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Abstract

Investigation results for segregation in terms of chemical compositions of various ordinary and refined ultra-
low carbon FeSi75 ferrosilicon fractions have been presented. The subject of investigations was ferrosilicon
obtained under industrial conditions after mechanical shredding and separation on 10-60 mm, 3-10 mm and
0-3 mm sieves. In addition, specimens of the individual ferrosilicon fractions were sieved on sets of laboratory
sieves and fractions with limited granulometric compositions were separated. The investigations have
confirmed a high level of elemental segregation in individual fractions, which is related to ingot solidification,
a high-temperature range between liquidus and solidus of silicon-based alloys, movement of the solidification
front towards zones with decreasing melting points and self-decomposition of silicon-based alloys. The most
distinctive differences in chemical compositions between ordinary and refined ferrosilicons refer to light
elements with a high affinity for oxygen: Al, Ca, which is associated with their oxidation during ferrosilicon
transfer from the tapping ladle into the refining ladle. It has been confirmed that the mechanism of carbon
removal during ferrosilicon refining occurs through floatation of SiC carbide inclusions in liquid metal bath
mediated by CaO, Al20O3 oxides.
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1. INTRODUCTION

Ferrosilicons FeSi75 and FeSi65 are widely used in the steel industry for steel deoxidation and as alloy
additives. As a result of small carbon amounts in new generation steels, there is a higher demand for special
types of low carbon ferrosilicon. This requires liquid ferrosilicon processing in a refining ladle with the aim of
carbon content reduction from 0.07-0.12 % to below 0.02 %. Depending on the temperature, under equilibrium
conditions of the binary system Fe-Si, a few iron-silicon compounds, such as FeSi, FeSiz, FesSi7, FesSis, Fe2Si
and iron matrix-based solid solutions that precipitate during the solidification process, can be found [1,2].
Moreover, industrial-type ferrosilicons contain small amounts of other elements, such as Al, Ca, Mg, Mn, Cr,
Ti, P or S, which are usually considered impurities. Their fractions in the chemical composition depend on the
quality of raw materials and physicochemical processes that occur during electrothermal reduction of silica
with carbon in a submerged arc furnace [3]. For most chemical elements, the solubility limit in solid silicon and
ferrosilicon is small and dissolved elements precipitate as inclusions or from intermetallic compounds during
solidification. Equilibrium calculations show that almost all carbon contained in FeSi75 appears in the form of
solid carbide SiC inclusions. Carbon solubility in liquid ferrosilicon, in equilibrium with SiC(s), depends on
temperature and decreases at lower temperatures [4-6]. This results in precipitation of secondary SiC(s)
inclusions in the liquid alloy. In addition to silicon carbide, ferrosilicon may contain other carbides of trace
elements: TiC, CaCz, AlsCs, AlsSiCs, MgC2, Mg2Cs. Carbon solubility in silicon is limited but some amounts
may dissolve in other phases that are iron-matrix solutions.
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2, SEGREGATION IN TERMS OF CHEMICAL COMPOSITIONS OF VARIOUS FERROSILICON
FRACTIONS OBTAINED IN THE PROCESS OF MECHANICAL SHREDDING AND SIEVE
CLASSIFICATION

Segregation in terms of chemical compositions of ordinary and refined ultra-low carbon (below 0.02 %) FeSi75
ferrosilicons was investigated. Liquid ferrosilicon was transferred from a 20 MVA furnace into moulding boxes
to produce flat, approx. 70-100 mm thick ingots. After cooling, the ingots were next mechanically shredded
and separated on sieves into three fractions: 10-60 mm, 3-10 mm and 0-3 mm. In industry, other technologies
of FeSi alloy granulation [7-9] are also frequently applied. In the discussed process, ordinary ferrosilicon was
transferred immediately after metal tapping from the furnace. Refined ferrosilicon was transferred from the
bottom pour refining ladle following the refining process. The refining process was performed in approximately
8 tladle. Due to a large capacity of the ladle, refining-intended metal came from two different 20 MVA furnaces
with properly synchronized tapping processes. During the refining process, metal was allowed to stand for
about 15-20 minutes, which resulted in the upward movement of SiC carbide inclusions together with Al203
and CaO oxides and formation of a slag layer on the liquid metal surface. Slag-forming oxides are products of
Al and Ca oxidation with atmospheric oxygen that occurs when metal is transferred from tapping ladles into
the refining ladle. Specimens of individual 10-60 mm, 3-10 mm and 0-3 mm ferrosilicon fractions were sieved
on sets of laboratory sieves and fractions with limited granulometric compositions were separated. For
measurements of carbon content in the investigated specimens, the LECO CS844 analyzer was used, while
contents of the other elements were determined by means of the Perform’X-104 XRF spectrometer (Thermo
Fisher ARL). Results of chemical composition investigations for individual fractions of ordinary and refined
ferrosilicons are presented in Table 1. Figures 1-4 are graphic representations of silicon, carbon, aluminum
and calcium segregation in the investigated specimens. The data presented show that the highest level of
segregation is observed in the smallest grain size fraction below 3 mm. Elemental segregation is associated
with ferrosilicon solidification, a high-temperature range between liquidus and solidus, differences in the rate
and direction of ingot cooling, movement of the solidification front towards zones with decreasing melting points
and gravity segregation [6]. Silicon content in liquid decreases with the movement of solidification front and
segregation occurs as a result of floatation of SiC inclusions caused by light elements Al, Ca, Mg. Carbide
inclusions and other elements float in solidifying liquid and move with the solidification front towards zones
with decreasing melting points. Elemental segregation increases with decreasing cooling rate. Low silicon
content favors a eutectoid reaction which, consistently with the phase equilibrium conditions in the Fe-Si
system, occurs when the silicon fraction is ~54.0%wt. at the temperature below 937°C [6,10]:

FesSiz—3FeSiz2 + Si (1)

The eutectoid reaction (1) proceeds very slowly but with a volume change and it is believed to influence
mechanical strength and self-decomposition of silicon-based alloys. The process of FeSi75 ferrosilicon transfer
into ingot molds and the molding box is illustrated in Figure 5 below. Following metal solidification in the ingot,
there are conditions for the reaction (1) due to silicon segregation, leading to the poorer mechanical strength
of the alloy. As a result, after ferrosilicon shredding and sieve classification, carbide inclusions and trace
elements Al, Ca, Mg predominantly accumulate in the 0-3 mm fine-grained fraction. The most distinctive
differences between chemical compositions of ordinary and refined ferrosilicons refer to light elements with
a high affinity for oxygen: Al, Ca (Figures 3 and 4), which is related to the mechanism of carbide inclusion
removal in the process of ferrosilicon refining. A small density difference between liquid FeSi75 ferrosilicon
and SiC carbide practically prevents movement of solid carbide particles upward to the metal bath surface due
to the buoyancy force [5]. SiC carbide removal from the metal bath during ferrosilicon refining is mediated by
slag-forming oxide inclusions: SiO2, Al2O3, CaO, MgO. These oxides form as a result of the contact of liquid
metal with atmospheric oxygen during furnace tapping and transfer from the tapping ladle into the refining
ladle. The slags moisten SiC inclusions and ensure their floatation in liquid ferrosilicon, which helps them
move upward to the surface in the refining ladle [5].
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Table 1 Chemical composition changes for individual fractions of ordinary and refined FeSi75 ferrosilicon
following the process of mechanical shredding and sieving

Grain Fractio Chemical composition (wt. %)

'E?‘:'r?,‘; (m"m) Al | ca Ni Ti c | cu | cr | Fe| Mn | P Si
>60 | 1.51 | 0.270 | 0.038 | 0.123 | 0.053 | 0.110 | 0.018 | 24.4 | 0.196 | 0.023 | 73.2
ordinary | 40-60 | 144 | 0256 | 0.036 | 0.116 | 0.067 | 0.107 | 0.021 | 235 | 0.181 | 0.024 | 742
10-60 20-40 | 1.42 | 0.263 | 0.036 | 0.121 | 0.061 | 0.109 | 0.028 | 23.8 | 0.186 | 0.023 | 73.9
10-20 | 1.47 | 0.282 | 0.036 | 0.116 | 0.113 | 0.110 | 0.019 | 23.1 | 0.182 | 0.023 | 745

<10 | 1.55 | 0.346 | 0.035 | 0.123 | 0.138 | 0.109 | 0.015 | 23.3 | 0.188 | 0.024 | 74.1

ordinary 5-10 | 1.57 | 0.332 | 0.035 | 0.119 | 0.137 | 0.113 | 0.015 | 23.3 | 0.185 | 0.024 | 74.1
3-10 3-5 | 151 [ 0295 | 0.036 |0.120 | 0.123 | 0.116 | 0.013 | 23.4 | 0.184 | 0.024 | 74.1
<3 1.69 | 0.295 | 0.042 | 0.165 | 0.099 | 0.145 | 0.016 | 26.2 | 0.225 | 0.024 | 71.0
>3 159 | 0.330 | 0.036 | 0.119 | 0.152 | 0.114 | 0.013 | 23.2 | 0.183 | 0.024 | 74.2
°rgif‘§ry 1-3 | 164 | 0302 | 0.037 | 0.131 | 0.125 | 0.118 | 0.016 | 23.9 | 0.191 | 0.024 | 735
<1 179 | 0.338 | 0.037 | 0.140 | 0.112 | 0.120 | 0.015 | 25.3 | 0.204 | 0.024 | 71.8
40-60 | 0.82 | 0.109 | 0.036 | 0.107 | 0.008 | 0.128 | 0.012 | 24.1 | 0.192 | 0.028 | 74.3
refined | 20-40 | 0.79 | 0.087 | 0.038 | 0.104 | 0.011 | 0.132 | 0.015 | 24.6 | 0.198 | 0.028 | 74.0
10-20 | 0.74 | 0.101 | 0.038 | 0.109 | 0.011 | 0.132 | 0.013 | 24.9 | 0.200 | 0.028 | 73.6
5-10 | 0.84 | 0.117 | 0.038 | 0.106 | 0.008 | 0.131 | 0.017 | 24.2 | 0.195 | 0.028 | 74.2
rgff”fg’ 3-5 | 0.86 | 0.097 | 0.038 |0.109 | 0.008 | 0.129 | 0.012 | 24.6 | 0.198 | 0.028 | 73.9
<3 | 0.81 0077 | 0.034 |0.101 | 0.012 | 0.125 | 0.013 | 23.8 | 0.189 | 0.026 | 72.3
>3 | 093 | 0.101 | 0.034 | 0.100 | 0.013 | 0.116 | 0.024 | 24.1 | 0.186 | 0.026 | 74.3
r%ﬁf‘gd 1-3 | 1.05 | 0.113 | 0.037 | 0.111 | 0.021 | 0.129 | 0.027 | 24.6 | 0.199 | 0.026 | 73.6
<1 1.26 | 0.147 | 0.038 | 0.122 | 0.045 | 0.131 | 0.019 | 25.5 | 0.211 | 0.025 | 72.4
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Figure 1 Silicon segregation in individual fractions of ordinary and refined FeSi75 ferrosilicons
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Figure 2 Carbon segregation in individual fractions of refined FeSi75 ferrosilicons

Figure 3 Aluminum segregation in individual fractions of ordinary and refined FeSi75 ferrosilicons
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Figure 4 Calcium segregation in individual fractions of ordinary and refined FeSi75 ferrosilicons
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Figure 5 The process of FeSi75 ferrosilicon transfer into ingot moulds and the casting box

3. CONCLUSIONS

1) Following the process of mechanical shredding and classification, the highest level of elemental
segregation in FeSi75 ferrosilicon is observed in fine-grained (below 3 mm granulation) fractions. These
fractions contain lower quantities of silicon and accumulate impurities i.e. SiC carbide inclusions and
trace elements: Al, Ca, Mg. Similar findings were observed by Horn et al. [11].

2) Elemental segregation is associated with ferrosilicon solidification, a high-temperature range between
liquidus and solidus, the rate of ingot cooling, movement of the solidification front towards zones with
decreasing melting points and self-decomposition of silicon-based alloys.

3) Distinctive differences between chemical compositions of ordinary and refined ferrosilicons refer to light
elements with a high affinity for oxygen: Al, Ca, which is related to their oxidation during ferrosilicon
transfer from the tapping ladle into the refining ladle.

4) The process of solid carbon inclusion removal from the metal bath is affected by slag inclusions of CaO,
Al203, MgO that form as a result of oxidation of the elements contained in the alloy. These slags moisten
SiC carbide and ensure floatation of SiC carbide inclusions in liquid ferrosilicon.
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