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Abstract: This publication presents the chemical compositions of carbon reducers used in the pro-
duction of ferroalloys, with particular emphasis on the content of Al, Ca, Mg, Mn, Cr, Ti, P, or S in
their mineral substances. A certain amount of these elements is transferred to the produced alloys,
creating inclusions and precipitations in the metal structure. Most of them are undesirable and
adversely affect the final effect of the production process. The work includes sample images of the
microstructure of alloys, the chemical compositions of the samples at the test point, and diffragrams.
On the basis of the obtained metallographic data, technological observations are made, especially of
the crushing process and the amount of grain fractions obtained.
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1. Introduction

The quality of raw materials, especially carbon reducers, used in the production of
ferroalloys (based on silicon), has a significant impact on the course of the carbothermic
reduction of silica and on the quality of the finished alloy and its microstructure. The amount
and chemical composition of the mineral substance contained in the reducers introduced with
the charge into the working space of the resistance-arc furnace (coke, hard coal, brown coal,
wood chips, etc.) may worsen or improve the technological indicators of the process. This
applies to the range of unit indicators of electricity and raw material consumption as well
as the daily efficiency of the furnace unit, mainly due to the change in the charge resistance
and the need to provide additional electric energy and coal to reduce ash oxides [1–4]. The
amount and chemical composition of ash also determine the chemical composition of the
finished alloy, especially in terms of the content of undesirable elements, such as phosphorus,
titanium, or aluminum, which largely pass into the ferroalloy and contaminate it [5–8]. In
addition, phosphorus and aluminum form low-melting eutectic phases, the presence of which
leads to the self-decomposition of ingots of silicon alloys [9–11].

2. Materials and Experimental Works

The analysis of the impact of the raw materials used, especially carbon reducers, on
the composition of the obtained products was carried out for 12 ferroalloys. They were
produced on an industrial scale in large quantities. During production, efforts were made
to obtain an appropriate number of samples with an average composition. This paper
presents the results obtained for 2 alloys (A and B) selected from 12 ferroalloys. They differ
in the content of chromium in the alloy. In the technological process, quartzite containing
98.5% SiO2, 0.5–0.7% Al2O3 and trace amounts of TiO2 and CaCO3 was used as a silicon-
supplying raw material. Mixtures of hard coals with the addition of wood chips were
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used as a reducer in the process. During the production of alloy A, Colombia coal, with
the addition of wood chips, was used as a reducing agent. In the production of alloy B,
a mixture of coals was used: 60% Staszic coal and 40% Kazakhstan coal supplemented
with wood chips. Table 1 presents the basic properties of carbon reducers included in
the material and energy balances of the ferroalloy smelting process, where (as received):
Wr—moisture, Ar—ash, Vr—volatile matter, Cfix—hard carbon content, Qi

r—heating value.
The primary task of the reducer is to supply the appropriate amount of carbon (Cfix) to
the process in accordance with the stoichiometry of the silica reduction reaction. Other
properties are also important, such as reactivity to SiO(g), particle size distribution, stability
of chemical composition, and physical properties (resistivity). The data presented in Table 1
shows a large variation in the properties of the tested reducers. This applies in particular to
the carbon content of Cfix and the content of volatile matter.

Table 1. Basic properties of carbon reducers.

Reducer
Wr Ar Vr Cfix Qi

r

wt. % MJ/kg

Staszic coal 4.7 3.3 30.48 61.52 30.718
Colombia coal 12.4 3.5 35.03 49.07 25.636

Kazakhstan coal 11.7 4.2 36.57 47.53 25.013
Wood chips 40.5 0.5 49.32 9.68 10.101

In the obtained metal, inclusions are affected by the components contained in the min-
eral residue of reducers. Table 2 shows the average composition of the mineral substances
of the reducers.

Table 2. The average composition of the mineral substances of the reducers.

Chemical
Composition of Ash

Reducer

Staszic Coal Colombia Coal Kazakhstan Coal Wood Chips

SiO2

wt. %

14.48 46.2 52.1 44.13
Al2O3 12.68 17.99 25.39 4.21
Fe2O3 31.04 8.43 3.63 3.35
CaO 11.32 6.18 3.02 16.88
MgO 7.96 2.21 1.44 3.64
Na2O 2.44 4.27 1.56 1.12
K2O 0.61 0.91 0.6 6.31
SO3 12.08 6.5 1.32 1.66
TiO2 0.31 0.78 1.41 0.37
P2O5 0.62 0.16 2.12 1.99

Mn3O4 0.53 0.07 0.08 2.64

In the production of alloy A, it was necessary to introduce a chromium carrier into
the working space of the furnace (in the traditional process, ores containing chromium are
used). To produce alloy A, high-carbon ferrochrome was used, the chemical composition of
which is shown in Table 3.

Table 3. Chemical composition of high-carbon ferrochrome.

Component Cr Si Fe Mn P Al C S

Contents, wt. % 63.68 0.94 25.16 0.103 0.019 0.019 9.11 0.030
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3. Results

The obtained alloy A was characterized by a minimum content of 60% Si and 20% Cr
and was commercially marked as FeSi60Cr20. Its characteristic feature is a very low carbon
content, which has been achieved at the level of 0.025%. Alloy B is a traditional FeSi65 with
a reduced titanium content, the content of which is three times less than allowed by the ISO
5445 standard [12]. The alloy compositions were obtained thanks to a rigorous selection
of raw materials and a special modification of the production process. One of the ways to
reduce the non-metallic inclusion content of liquid metal is by refining it in a ladle through
technical gas purging. Gas bubbles, moving to the liquid metal surface, facilitate the flow of
non-metallic inclusions. Depending on the type of process, refining gases can be inert gases
or their mixtures with other gases as well as nitrogen, oxygen, air, or oxygen-enriched air.
The microstructures of the tested alloys are shown in Figure 1.
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Figure 1. The microstructure of the samples observed in a scanning microscope using BSE imaging
at 1000× magnification: (A) in the triple eutectic region CrSi2 + Si + Fe3Si7 (numerous cracks and
phases are also visible), (B) in the area of the leboite phase, products of eutectoid transformation are
visible—ζβ + SiE.

For alloy A, an image of the structure is shown at 1000× magnification from the
space between the CrSi2 and Si phases (triple eutectic region). The ζα phase could be
distinguished in the image. The Fe3Si7 phase in its image gives a slightly lighter shade of
gray than the CrSi2 phase, mainly due to the presence of iron in the leboite phase, which in
turn does not occur in CrSi2. For alloy B, the image shows the contrast between the two
basic components of the Fe-Si type alloy, i.e., leboite phase ζ (bright areas) and Si + SiE
silicon crystals (dark areas). In addition, oxide inclusions (black areas) were observed
in the image. Microstructure observations within the microareas located along the ζ/Si
interface showed that the observed leboite phase was a low-temperature ζβ variant with
constant FeSi2 stoichiometry, accompanied by an additional decomposition product of
the high-temperature phase—eutectoid silicon Sie with the size of individual crystallites
reaching several µm—Figure 1B. The triple eutectic microarea at the CrSi2 and Si phase
interface for alloy A is shown in Figure 2A, and the chemical composition at the tested
points is shown in Table 4.

Table 4. Chemical compositions of sample A at the tested points, %at.

Point Al Si Ca Ti Cr Mn Fe Ni Zr

1 – 49.65 – – 49.09 – – – –
2 – 100 – – – – – – –
3 5.86 34.29 5.80 – 1.82 – 11.68 39.92 –
4 2.89 38.58 – 11.14 – – 29.72 7.93 7.85
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Figure 2. The microarea of the samples observed in the scanning microscope: (A) triple eutectic
microarea at the phase separation boundary CrSi2 and Si, (B) microregion of the ζ phase along the
boundaries of the ζ/Si interface (brighter inclusions of foreign phases are visible, as are eutectoid
decomposition products of the high-temperature ζα phase into the ζβ phase and eutectoid silicon Sie).

For alloy B, the microregion of the ζ phase along the ζ/Si interface, as well as the
eutectoid decomposition products of the high-temperature ζα phase to the ζβ phase and
eutectoid silicon Sie are shown in Figure 2B. The chemical composition at the tested points
of alloy B is presented in Table 5. Additionally, Figure 2A,B show the elements Mn, Ti, Ni,
Cr, and Cu, which were introduced with the charge materials. Titanium was introduced
with quartzites and the mineral residues of the reducers, while manganese was introduced
with coal from the Staszic Mine and with wood chips and steel shavings. The steel shavings
also contained trace amounts of nickel, chromium, and copper. The measurements showed
that some of these additives are located in the interdendritic space of the alloy.

Table 5. Chemical compositions of sample B at the tested points, %at.

Point Al Si Ca Ti Cr Mn Fe Ni Zr

1 – 56.53 – – – 43.47 – – –
2 – 56.21 – – – 43.79 – – –
3 – 100 – – – – – – –
4 2.77 47.43 – 10.15 36.43 3.22 – – –
5 3.45 46.69 – – – 42.13 – – 6.98
6 4.81 29.10 5.54 – – 9.08 1.29 40.09 –

The results obtained by XRD analysis show that the microstructure of sample A
consists of the following phases: regular Si phase, hexagonal CrSi2 phase, and tetragonal
ζα-Fe3Si7 phase. The observed structure is partially compatible with the phase equilibrium
system in the Fe-Si-Cr system and the literature [13]. The incompatibility is related to
the observation of the high-temperature phase ζα. It seems that for the crystallization
and cooling of the crystallized alloy in industrial conditions, there are no conditions for
eutectoid decomposition of the Fe3Si7 phase to FeSi2, Si, and CrSi2. No disintegration was
also noted when inspecting the microstructure using a scanning microscope (Figure 1A).
Potential decay products, i.e., a mixture of fine precipitates of FeSi2, Si, and CrSi2, were not
observed. In conclusion, the Fe3Si7 phase is a metastable phase of the alloy represented by
sample A. The test results for sample B indicate that the main structural components present
in the material were Si, ζβ, and ζα. The ζα phase could not be observed when inspecting
the structure using a scanning microscope. The eutectoid decomposition was not complete
in the sample volume, and there were places in its volume where the high-temperature
leboite variety remained in the form of a residual phase. The structure of sample B is
more similar to the equilibrium conditions, which are related to slower crystallization and
cooling of the alloy. In addition, it is indicated that microcracks in the sample are incidental,
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so the eutectoid transformation is not a factor in determining the tendency of the alloy for
self-destruction, which is consistent with the observations in the literature [14].

4. Conclusions

1. The microstructure of sample A, consisting of the phases: regular Si phase, hexagonal
CrSi2 phase, and tetragonal ζα-Fe3Si7 phase, is partially consistent with the phase
equilibrium system in the Fe-Si-Cr system and the literature [13], while the discrepancy
is related to the observation of the high-temperature ζα phase. The Fe3Si7 phase is a
metastable phase of the alloy represented by sample A.

2. The main structural components of sample B present in the material were Si, ζβ, and
ζα. There were places in the sample where the high-temperature variety of leboite
remained in the form of a residual phase. The structure of the sample is closer to the
equilibrium conditions, which is related to the slower crystallization and cooling of
the alloy.

3. Microcracks in sample B are incidental, so the eutectoid transformation is not a factor
determining the tendency of the alloy to self-destruct, which is consistent with the
observations in the literature [14].

4. Elements from mineral additives and iron-bearing materials (scale and steel chips)
are located in the interdendritic space of the tested alloys.
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