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Abstract: Ferrochrome serves as a vital ferroalloy product, which functions as a fundamental alloying
material in stainless steel production due to its corrosion resistance properties. However, its production
needs high-grade chromite ore (46—48% Cr20s) with a chromium-to-iron (Cr/Fe) ratio above 2.8, which
creates problems because of declining reserves. To overcome the limitations of low-grade chromite,
optimizing process parameters, such as basicity, becomes essential for achieving high metal yield and
chromium recovery during smelting. This research investigates how flux type (basicity) and
stoichiometric coke amount affect the thermochemical process of low-grade chromite sand (12.43%
Cr20s5 with a chromium-to-iron ratio of 0,97) smelting using a DC Submerged Arc Furnace (DC SAF),
which has a @200 mm x 400 mm, powered by a 60V and 100 kVA transformer. The research involved
modifying basicity (0.4; 0.6; 0.8; 1; 1.2; 1.4) through silica and limestone flux additions and varying
stoichiometric coke addition amounts (0.6; 0.8; 1; 1.2). Material characterizations via XRF, XRD, and
SEM-EDX were used to confirm chromite and iron content, phase transformations, and product
microstructure. The optimal results were achieved using a basicity of 0.6 with 20% stoichiometric coke
addition, which produced 98.72% chromium recovery, 18.33% metal yield, and ferrochrome containing
45.78% chromium. The ferrochrome product meets the minimum low-grade ferrochrome standard
(>45% Cr). However, achieving high-grade ferrochrome needs enhancement through chromite sand
beneficiation before smelting to improve the Cr203 content and the chromium-to-iron ratio (Cr: Fe).
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1. Introduction

Chromite is widely utilized, especially in producing ferrochrome, a key material for
stainless and alloy steels that provides corrosion resistance and a high-gloss finish [1]. In 300
series stainless steel, the Cr content can reach 25% [2]. The development of the stainless-steel
industry has affected the ferrochrome production [3]. Metallurgy chromite use depends heavily
on the chromium-to-iron ratio (Cr: Fe). A high Cr: Fe ratio determines the ferrochrome
production with a high Cr content [4,5]. Specifically, a Cr ratio above 2.8 is required for
ferrochrome production, ratios above 1.8 are suitable for refractory materials, and lower ratios
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are used in the chemical industry [6]. The classification of chromite ores is as follows in Table
1.
Table 1. Chromite ores classification [4]

Ore %Cr20s3 Production
rich in chromium 46% ferrochromium
rich in iron 40-46% charge chrome and chemical industry
rich in aluminum 60% (Cr203+Al203) refractories

The classification of ferrochrome grades, such as high-carbon, medium-carbon, low-
carbon, and charge-grade, based on ISO standard 54481-81 [7], is shown in Table 2.

Table 2. Ferrochrome grade according to I1SO standard 54481-81 [7,20].

Grade % Cr % C % Si % P %S
High-carbon 45-70 4-10 0-10 <0.05 <0.10
Medium-carbon 55-75 0.5-4 <15 <0.05 <0.05
Low-carbon 55-95 0.1-0.5 <15 <0.03 <0.03
Charge-grade 53-58 5-8 3-6

Ferrochrome production, an energy-intensive process, requires 3000-4500 kWh per
ton of alloy [8]. However, preheating or pre-reduction techniques can mitigate energy
consumption and greenhouse gas emissions [2]. Ferrochrome alloys primarily consist of
chromium and iron, with minor impurities like silicon and carbon. Recent studies emphasize
the growing challenge of processing low-grade chromite ores, driven by the depletion of high-
quality reserves and increasing global demand for stainless steel. The ferrochrome industry has
responded by exploring innovations in processing methods, including preheating, reduction
techniques, and alternative reductants, to improve energy efficiency and minimize
environmental impact [2,9-11].

FeCr demand has increased substantially since the development of stainless steel
production. Chromite ore with a chromium oxide (Cr20s) content of 46-48% is generally
required to meet steel industry standards [12]. As technological demands increase, high-grade
chromite ore supplies have become constrained, emphasizing the need to utilize low-to-
medium grade chromite resources [13-15] such as the one used in this study, which contains
only 8,50% Cr, which is equal to 12.43% Cr.0s. Utilizing low-grade chromite presents
significant challenges to achieving the quality and yield needed for ferrochrome production.
Pyrometallurgical processes, particularly the Submerged Arc Furnace (SAF), are commonly
used to address these challenges in chromite smelting [2,16]. In making ferrochrome, a
carbothermic reduction system occurs in SAF or a direct current (DC) arc furnace [2, 17-19].
To overcome the limitations of low-grade chromite, optimizing process parameters, such as
basicity, becomes essential for achieving high metal yield and chromium recovery during
smelting [21]. Basicity influences both the phase and the melting point of the slag. Basicity is
also important in ferrochrome quality and energy consumption [22]. Previous studies, such as
the work by Eissa et al., have highlighted that adding silica as a flux to adjust the basicity to
0.74, along with 50% stoichiometric coke as a reductant, yielded favorable results, achieving
chromium recovery of 82% with a final product containing 66% chromium and 7% carbon,
from raw material that containing more than 38% Cr.0O3 [23]. Similarly, Nurjaman et al. (2018)
reported that smelting chromite ore with 19.27% Cr content and a basicity of 0.4 (achieved
with silica addition) resulted in a chromium recovery of 88.5% and a ferrochrome product with
35.2% chromium [24].
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This study examines the effects of varying flux materials (silica and limestone) and the
amount of coke used as a reductant in smelting local low-grade chromite ore with 8,50% Cr
content. Investigating how these factors influence metal characteristics, yield, elemental
recovery, and phase transformations in metal and slag.

2. Materials and Methods

2.1. Materials.

The chromite ore used in this study is a low-grade ore from Morowali, Central
Sulawesi, obtained as beach sand. The chemical composition of the chromite ore is detailed in
Table 3.

Table 3. Chemical composition of chromite ore.

Element/Compound | Cr(Cr:03) | Fe | CrO3 | MgO | CaO | ALOs | Si0
Grade (%) | 850(1243) | 877 | 1243 | 1133 | 773 | 6.04 | 1202

The flux materials, such as silica and limestone, were used (Table 4) to adjust the
basicity of the smelting process, both crushed to a particle size of 2-3 cm to enhance reactivity.
The addition of flux is useful in controlling the melting point or liquid temperature of the
gangue components, optimizing the viscosity of the slag so the metal can be separated from the
slag during tapping [25-28].

Table 4. Chemical composition of flux materials (Silica and Limestone).

Flux Grade (%)
CaO MgO Al203 SiO2
Limestone 68.593 0.732 0.299 0.323
Silica 0.252 0.539 1.629 95.438

Coke, which acts as the reducing agent, was also crushed to a similar size. The
proximate analysis of coke, including its fixed carbon content, is shown in Table 5.

Table 5. Proximate analysis of coke.

Proximate analysis (wt %)
Reductant - - -
Moisture Volatile matter Ash content Fix carbon
Coke 0.3 0.9 10.6 88.3
8000
a a_ Chromite (Mg, Fe)(Cr, Al, Fe),0,)
b. Magnesioferrite (MgFe,0,)
7000 ¢ Magnetite (Fe;0,)
d_ Enstatite (Mg, Fe, Ca),5i,0,)
e. Quartz (Si0,)
6000 - f. Diopside (CaMgSi,0,)
g. Lizardite (Mg, Fe)Si,04OH),)
™ h. Cordierite (Mg, Fe) Al;(A1Si;0,,))
o i. Calcite(CaCO;)
© 5000 j. Dolomite (CaMg(COs))
2
2
§ 4000+
=
3000 |
2000 |

1000 T T T T

20 ()
Figure 1. XRD analysis of chromite ore.
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Additional characterization of the chromite ore was performed using X-ray diffraction
(XRD) and scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-
EDX) to confirm mineral phases and elemental distribution (Figures 1 and 2).

Figure 2. SEM-EDX Mapping analysis of chromite ore.

Coke is introduced into the reduction process as a primary reducing agent, where it
reacts with chromite oxides, releasing carbon monoxide gas (CO) and facilitating the reduction
of chromium and iron to their metallic forms. The quality of coke is very important in the
smelting process because high-content fixed carbon and low-content impurities in coke affect
the efficiency of the reduction process [4,27,29]. The amount of coke used directly affects the
reduction efficiency and yield of metal in the smelting process, as illustrated by the chemical
reactions:

FeO + C — Fe + CO(y (1)
7Cr,05 + 27C — 2Cr,Cs + 21C0(y )
Cr,Cs + Cry05 = 9Cr + 3C0y) ©)

2.2. Methods.

The chromite sand, crushed fluxes, and coke were pre-analyzed through X-ray
Fluorescence (XRF) for its initial chemical composition. The smelting process was conducted
in a DC Submerged Arc Furnace on a laboratory scale measuring @200 mm x 400 mm. A 60
V, 100 kVA transformer was utilized to convert alternating current (AC) into direct current
(DC). The materials were heated to a temperature range of 1200-1433°C. The smelting
duration was set to 60 minutes to ensure sufficient reduction and melting of the ore. After
smelting, the resulting ferrochrome metal was characterized by XRF to determine the
percentage of chromium content and SEM-EDX to examine the microstructure. On the other
hand, smelting slag was ground to a particle size of -200 mesh before undergoing XRF analysis
for elemental composition and XRD analysis to observe phase transformations.
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In this study, flux and coke addition were varied to achieve different levels of basicity
and reductant quantities. The basicity values were adjusted by adding varying amounts of
limestone and silica flux, as shown in Table 6.

Table 6. Flux addition in smelting with variation in basicity.

Stoichiometry Basicity Flux (gram)
Limestone Silica

0.4 - 900
0.6 - 425

0.8 0.8 - 180

1 - -

1.2 120
1.4 275

The formula to calculate the basicity was (CaO+MgO)/(SiO2+Al203) [26,30,31]. The
quantity of coke used was also varied, and the corresponding quantities are presented in Table

7.
Table 7. Amount of coke in smelting with variation in reductant quantity.

Stoichiometry Basicity Coke (gram)
0.6 98
0.8 Optimal 131
1 Basicity 164
1.2 197

Characterization testing on the smelting products evaluated chromium recovery, metal
yield, and chromium content in the final ferrochrome product. Oxide compounds in the slag
were further examined to determine their phase structure and stability under various smelting
conditions.

3. Results and Discussion

3.1. Effect of flux on chromite sand smelting.

The recovery data, as shown in Figure 3(A), indicate that variations in basicity influence
the recovery of iron (Fe) and chromium (Cr), as well as the metal yield, because of the role of
flux material in binding impurities in the form of slag. The optimal basicity is 0.6 (acidic slag)
because it achieved the highest Fe yield of 96.51%, Cr yield of 83.26%, and a total metal yield
of 16%. According to Eissa et al. [23], high-basicity magnesia slag can slow the smelting
process, lowering chromium recovery and metal yield. In contrast, an acidic slag, with a
basicity ratio of 0.74, leads to higher chromium recovery and metal yield. According to Kumar
[8], the optimal basicity for all cases is close to 1. The higher the basicity, the viscosity will
increase due to the higher liquid temperature. High slag viscosity will decrease the reduction
reaction, and separating metal from slag will be more difficult when tapping [8]. This finding
supports the results obtained in this study, where high magnesia content requires additional
silica (Si0:) to maintain an optimal acidic environment. Figure 3(B) further illustrates that Fe,
Cr, and Si content in the ferrochrome product remains relatively stable across different basicity
values, indicating that flux addition primarily impacts metal yield and recovery rather than
metal composition.
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Figure 3. (A) recovery of Fe Cr and metal yield (%) from the smelting process at various basicity variations;
(B) element content in the ferrochrome metal from the smelting process with various basicity variations.

Table 8 presents the metal content and the oxide compound composition of slag at

different basicity levels.

Table 8. Chemical composition of slag compounds.

_ - Slag (%)

Stoichiometry Basicity Fo Cr Cao MgO S0 ALO:
0.4 1.38 2.93 12.43 12.99 40.83 15.93

0.6 2.04 4.00 16.53 15.92 35.34 20.15

0.8 0.8 3.01 7.41 10.19 13.26 25.75 17.35

1 3.32 11.71 11.75 13.65 15.78 12.75

1.2 1.16 3.35 20.53 8.44 28.37 20.59

14 3.42 11.98 16.81 10.81 13.36 12.85

Basicity values below 1, adjusted by adding silica as a flux material, resulted in acidic
slag, while values above 1, achieved with limestone addition, created alkaline slag. These oxide
compositions are plotted in a Ternary Diagram (Figure 4) to identify the phase formations

within the slag.

15% Al0s

(a) (Ca0O+MgO+SiO; = 0,85); 15%AI,04
Figure 4. Quadrant basicity ternary diagram (a) 15% Al,Os; (b) 20% Al,O3

Basicity Variation:

0
(]

E @ ]
Weignt %o Mg —e

(b) (CaO+MgO+SiO; = 0,8); 20%AI,05

From Figure 4, it can be observed that increasing basicity also increases the slag's

melting point [25]. For instance, the 0.6 basicity variation lies within the iron-rich forsterite
(ferroan) phase with a melting point exceeding 1300°C, which is higher than chromite's melting
point. At higher basicities (1 and 1.2), the slag phase shifts towards the spinel structure, with
melting points above 1400°C. Iron reduction from the forsterite phase becomes more
https://biointerfaceresearch.com/  60of13
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pronounced at these elevated temperatures. Additionally, the formation of the forsterite phase
in 0.6 basicity variation is attributed to silica addition, which reacts with Mg in the slag to form
Mg>SiOa. These high-melting-temperature phases may require additional energy, which could
impact the efficiency of the reduction process.

XRD analysis (Figure 5) of slag further supports these observations, showing the
formation of forsterite (Mg.Si04), fayalite (Fe.SiO4), and spinel (MgAl>O4) phases at varying
basicities. In the 0.6 basicity variation, only Forsterite (Mg:SiO4) and Fayalite (Fe2Si04) are
formed, without the presence of Spinel (MgAl:O4). Meanwhile, spinel is formed at a basicity
of 1.0 and 1.2, which is a compound with a high melting point. A higher temperature is needed
for compounds with a high melting point to obtain a low viscosity, and the melting process can
occur perfectly. Because the metal alloy is heated within the liquid slag phase, the smelting
temperature of slag must be higher than the temperature in metal alloy [32], around 100°C
above the liquid, so that the separation of slag and metal can occur perfectly [33]. With a high
melting point, spinel can inhibit the melting process, thereby affecting recovery and the
resulting metal yield.

Intensity (a.u)

26 ()
Figure 5. XRD analysis of smelting slag with varying basicity 0.6, 1 and 1.2: 1-Spinel (MgAl.O.), 2- Forsterite
(Mg2SiQy), 3- Fayalite (Fe;SiOa), 4-Diopside (CaMg(SiOs)2), 5-Quartz Low (SiO»).

The predominance of spinel phases at higher basicities suggests that chromium
reduction also follows as iron is reduced, leading to residual impurities in the form of spinel
(M30s) [34]. Thus, based on the characterization tests, basicity of 0.6 with silica addition was
found to yield the most favorable chromium recovery and metal yield.

Based on the Ellingham Diagram, the melting points of Fe and Cr are below 1300°C.
Owing to the smelting process temperature range from 1200-1433°C, Fe and Cr reduce and
form a liquid phase that settles at the furnace's bottom due to its higher density than slag. The
SEM-EDX test results (Figure 6) show that the resulting metal contains silica (Si) traces.
However, silica was also partially reduced and incorporated into the metal because of the high
temperatures near the arc (graphite electrode), which can exceed 1800°C. This elevated
temperature caused the silica, which has a melting point above 1620°C, to reduce and combine
with the metal. The remaining silica formed slag phases such as forsterite (Mg2Si04), low
quartz (Si0z), fayalite (Fe2SiO4), and diopside (CaMg(SiOs)2). According to Ringdalen, in
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Submerged Arc Furnace technology, most of the rapid reduction occurs near the graphite
electrode tip [35].

Figure 6. SEM-EDX analysis of ferrochrome metal with basicity variation 0.6: 1 (Cr, Fe, C), 2 (Fe, C, Si), 3

3.2. Effect of coke addition on chromite sand smelting.

Figure 7(A) depicts the effect of varying stoichiometric ratios of coke on metal yield
and chromium recovery. The optimal stoichiometric ratio was 1.2, resulting in a metal yield of
18.33%, chromium recovery of 98.72%, and iron recovery of 95.17%. Figure 7(B) shows that
the metal's elemental composition of Cr and Fe remains stable across different stoichiometric
ratios, indicating that variations in reductant amount mainly influence yield and recovery rather
than the metal’s elemental composition. However, at a stoichiometric ratio of 1.2, there was an
observed increase in Si content (up to 7%), which is attributed to higher melting temperatures
at this reductant level. When an additional 20% stoichiometry increased the amount of
reductant, the metal recovery and yield reached optimal levels, as illustrated in Figure 7(B).
According to Eissa et al., adding coke as a reductant significantly impacts chromium recovery

and metal yield [23].
100
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Figure 7. (A) Recovery of Fe and Cr and the metal yield (%) from the smelting process at different
stoichiometric variations; (B) The elemental content in the ferrochrome metal results from the smelting
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XRD analysis of slag (Figure 8) with varying stoichiometric ratios reveals that coke
addition does not significantly alter the phase structure in the slag, as the basic system of CaO-
MgO-Si0:-Al-0; remains consistent. However, differences in intensity in the diffractograms
reflect higher phase concentrations at increased silica rock levels.

Intensity (a.u)

2 2 2 (s1)

W

(50,8)

26 (°)
Figure 8. XRD analysis of smelting slag with varying stoichiometry; 1-Spinel (MgAl.Os), 2- Forsterite
(MgzSiOy), 3- Fayalite (Fe;SiOs), 4-Diopside (CaMg(SiOs)2), 5-Quartz Low (SiO»).

Figure 9 shows that the produced ferrochrome metal has a chromium content of
approximately 46%. Ferrochrome with a chromium content of 45-70% and carbon (C) content
between 4-10% is classified as High Carbon Ferrochromium [7,20]. In this study, the melting
process occurred within a temperature range of 1200-1433°C, with temperatures monitored
using a thermocouple at the 50-minute mark of the smelting process. However, reduction
reactions near the graphite electrode likely occurred at temperatures exceeding 1800°C.

Figure 9. SEM-EDX analysis of ferrochrome metal with stoichiometric variation 1.2; 1 (Fe, C, Si), 2 (Cr, Fe,
C), 3 (C), 4(Ti, C).

At these high temperatures, chromium carbide (Cr,Cs) may form within the
ferrochrome, as suggested by Goel [36], who noted that carbothermic reduction of chromite
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with coke yields pure chromium at temperatures above 1800°C. In contrast, chromium carbide
forms at 1250-1600°C.

In this study, based on SEM-EDS, no chromium carbide was found. If chromium
carbide is formed, the carbon content will increase, and ferrochrome will be formed with a high
C content. Meanwhile, the standard C content for high-carbon ferrochromium is limited, about
4-10% [7,20]. If the carbon content produced is excessive, further processes are needed to
reduce the amount of carbon so that the ferrochrome production process will not be economical.

The SEM-EDX analysis also detected small amounts of silica (Si) and titanium (Ti) in
the metal. According to Ringdalen [35], in Submerged Arc Furnace technology, rapid reduction
primarily occurs near the tip of the graphite electrode, where temperatures can exceed 1800°C,
facilitating partial reduction of elements with high melting points. it causes silica, with a
melting point above 1650°C, and titanium, also melting above 1650°C, to partially reduce in
the high-temperature arc flame area, allowing these elements to incorporate into the
ferrochrome.

4. Conclusions

The study demonstrates that acidic slag (basicity 0.6) achieved by adding silica flux
produces the highest metal recovery and yield, with chromium recovery of 83.26% and a metal
yield of 16%. Adding 20% stoichiometric coke as a reductant further improved reduction rates
during smelting, achieving optimal chromium recovery and metal yield of 98.72% and 18.33%,
respectively. The ferrochrome product with 45.78% Cr meets the minimum low-grade
ferrochrome standard (>45% Cr). However, achieving high-grade ferrochrome requires further
concentration of chromite sand using some methods such as physical beneficiation or
reduction-roasting, which enhance the Cr203 content and improve the chromium-to-iron ratio
(Cr: Fe).
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