min. Calcination yield of 98.2% and productivities
of 64.2g/min at temperatures of around 1395K are achieved. Meier
et al. (2005b) studied the potential advantages and disadvantages of
using concentrated solar energy in the production of lime, and they
observed that CO, emissions could be reduced by 20% in a state-of-the-
art lime plant, and up to 40% in a conventional cement plant. Meier
et al. (2005b) calculated the price of the solar lime for a plant of
25 MW, and they observed that the price of the solar lime (128-157 $/
ton) was twice that of the conventional lime (in 2004). Thus, producing
lime using solar energy in a separated stage seems to mean an increase
in the cost of producing the silicon-calcium alloy due to the price of the
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lime. That is the reason of using limestone instead of lime in the ex-
periments presented in this manuscript.

The production of silicon-calcium alloy is much more energy in-
tensive than the production of lime. Within 10,000 and 15,000 kWh are
required per ton of silicon-calcium alloy depending on the process and
operational conditions. For instance, 12,500 kWh per ton of silicon
calcium are required in the Method 3 (Robiette, 1973), although pro-
ducing the calcium carbide would consume approximately 3000 kWh
more. As it was previously indicated, silicon-calcium was obtained in
this paper using a variation of the Method 2 that was called Method 2.1.
Despite this Method 2.1 would only emit the carbon dioxide produced
during the calcination of the limestone, the production of metallurgical
silicon requires significant quantities of energy (close to 12,000 kWh/
ton silicon) and produces significant emissions of carbon dioxide (5.1
tons CO,/ton Si (energy) + 4.68 tons CO,/ton Si (process) (Monses
et al.,, 1998). However, the production of silicon was studied using
concentrated solar energy (see Murray et al., 2006; Loutzenhiser et al.,
2010; Flamant et al., 2006). In this way, CO, emissions could be re-
duced due to the replacement of the conventional fossil fuels used to
heat the industrial furnaces with a clean energy source (solar energy).
Considering only the production of the silicon-calcium alloy using one
of the methods previously described, the energy required to produce 1
ton of the alloy is within 10,000-15,000 kWh. Making calculations
using the assumptions previously indicated, the carbon dioxide emis-
sions associated to the production of silicon-calcium would be in the
range 4.3-6.4 ton CO,/ton silicon-calcium alloy. Regarding the poten-
tial reduction of costs (considering the electricity price and the taxes for
emitting CO5): costs of energy, 500-1050 €/ton of silicon-calcium alloy;
costs of emitting CO,, 97-144 €/ton of silicon-calcium alloy. However,
to evaluate the real advantages of the solar process (regarding costs),
apart from considering the costs of the raw materials, the installation
costs should be considered. Flamant et al. (1999) evaluated the in-
stallation costs within 1.2-1.8k€/kW in the range 50-1000 kW. The
range of power for the solar furnaces of Flamant et al. (1999) is limited
if compare it with that of the industrial furnaces. For instance, the
furnace used in Chateau Feuillet to obtain silicon-calcium alloy has a
power of 21 MW and produces approximately 18,000 tons of the alloy
yearly. Despite the installation costs were not considered because in
this paper was studied whether it was possible or not obtaining silicon-
calcium using concentrated solar energy, the production of the alloy is
energy intensive, and 40-70% of the production costs come from the
electricity required by the process. This way, there is a wide range of
costs that could be reduced (40-70%), although the costs of develop-
ment, installation and transportation for the solar process should vary
in this range to be competitive with the conventional process.

To conclude this section, the utilization of concentrated solar energy
in the production of silicon-calcium is proposed in this manuscript.
Solar energy arises as a suitable candidate because:

— high temperatures are required in the process (> 1700 °C);

— the process is energy intensive (> 10,000 kWh, Robiette, 1973);

— the production quantities are not excessively elevated (approxi-
mately 150,000 tons are produced worldwide, and around 15,000
tons per plant);

— the discontinuous operation is possible because the quantities pro-
duced daily in each plant are not excessively big, for instance,
40-50 t/day are produced in Chateau Feuillet (France). This way,
operating in off-peak hours for electricity (night), when the energy
is usually least expensive, is a common practice in the energy in-
tensive industries if the production process/requirements allow it.

2. Materials and methods
Experiments were carried out in a 1.5kW (maximum power) ver-

tical axis solar furnace (Fig. 1) located in Odeillo (France) and be-
longing to the PROMES-CNRS (Procédés Matériaux et Energie Solaire —
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Fig. 1. Parabolic concentrator and sample located below the focal point (before
the beginning of the process).

Centre National de la Recherche Scientifique). The functioning of the
vertical axis solar furnace can be summarized in that a solar tracking
heliostat reflects the rays towards a 2.0 m in diameter parabolic con-
centrator, which makes converging sun radiation in a focal point of
approximately 12-15 mm in diameter. In this way, incident radiation is
concentrated a maximum of 15,000 times. The average incident ra-
diation during the experiments varied in the range 722-841 W/m?,
with fluctuations in the own experiment that did not overcome + 10%.
The control of the power applied in each experiment was carried out
with a venetian blind (shutter opening, which indicates the percentage
of aperture of the venetian blind, O closed, 100 totally opened). Three
sets of mixtures were prepared varying the proportion of silicon (25 wt.
%, 50 wt.% and 75 wt.%) in the mixture calcium carbonate-silicon to
know in what situation the best results were obtained. In Fig. 2 it is
possible to locate the different compositions after the conversion of
weight percentages into molar percentages, and see what temperatures
would ensure the presence of liquid silicon-calcium. The obtaining of
the silicon-calcium was performed using the method that in the In-
troduction was identified with the name Method 2.1, reduction of
limestone with metallurgical silicon. Using limestone is less favorable
than using lime because the calcium carbonate must be calcined into
lime before being reduced with silicon to obtain the silicon-calcium.
This way, if silicon-calcium is obtained using this method, it will be also
synthesized using lime as starting material. Special atmosphere was not
used during the experiments. Samples were located under a glass hood
connected to a pump that led to a pressure inside of the glass chamber
of 0.85 atm. This way, gases that were released during the experiments
did not end in the parabolic concentrator. Despite the pump was
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Fig. 2. Ca-Si binary diagram (TAPP 2.2 software).
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connected before the experiments, there was not vacuum conditions
during the experiments, and the atmosphere during the experiments
was oxidizing, like the ambient atmosphere. This led to oxidation of the
materials in the surface in contact with the beam, and it is assumed that
this layer could protect the lower layers from the oxidation. It will be
later seen that mass was only gained in three of the samples, concretely
in those where the silicon content was bigger. Oxidation of silicon in the
reaction layer to form silica is reasonable due to the reactions involved
in the silicothermic process to obtain calcium, and this silica with the
lime will form the silicates of the slag. It should be remembered that the
reductant reagent used in the experiments was metallurgical quality
silicon (99 wt.% Si); carbonaceous materials were not used to reduce
the charge.

Calcium carbonate was analyzed using X-ray diffraction and X-ray
fluorescence techniques. X-ray fluorescence was done with wavelength
dispersive X-ray fluorescence spectrometer (Axios PANalytical)
equipped with an Rh-anode x-ray tube with maximum power 4 kW. All
samples were measured in vacuum with 15-50 eV energy resolution.
For quantitative analysis of the spectra, the PANalytical standardless
analysis package Omniam was used. X-ray diffraction measurements of
powdered samples were conducted with Empyrean PANalytical dif-
fractometer using Kal and Ka2 radiation from Cu anode. All mea-
surements were performed with Bragg-Brentano setup at room tem-
perature with the 0.006° step size at 5-90° 26 scanning range and the
145 s of measurement time for each step. Data analysis and the peak
profile fitting procedure were carried out using XPowder12 Ver. 01.02
(Database PDF2 (70-0.94)). Results for the calcium carbonate are col-
lected in Table 1 and Fig. 3. It is not possible to see in Table 1 the
presence of carbon due to the measurement conditions (measurement
conditions of the fluorescence equipment did not detect carbon), but its
presence can be checked in Fig. 3 (calcium carbonate, CaCOs, is iden-
tified in X-ray diffraction analysis). Apart from calcium carbonate
(CaCO3), calcium oxide (II) (CaO) and calcium hydroxide (Ca(OH),)
appear as other phases, although in smaller quantities.

Mixtures were loaded in crucibles of tabular alumina with the fol-
lowing dimensions: 55 mm in height, 30 mm in upper diameter, 25 mm
in lower diameter and 3 mm in thickness of the crucible walls. The
crucible was located below the focal point, which had approximately
15mm in diameter. Temperatures were measured with a series of
thermocouples, two of them located inside of the crucible, while the
third one was located at an average height in the outer part of the
crucible. Cromel-Alumel thermocouples (type K) were used. Maximum
temperature that these thermocouples can register is 1382 °C, thus once
overcame this temperature, they were burnt. Thermocouples were
burnt in all experiments, consequently temperatures were higher than
this temperature during the tests described in this paper. For that
reason, this measurement cannot be used to offer a real knowledge of
the temperature evolution, but it confirms that temperatures were
higher than 1400 °C. It is possible to check in the Ca-Si diagram in Fig. 2

Table 1
Chemical composition of the calcium carbonate.

Compound Mass percent (%)
Na,O 0.047
MgO 0.611
Al,03 0.334
SiO, 0.748
P,0s 0.017
SO3 0.343
K0 0.017
CaO 97.535
MnO 0.165
Fe,03 0.111
SrO 0.049
Y203 0.003
Cl 0.021
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that the maximum temperature of the last solid phase in this diagram is
1414 °C (silicon melting point), above this temperature there is only
liquid. This temperature was clearly reached in the experiments pre-
sented in this manuscript because both the thermocouples located in-
side of the crucible were burnt and liquid/molten phase was available
during the experiments. Heating rate was of hundreds of degrees per
second, while the cooling rate was of hundreds of degrees per minute.
Fig. 4 shows the presence of molten phase in the crucibles during the
experiments. Despite the presence of liquid phase in the crucible, the
treated material was only observed in 12-20 mm in height. There was
unreacted powdered material in the crucible after the treatment.

Experimental conditions are collected in Table 2. All experiments
lasted 12 min with different times at different values of rising powers to
achieve a progressive heating: 2 min with 30 shutter opening (Powerl);
3min with 60 shutter opening (Power2); and 7 min with 85 shutter
opening (Power3). A statistical analysis to see that experiments were
performed under similar conditions was done (it is necessary taking
into account the limited data that lead to high values of standard de-
viation and coefficient of variation, CV): the mean incident radiation
was 755 W/m? (standard deviation: 38.2; CV: 0.05); regarding the va-
lues of power, the mean power 1 was 341 W (standard deviation: 16.2;
CV: 0.05), power 2 was 679 W (standard deviation: 34.3; CV: 0.05) and
power 3 was 970 W (standard deviation: 52; CV: 0.05). From the sta-
tistical results it is possible to deduce that there is not big hetero-
geneity/dispersion in the values of incident radiation and power. It is
reasonable to say that experiments were performed under similar
conditions. Only in the samples CaSil8 and CaSil9 the incident ra-
diation took values slightly far from the mean value, and the power
applied in this experiments was slightly higher than in the other cases.
Once the sample was subjected to the above mentioned cycle of
heating, the sample was removed from the solar beam and was air-
cooled down to the room temperature.

Mass differences were calculated by difference between the weight
of the final sample and the weight of the initial sample. In the case of
the samples with: 25 wt.% Si, the mean mass loss was 2.5% (standard
deviation: 1.2; CV: 0.5); 50 wt.% Si, the mean mass loss was —0.4%
(standard deviation: 3.4; CV: 8.5); and, 75 wt.% Si, the mean mass loss
was —1.5% (standard deviation: 1.6; CV: 1). It is possible to deduce
from this statistical analysis that there is a great heterogeneity in the
values of the mass differences in the three cases presented in Table 2.
Despite the great heterogeneity in the results, it is seen that when the
silicon is increased in the samples, the samples pass from losing mass to
gain mass. This way, when using 25 wt.% Si, the mean mass loss was
2.5%, while when using 75 wt.% Si, the mean mass loss was —1.5%
(mass was gained). The conclusion that can be deduced is that in-
creasing silicon in the sample leads to more silicon available in the
surface in contact with the atmosphere that can be oxidized (to form
silica which neither reduces the lime nor reacts with the calcium to
form the silicon-calcium). On the contrary, in the sample with 25 wt.%
Si, more calcium carbonate is available in the sample, and in the surface
would protect the rest of the sample from the oxidation, but above
900 °C calcium carbonate decomposes into calcium oxide (II) and
carbon dioxide. Carbon dioxide leaves the sample as gas, and mass
losses are produced as a result of the calcination process. The emissions
of CO, (and projections of particles) associated to the calcination of the
calcium carbonate can be observed in Fig. 5.

3. Results and discussion

Powders of the final samples taken from the zone affected by the
solar radiation were analyzed using X-ray diffraction technique. There
is not clear distinction between metal and slag because slag-forming
elements were not added during the experiments (fluorspar).
Conditions of the X-ray diffraction measurements of the powdered
samples were indicated in Section 2. The X-ray diffraction patterns are
showed in Figs. 6-8 (25wt.% Si), Figs. 9-11 (50wt.% Si) and
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Fig. 3. X-ray diffraction pattern for the calcium carbonate (the same calcium carbonate was used in the experiments described in Fernandez-Gonzélez et al. (2018b)).

Fig. 4. Presence of molten phase in the crucibles during the experiments.

Table 2
Experimental conditions used in each test.
Mass Incident P1 (W) P2(W) P3 (W)
difference (%)  radiation (W/
m?)
25% Si  CaSi13 1.1 722 325 650 921
CaSil4 3.6 723 336 651 933
CaSil8 2.7 783 352 705 1010
50% Si CaSill 0.0 743 334 669 947
CaSil2 -4.0 728 328 655 928
CaSil7 2.8 767 345 690 989
75% Si  CaSil5 -1.4 739 333 665 953
CaSil6 0.0 746 336 671 962
CaSi1l9 -3.1 841 378 757 1085

Fig. 5. Emissions released during the experiments.

Figs. 12-14 (75 wt.% Si).

The main remark that can be deduced from the X-ray diffraction
analysis is that calcium was detected in all samples. In this way, calcium
is obtained via silicothermic reduction of the calcium oxide (II). This
question leads to the following conclusions: calcium carbonate was
calcined into calcium oxide (II) due to the heat supplied by the con-
centrated solar energy (calcination of the limestone takes place at
temperatures above 900 °C); and the calcium oxide (II) is reduced with
the silicon to form calcium. The controlling stage of the process is the
calcination of the limestone. If calcium oxide (II) was not available to
react with the silicon, there would not be calcium in the final sample.
Calcium formed due to the silicothermic reduction of the calcium oxide
(II) forms with the silicon the silicon-calcium alloy. Therefore, the
process progresses according to the Method 2.1 presented in the
Introduction section. Ca3Si»O; and Ca;00.5Sie are also identified during
the X-ray diffraction analysis. These two phases would be part of the
slag. However, both phases were identified during the X-ray diffraction
analysis, and this confirms that there is not proper separation metal-
slag. Finally, it is possible to deduce from the X-ray diffraction analyses
that the calcination and the silicothermic reduction did not progress to
the bottom of the crucible because we identified CaCO5;, which in-
dicates that the limestone was not completely calcined. This explains
the existence of powders below the layer of densified and reacted ma-
terial.

A quantitative analysis of the phases identified during the X-ray
diffraction analysis was performed. Quantities were calculated using
the program XPowder12 Ver. 01.02 without considering the presence of
amorphous phases. Results of the quantitative analysis of the crystalline
phases identified during the X-ray diffraction are collected in Table 3.
Before the statistical analysis it is reasonable to confirm that there is a
big dispersion in the results because the sample taken for the X-ray
analysis was randomly taken from the final product, and the powders
might come either from a region enriched in slag or from a region
enriched in silicon or from a region enriched in mixture silicon-calcium.
Apart from that, experiments were only repeated three times each set of
them. SEM-EDX in Fig. 15 (EDX spectra are shown in Fig. 16) shows a
micrograph of a sample where silicon-calcium, calcium silicate and si-
lica are observed in the same region. The situation observed in Fig. 15 is
the same that is observed in the other samples. A statistical analysis was
performed considering only the silicon-calcium mixture for the quan-
titative analysis. In the case of the samples with: 25 wt.% Si, the mean
Si was 36.5% (standard deviation: 16.5; CV: 0.45) and the mean Ca was
63.5% (standard deviation: 22.1; CV: 0.34); 50 wt.% Si, the mean Si
was 47.1% (standard deviation: 38.2; CV: 0.8) and the mean Ca was
52.9% (standard deviation: 38.2; CV: 0.72); and, 75 wt.% Si, the mean
Si was 47.7% (standard deviation: 17.4; CV: 0.37) and the mean Ca was
52.3% (standard deviation: 17.4; CV: 0.33). The statistical analysis in-
dicates that there is a big heterogeneity/dispersion in the results, re-
sulting from a limited number of experiments (the same was observed
in the other statistical analyses). Thus, it is observed from the X-ray
diffraction that silicon-calcium mixtures were detected but it is not
possible to ensure that the analyses are representatives of the entire
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Fig. 6. X-ray diffraction pattern of the sample CaSil13.

sample. Increasing the number of experiments in each group, apart
from achieving a proper separation metal-slag, to have a representative
composition of the silicon-calcium obtained, is necessary. It is deduced
from the statistical analysis that increasing the silicon percentage in the
initial mixture would rise the silicon percentage in the final mixture. At
the same time, increasing the silicon percentage in the initial mixture
led to mass gains resulting from the oxidation of the silicon under the
ambient atmosphere used in the experiments.

The solidification of the melt was analyzed using the Ca-Si phase
diagram of the Fig. 2. Once silicon and calcium in liquid state were
available, if the solidification would have progressed like equilibrium
solidification, different calcium silicides should be found at the end of
the solidification depending on the silicon percentage. However, mix-
tures silicon-calcium were detected at the end of the solidification. This
way, the solidification progressed according to non-equilibrium solidi-
fication. A heterogeneous liquid formed by calcium, silicon (and the
slag) was fast cooled down to the room temperature (air-cooling). Due
to this fast cooling, there is not enough time for the formation of the
equilibrium phases (calcium silicides). Furthermore, the treatment
lasted only 12 min and, heating, calcination, silicothermic reduction of
the lime and homogenization of the liquid must have taken place in this
period of time. For future experiments, the duration of the treatment
should be increased, and the cooling should be performed slower. This
way, the obtaining of the calcium silicides could be attempted. Anyway,
the objective of synthesizing silicon-calcium was satisfied.

The detection of the different phases identified in the X-ray dif-
fraction analyses was done using SEM-EDX. Fig. 15 shows a micrograph
of the sample CaSill. This micrograph is representative of the situation
that was observed in all samples: silicon-calcium mixture (phase of
interest) mixed with the products of reaction, silica, coming either from
the silicothermic process or from the oxidation of the silicon, and cal-
cium silicates, which would form the slag. Table 4 provides the wt. % of
the elements identified in the point analysis (Fig. 16 shows the EDX
spectra). The aluminum detected in the point analysis has its origin in
the impurities of the limestone; carbon in the samples was added before
SEM-EDX analysis with the purpose of making the sample conductive.

Considering the point analysis (Table 4, Fig. 16), we can see the
phases identified during the X-ray diffraction analysis: the point 1

represents the silicon-calcium mixture, in this case Ca-rich mixture; the
point 2 represents the calcium silicates (CasSi»O, and Ca;¢025Sis); and,
the point 3 is the silicon oxide (SiO,), product either of the lime sili-
cothermic process or the silicon oxidation with the ambient air.
High-calcium compounds and metallic calcium have low melting
point, and particularly metallic calcium has low boiling point (1484 °C).
Calcium might be volatilized at the temperatures involved in the con-
centrated solar energy process. This question could also remark the
presence of calcium and justify the presence of bubble holes (see
Fig. 17). The calcination of the calcium carbonate also generates gas,
carbon dioxide, which might also produce bubble holes in the sample.
Resulting from the X-ray diffraction analyses and from the SEM-EDX
it is possible to say that the process progressed as follows. First, calcium
carbonate is calcined at around 900 °C to form lime (calcium oxide (II)
and release carbon dioxide (before the calcination, several reactions of
dehydration took place)). At the same time, silicon in contact with the
atmosphere inside the glass chamber (oxidizing ambient atmosphere)
oxidizes to form silica. Here it is possible to establish two situations:
samples with low silicon (high calcium carbonate), where mass losses
due to the calcination of the limestone were higher than the mass gains
due to the oxidation of the silicon; or samples with high silicon (low
calcium carbonate), where mass losses due to the calcination of the
limestone were smaller than the mass gains due to the oxidation of the
silicon. At this point it is possible to say that the controlling step for the
process is the calcination of the limestone, if lime is not available, the
silicothermic reduction of the calcium oxide cannot take place, and the
silicon-calcium would not be formed. It is evident that lime is available
in all experiments because calcium is identified at the end of the pro-
cess. Once lime is available, silicon reduces the lime to produce calcium
via silicothermic reduction. In this moment, calcium silicates (formed
by reaction between the lime and the silica), silica, limestone (rests of
unreacted material), silicon and calcium would be available, most of
them in liquid state. Due to the oxidizing environment, there were risks
of re-oxidation of the formed products. Apart from that, there was not
proper separation metal-slag and, in this situation might have given
zones with high calcium and low silicon, and vice versa. This way,
different silicon-calcium mixtures (with different proportions of each
constituent) could be obtained and the quantitative analysis of the
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Fig. 7. X-ray diffraction pattern of the sample CaSil4.
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Fig. 10. X-ray diffraction pattern of the sample CaSil2.
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Fig. 11. X-ray diffraction pattern of the sample CaSil7.

phases identified during the X-ray diffraction analyses give different
proportions of calcium and silicon in the mixture. The mixture was fast
cooled down to the room temperature using air cooling. After that, we
obtain the calcium-silicon mixtures detected in the X-ray diffraction
and SEM-EDX analyses. If proper separation metal-slag would have
been achieved, and the mixture had been in liquid state for longer
times, both equilibrium calcium silicides and homogeneous (in per-
centage) silicon-calcium mixtures would have been obtained.

Several questions have arisen during the experiments that should be
solved in future experiments:

— The separation metal slag. This question is fundamental, if there is
not proper separation metal-slag, the process has no interest. In the
industrial practice slag-forming elements are added (fluorspar) to
improve the fluidity of the slag and, in this way, separate adequately
the alloy from the slag.

— The volume of material treated during the experiments. This ques-
tion is related with the power of the furnace used in the experiments
(1.5 kW max., focal point of 12-15mm in diameter) because pow-
erful furnaces will allow increase the focal point dimensions, and
thus the treated volume.
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Fig. 13. X-ray diffraction pattern of the sample CaSil6.
|
32208 ‘k
o A Ca3S$i207
287¢4 .
. m S
22543
. ® Ca
19323 A
. < Si02
1l€102
12882 A
se€l 2 :
€441 ® A : | |
A Ao L S °| a L aa a n
R — = e M AR Al SPi PUURIR NS - N . .
o ' 10" ' 20"' n 30 o .l.4D ---:af)u---504--- l.ED' e .l70 ¥o .:lBO ' Y '
Fig. 14. X-ray diffraction pattern of the sample CaSil19.
Table 3
Quantitative analysis discounting the presence of amorphous phases.
25% Si 50% Si 75% Si
CaSi13 CaSil4 CaSi18 CaSill CaSil2 CaSil7 CaSil5 CaSil6 CaSi19
Si 159 * 0.9 34.0 = 0.8 10.8 * 1.4 7.3 £ 2.2 87.2 = 0.1 28.6 = 0.3 27.3 = 0.4 48.0 = 0.4 21.2 * 0.4
Ca 30.0 + 2.3 23.2 * 25 59.4 + 1.2 58.1 + 1.1 12.8 + 0.4 38.2 + 0.8 387 + 1.2 23.2 + 1.2 40.6 = 1.1
CasSix07 36.4 * 2.1 26.3 * 2.5 7.2 = 3.7 12.1 + 3.3 24.3 + 0.9 127 + 1.3 12.3 + 1.3
Cay00255i6 22,6 = 2.9 13.0 * 3.3
Si0, 86 * 2.8 9.0 = 2.6 95 + 3.4 34.0 + 1.2 16.1 + 1.2 25.9 + 1.2
CaCOs 9.1 % 29 84 = 2.7 89 = 1.0
— The duration of the treatment. Probably the duration of the treat- is oxidized, it will not reduce the calcium oxide (II) and will not
ment (12min) was too short in our experiments, because the fol- form the silicon-calcium oxide.
lowing processes must take place in this time: heating of the initial
mixture, calcination of the limestone, reduction of the lime via si- Despite the problems observed during the experiments described in
licothermic reduction and homogenization the liquid. Furthermore, this manuscript, it was demonstrated that using concentrated solar
the cooling should be slower if equilibrium solidification is aimed. energy it is possible to obtain silicon-calcium. This paper offers pre-
Producing the lime in a separated stage could be more adequate due liminary research about the utilization of solar energy in the synthesis
to the calcination of the limestone is the controlling step in our of this alloy and, consequently, further research should be carried out to
process. solve all the problems identified during the experiments presented in
— The oxidation and risks of re-oxidation. The utilization of a re- this manuscript. Anyway, in contrast with other metallurgical pro-
ductant atmosphere or at least a protective atmosphere should be cesses, silicon-calcium production plants handle quantities of product
required to minimize the oxidation of the initial silicon. If the silicon that do not make necessary operating 24 h every day, and they can take
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Fig. 15. SEM image of the sample CaSill.
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Table 4

Point analysis for the sample CaSill.
Element (wt.%) Point 1 Point 2 Point 3
(0] 2.79 8.56 28.66
Si 13.48 21.51 70.39
Ca 83.73 37.67
C 29.79 28.66
Al 2.47 0.95

advantage of the off-peak hours when the electricity is less expensive
(discontinuous operation is possible). Moreover, the production of not
only silicon-calcium alloy, but also of other ferroalloys, is energy in-
tensive whether it is compared with other metallurgical processes. For
example, the production of steel requires 3000-4000 kWh per ton of
steel, while 10,000-15,000 kWh are required per ton of silicon-calcium
alloy. Additionally, carbon dioxide emissions might be reduced using
the concentrated solar energy as it was indicated in Section 1, apart
from all mentioned in that section about the potential reduction in
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Fig. 16. EDX spectra: y-axis indicates the number of counts and x-axis the energy of the X-rays.
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Fig. 17. Bubbles probably caused by the volatilization of the calcium.

costs. Thus, concentrated solar energy arises as a suitable candidate for
the production of silicon-calcium alloy. In this paper it was demon-
strated that it is possible to use solar energy in the production of silicon-
calcium, although several questions should be further improved to in-
crease the quantity and quality of the synthesized alloy.

4. Conclusions

In this paper the synthesis of silicon-calcium using concentrated
solar energy was proposed. Results show that this process is really
promising, because reductions in costs and environmental improve-
ments might be achieved. Silicon-calcium mixtures were identified in
all experiments using x-ray diffraction and SEM-EDX. Thus, the objec-
tive presented at the beginning of the process was satisfied. Silicon-
calcium mixture was found mixed with calcium silicates (Ca3Si>O, and
Cay00,5Sie) and silica (SiO3). This indicates that there is not a proper
separation metal-slag. This question could be solved using slag-forming
elements, fluxes and other elements that could increase the fluidity of
the slag. Other of the problems observed during the experiments was
the oxidation of silicon added to reduce the lime. This way, reductant or
inert atmosphere should be also used to minimize/avoid the oxidation
of the silicon. Ferrosilicon could be used instead of metallurgical silicon
because this alloy is less expensive than the metallurgical silicon.

This paper offers preliminary research about the utilization of
concentrated solar energy in the production of silicon-calcium.
However, further research must be performed to increase the quantity
and quality of silicon-calcium obtained during the process. Despite the
problems indicated along the manuscript, concentrated solar energy
arises as a suitable candidate in the production of silicon-calcium alloy
because of: the high temperatures required in the process (> 1700 °C);
the production quantities are not excessively elevated, approximately
150,000 tons are produced worldwide; the possibility of operating
discontinuously because the quantities produced daily in each plant are
not excessively big, around 40-50 tons daily; and, the possibility of
operating in off-peak hours for electricity (night), when the energy is
usually least expensive.
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