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Abstract. The study examines carbon-free smelting of chromium-containing ferroalloy using ferroaluminosilicocalcium (FeAISiCa) and ferrosilicochrome dust (FeS-
iCr) as complex metallothermic reductants aimed at reducing the carbon footprint of conventional ferrochrome production. Four charge variants with reductant contents
ranging from 10% deficiency to 20% excess relative to stoichiometry were investigated. Smelting was conducted at 1650 °C followed by SEM, EDS, and chemical analyses
of the obtained products. Cr-Fe solid solutions and Cr-V-N nitride phases were formed, while silicon excess promoted Cr-Si silicides. Chromium recovery reached 86%,
and impurity levels remained low (C < 0.10%). The alloys satisfied ISO 5448-81 requirements. The optimal composition corresponded to a 10% excess of reductants.
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DeppoaIioMOCHINKOKAIbIHIHA KoHe (epPOCHIMKOXPOM IIAHBIH KOJIAHA OTHIPBIN XPOM (heppoKOpBITHACHIH KOMip-

Terici3 0aJKbITY

Anjarna. 3eprreyzae Aoctypii heppoxpom eHIpiciHiH KeMipTeri i3iHe ToyenailiriH ToMeHaAeTy Makcarbinaa Gpeppoantomocunukokaibimii (FeAlSiCa) xoue dheppo-
cunkoxpoM 1maHel (FeSiCr) keleH i MeTauIoTePMUSIIBIK TOTBIKChI3IaH ABIPFBILITAP PETiHAE KOJIAHBLIFAH KOMIPTEKCi3 GalKbITy yaepici KapacThIpbliibl. TOTBIKCHI3IaH-
JIBIPFBIITAP/ABIH MeJIepi crexuomerpusira KarblcTl 10% kemHeH 20% apThIKKa JEeiiH e3repTireH TopT MUXTa HycKachl 3eprrenni. bankeiry 1650 °C temneparypana
Kypriziain, ansiaran eHimaep COM, DJIC xoHe XUMUSUIBIK Tanaay oxicrepimed 3eprreinni. Hotmwkecinae Cr-Fe kartol epitinginepi meH Cr-V-N Hutpuarik ¢daszasapbt
TY3111i, a1 KpeMHUIiiH apTIK Meutepi Cr-Si cunuiuaTepiHiz naiia 6omybiHa okeni. XpOMHBIH allbiHy Jopexeci 86%-ra xKeTTi, an Kocnanap Meniepi ToeMeH 6ompl (C
<0,10%). Kopsitnanap ISO 5448-81 Tanantapbina colikec kenezi. OHTaMIbI KypaM TOTBIKCBI3AAHABIPFBIIITAPABIH 10% apThIK MeIIIepiHe COUKEC aHBIKTAIIIbBL.

Tyiiinoi co3oep: heppoxopvimna, peppoxpom, momen KoMipmeKxmi peppoxpom, Memaniomepmus, GeppoartomocurukoKatbyull, heppoCcUruKoXpom, Kaibyui, Kypoeui
MOMbIKCHI30AHObIPSLIUIMAD, KOMIpMe2l i31.

Besymepozmaﬂ BBIIVIABKA XpoMcoAepsKaliero (])eppocn.naBa C NIPUMEHECHUEM (l)eppﬂaJ'llOMOClrlJ'll/lKOKaJ'lb].[l/lﬂ U IbLJIA

¢eppocuinkoxpoma

Aunnoranus. B pabore nccriejoBana BO3MOKHOCTE Oe3yIyiepo/jHON BBITUIABKH XpOMCOzepsKaliero (eppociiaBa ¢ UCHOIb30BaHHEM (HeppoaioMOCHITNKOKaIBIHS
(FeAlSiCa) u ibin deppocunkoxpoma (FeSiCr) B kauecTBe KOMIUIEKCHBIX METAIOTEPMUYECKHX BOCCTAHOBUTEIEH C LIENTBIO CHIDKCHHS YIIEPOIHOTO CJIea TPAIUIIMOH-
HOTO IPOM3BOZCTBA (heppoxpoMa. PaccMOTpEeHbI YeThIPE BAPHAHTA IMXTHI C COAEPKaHHEM BoccTaHoBuTeeH o 10% HenpocTarka 10 20% H30bITKA OTHOCUTEIBHO CTEXHO-
Metpun. [IaBka nposozaunack mpu 1650 °C, nmomyueHHbIe TPOIYKThI HeceaoBanbl MeTogamu COM, DJIC 1 XMMHYECKOTo aHaIn3a. YCTaHOBJICHO (POPMHPOBAHUE TBEPIBIX
pactBopoB Cr-Fe v HuTpuansix a3 Cr-V-N, npu n30biTke KpeMHus 00pasytorest crmmuuasl Cr-Si. CteneHp n3BiiedeHus XpoMa JlocTrria 86%, copepkaHne npumecei
66110 HU3KkuM (C < 0,10%). TTosmyueHHbIe CIIaBbl COOTBETCTBYIOT TpeboBanusm ISO 5448-81. OnrumainbHoi npu3HaHa muxTa ¢ 10% u30bITKOM BOCCTAaHOBHTEIIEH.

Knroueswte cnosa: ¢heppocnias, gheppoxpom, Huzkoyenepooucmolii peppoxpom, Memaiiomepmus, Geppoanomocuiukokaibyus, Geppocusukoxpoma, Kaioyuil, KoMn-

JIeKCHble 60CCMAHOSUMENU, Y2epOOHbLIL Clleo.

Introduction

Modern ferrochrome production relies heavily on the
carbothermic reduction of chromium oxides, making the
process one of the most carbon-intensive in the ferroalloy
industry. The use of coke and other carbon-containing re-
ducing agents results in high CO, emissions, significant
energy costs, and process limitations, particularly in the
production of low-carbon ferrochrome for corrosion-re-
sistant steels. Increasing environmental requirements and
the transition to low-carbon metallurgy are stimulating the
search for alternatives to traditional carbothermic reduc-
tion [1-3].

One promising area is the use of metal-thermal reducing
agents, which completely eliminate carbon from the process.
However, the use of pure A, Si, or Ca is limited by their cost
and the energy intensity of production. Therefore, interest in
complex man-made reducing agents with high reactivity and
availability is relevant [4-6].

Ferroaluminosilicocalcium (FeAlSiCa) is a reducing
agent containing active elements with a high affinity for ox-
ygen — Ca, Al, and Si. Its use allows for lower process tem-
peratures, increased Cr,0; reduction, and a reduced carbon
footprint, while simultanecously utilizing metallurgical waste.
Research into the mechanisms of reduction, phase formation,
and product properties using FeAlSiCa is an important step
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toward developing carbon-free smelting technologies for
chromium-containing ferroalloys [6—8].

Materials and methods

During the carbon-free smelting of chromium-containing
ferroalloy, chromium concentrate, FeAlSiCa and FeSiCr dust
were used as charge materials.

Chemical analysis of chromium concentrate and metal re-
ducing agents has the following values, %: chromium concen-
trate: Cr,0;—52.91; AL,0;—7.801; Si0,—4.65; MgO — 17.51,
CaO - 0.58; Fe,0;—12.91; § — 0.022; P — 0.003; calcination
loses — 15.021; FeAISiCa: Fe — 8.13; Al — 13.45; Si— 66.16;
Ca—10.03; C—-0.69; §—-0.017; P—0.041; Ti — 1.08; V- 0.42;
FeSiCr: Fe—9.11; Al -4.03; Si—48.08; Ca—1.15; C—2.00;
§—0.056; P—0.025; Cr—1.1; V—38.73.

FeAlSiCa and FeSiCr were introduced in equal proportions
in four variants: 10% deficient reducing agents (variant 1); in
a stoichiometric amount sufficient for the complete reduction
of the main oxides of Cr concentrate (variant 2); and also with
10% (variant 3) and 20% (variant 4) excess. A more detailed
composition is presented below:

— variant 1, %: 52.3 Cr concentrate; 7.8 FeAlSiCa; 7.8
FeSiCr dust; 31.9 lime;

— variant 2, %: 44.7 Cr concentrate; 8.9 FeAlSiCa; 8.9
FeSiCr dust; 37.4 lime;
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— variant 3, %: 39.0 Cr concentrate; 9.7 FeAlSiCa; 9.7
FeSiCr dust; 41.4 lime;

— variant 4, %: 34.6 Cr concentrate; 10.3 FeAlSiCa; 10.3
FeSiCr dust; 44.6 lime.

Melting was carried out in alundum crucibles immersed in
a MgO backfill (to protect the furnace chamber from potential
splashes resulting from violent exothermic reactions) in a cham-
ber furnace in an air atmosphere at a heating rate of 10 °C/min
with an isothermal hold at 1650 °C for 30 minutes, followed by
cooling in the furnace to room temperature. The charge was a
mixture of ground powders with particle sizes <120 pm.

The resulting metal and slag samples were examined using
a ZepTools ZEM20 scanning electron microscope (SEM) with
an Oxford energy-dispersive spectroscopy (EDS) attachment.
Individual elements were analyzed using analytical chemistry
methods.

Results

Figure 1 shows SEM images of metals obtained by melt-
ing using four different methods of introducing FeAIlSiCa and
FeSiCr. The images were obtained in backscattered electron
detection mode at a magnification of x1000.

c d

Figure 1. SEM images of metal samples obtained by
introducing FeAlSiCa and FeSiCr from batch variants: /
(a), 2 (b), 3 (c) and 4 (d).

Cyper 1. FeAlSiCa :xone FeSiCr-ai naprusiibix
HYCKaJIap/iaH eHTi3y apKbLIbl AJbIHFAH METAJLI
yarisepinin COM keckingepi: / (a), 2 (b), 3 (c) xoue 4 (d).
Puc. 1. N300paskenus: 00pa3uoB MeTasljia, Moay4eHHbIe
meToaom COM, ¢ nodasienneM FeAlSiCa u FeSiCr u3
NMaKeTHbIX BapuaHToB: / (a), 2 (b), 3 (c) m 4 (d).

The figure shows that two main phases are formed in variants
1 and 3, and three in variants 2 and 4. According to the averaged
EDS results for the light and dark areas (Table 4), the light area

represents the phase with a lower chromium content, while the
dark area has a higher chromium content. Another characteristic
of the dark phase is the presence of nitrogen or silicon.

Table 1 also presents the results of EDS when analyzing the
total spectrum of the entire observed image.

Table 1
Results of EDS analysis of metal samples*, %
Kecme 1
Memann ynzinepinin 3/[C manoay namuicenepi*, %
Tabnuya 1
Pezynomamur EDS-ananusa oopasyoeé memannos*, %

Figure Plot Cr Fe Si v N
Fig.1,a | Sum | 64.47 | 30.88 | 0.66 | 1.07 | 2.92
(Istbatch | [ight | 60.08 | 38.63 | 0.89 | 0.40 -
variant) |Tr a | 76.66 | 1416 } 292 | 626
Fig. 1,5 | Sum | 6631 | 2852 | 0.14 | 091 | 4.12

(nd | Light | 53.61 | 46.06 | 0.33 - -

batch o e | 78.00 | 11.82 - 272 | 737

variant)
Black | 79.51 | 920 | 1.87 | 440 | 5.02
Fig.1,c | Sum | 63.53 | 31.87 | 092 | 2.05 | 1.63
(3rd Light | 58.58 | 40.12 | 0.70 | 0.60 -
batch

varianty | Dark | 85.14 | 487 - 501 | 4.98

Fig. 1,d | Sum | 5219 | 3679 | 7.59 | 222 | 1.21
(4th | Light | 5439 | 37.70 | 7.28 | 0.63 -
batch T % | 7246 | 1429 | 1222 | 1.03 -
variant)
Black | 7533 | 943 | 1.78 | 7.60 | 5.86

* EDS analysis was carried out on several samples and sev-
eral areas, and the results were within the error limits of the
method used, therefore the results presented in Table 4 can be
considered averaged

Comparing the characteristic microstructure of the studied
samples and their composition according to the results of EDS,
it can be concluded that the metal samples obtained with options
I and 3 of introducing reducing agents consist of two phases: a
light solid solution of Cr-Fe and a dark one based on nitrides in
the Cr-V-N system; in options 2 and 4, silicides are also formed
in the Cr-Si system (Cr;Si and CrSi;), which is explained by
the excess of Si, the source of which are reducing agents.

Analyzing the data from the combined spectra, as shown
in Table 4, higher chromium contents are observed for charge
variants / and 2.

Figure 2 shows a map of the element distribution in a metal
sample obtained from charge variant 2.

Element distribution maps for variants / and 3 are not pro-
vided, as they exhibit similar distribution patterns, which is also
confirmed by the compositions discussed previously (Table 4).

Nitrogen saturation and the formation of chromium and
vanadium nitrides at high temperatures are thermodynami-
cally possible; however, their stability decreases with increas-
ing temperature. High temperatures above 1650 °C can be
achieved through exothermic reduction reactions [5], which
could result in localized overheating followed by rapid cool-
ing, preventing nitrogen decomposition.

Topnuwuit scypnan Kazaxcmana Ne5’° 2026
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Figure 2. SEM image of a metal sample obtained from the

2nd batch variant in the backscattered electron detection

mode, and a distribution map of chromium, iron, silicon,
vanadium and nitrogen.

Cypert 2. Kepi mamsIipanKbI 371eKTPOH/ABI AaHBIKTAY
pesxuMiH/ie 2-1i NapTUSl HYCKACBIHAH AJIBIHFAH MeTAJLI
yiaricinin SEM keckiHi sx9He XpoM, TeMip, KpeMHHId,
BAHA/IN ’KIHe A30TThIH TapaJy KapTachl.

Puc. 2. U300paskenue odpa3na MeTaljia, OJIy4eHHOTO
U3 2-if NapTHH B pesKuMe 1eTeKTHPOBAHMSA
00paTHOpACCesIHHBIX 3J1eKTPOHOB, OJIy4eHHOE ¢
MOMOIIBI0 CKAHUPYIOIIET0 3JIeKTPOHHOT0 MUKPOCKONA,
KapTa pacnpejeaeHust Xpoma, 'kejie3a, KPeMHHsI, BAHA/ U
U a30Ta.

Figure 3 shows a similar element distribution map for a
metal sample obtained from batch variant 4.

Figure 3 shows that Cr is distributed over the entire surface
of the sample, but is more concentrated in dark areas along
with Si and V. V is distributed fairly uniformly, primarily re-
bound with N, and is present to a lesser extent in areas en-
riched in S7, which is absent from the black phase.

Using analytical chemistry methods, the content of el-
ements difficult to determine by EDS was determined in all
metals, and the average content was: C < 0.10%; .S < 0.02%;
P <0.03%. Thus, all the metal samples studied were charac-
terized by low contents of these elements. Nitrogen content
was determined using titrimetric analysis, which confirmed an
average nitrogen content of 2.6; 3.6; 2.6, and 2.1 for metal
samples from variants /, 2, 3, and 4, respectively.

Ferrochrome samples obtained from batch variants 1,
2, and 3 meet the requirements for the FeCr60CIN3 grade
(low-carbon nitrogen-containing ferrochrome) according to
ISO 5448-81. This makes the obtained metal samples suitable
for alloying nitrogen-containing stainless steels. The metal
obtained from batch variant 4 is close to the requirement for
FeCr60C50Si7LP (high-carbon ferrochrome) according to
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ISO 5448-81, but with a low C content and increased /V; it can
also be considered as low-carbon nitrogen-containing ferro-
chrome with an increased Si7 content. The metal samples also
met the listed requirements for low-carbon ferrochrome grades
in terms of C, S, and P contents.

_CrKal

0 e

Si Kal

V Kal

S50pm

T Sopm

Figure 3. SEM image of a metal sample obtained from
the 4th batch variant in EDS mode, distribution map of
chromium, iron, silicon, vanadium and nitrogen.
Cyper 3. IJC pexuminie 4-mi napTusi HyCKacbIHAH
ajbIHFaH MeTaJ yiaricinin SEM keckini, xpom, Temip,
KPeMHHIi, BaHAIN#i ;K9HE a30TTHIH Tapajy KapTachl.
Puc. 3. M300pa:xkenue oopa3ina MeTasljia, NoJJy4eHHOTO U3
4-ii mapTUX BApUMAHTOB, NMOJy4eHHOe ¢ moMoubio COM B
peskuMe YHeprogucnepcuoHHoi cnekrpockonuu (I1C),
KapTa pacnpeejieHust Xpoma, jkejie3a, KpeMHHsI, BAHATUS
U a3ora.

Discussion

The obtained results can be explained by the thermody-
namic and kinetic features of metallothermic reduction in the
Cr-Fe-Si-Ca-V-N system at high temperatures. The forma-
tion of Cr-Fe solid solutions in all charge variants confirms
effective reduction of chromium oxides by silicon, aluminum,
and calcium contained in FeAlSiCa and FeSiCr. The presence
of Cr-V-N phases indicates active nitrogen dissolution in the
melt, while their stabilization is likely associated with rapid
cooling after exothermic reactions, preventing nitrogen degas-
sing.

The formation of CrsSi and CrsSi; silicides in variants with
reductant excess is attributed to increased silicon activity. Un-
der moderate reductant content, silicon is primarily consumed
in oxide reduction, limiting silicide formation. Thus, the phase
composition is strongly governed by the balance between re-
duction stoichiometry and silicon excess.

The advantages of the proposed approach are related to the
use of complex reducing agents that ensure simultaneous par-
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ticipation of Si, Al, and Ca, increasing reduction efficiency.
The use of ferrosilicochrome dust promotes partial recycling
of metallurgical waste. Moreover, eliminating coke reduces
carbon contamination and enables the production of low-car-
bon ferrochrome suitable for nitrogen alloying. The metallo-
thermic mechanism also provides localized temperature inten-
sification without additional external energy input.

Compared with conventional carbothermic ferrochrome
production, the developed approach ensures very low carbon
content (< 0.10%) and high chromium recovery (up to 86%)
without direct carbon input. Stable nitrogen alloying was
achieved without additional nitrogen injection, which may
simplify industrial application.

However, the study has limitations. Laboratory crucible
experiments do not fully reproduce industrial heat and mass
transfer conditions. Local overheating may lead to phase in-
homogeneity, and controlling silicon content remains chal-
lenging. Additionally, the absence of detailed thermodynamic
modeling limits precise prediction of phase equilibria.

Further work should focus on optimizing reductant ratios,
performing thermodynamic simulations, and scaling the pro-
cess to pilot conditions. Industrial implementation will require
control of reaction intensity and economic evaluation of re-
ductant efficiency.

Overall, carbon-free metallothermic reduction using FeAl-
SiCa and FeSiCr dust represents a promising route for pro-
ducing low-carbon nitrogen-containing ferrochrome, though
further optimization and scaling are necessary.

Conclusions

This study investigated the feasibility of carbon-free smelt-
ing of chromium-containing ferroalloy using ferroaluminosil-
icocalcium (FeAlSiCa) and ferrosilicochrome dust (FeSiCr)
as complex metallothermic reducing agents. It was established

that the application of these reductants ensures efficient reduc-
tion of chromium oxides with the formation of Cr-Fe metallic
phases and Cr-V-N nitride phases.

The results demonstrated that the phase composition of the
produced alloys depends on the ratio of reductants relative to
stoichiometry. Under moderate excess of reductants, predom-
inantly Cr-Fe solid solutions and nitride phases are formed,
whereas a significant excess of silicon leads to the formation
of Cr-Si silicides. Therefore, the balance between reduction
capacity and silicon activity is a key factor in controlling alloy
structure and properties.

All investigated variants produced alloys with low impuri-
ty contents: carbon < 0.10%, sulfur < 0.02%, and phosphorus
< 0.03%. Chromium recovery reached up to 86%, which is
comparable to industrial practice. According to chemical com-
position, the obtained alloys meet the requirements of ISO
5448-81 for low-carbon nitrogen-containing ferrochrome,
confirming their suitability for alloying corrosion-resistant and
nitrogen-containing steels.

The charge composition with a 10% excess of reductants
was identified as optimal, providing high chromium recovery,
stable phase composition, and compliance with standard spec-
ifications.

The obtained results confirm the potential of using
FeAlSiCa and FeSiCr dust in carbon-free metallothermic
ferrochrome production. Further research should focus on
thermodynamic modeling of phase equilibria, optimization of
charge composition, and scaling the process to pilot and in-
dustrial levels.
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