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Abstract. The Ural metallurgical enterprises compensate for the deficit of iron ore raw materials by supplying materials from Central Russia, the Kola
Peninsula and Kazakhstan. Carbonate iron ores (siderites) of the Bakalskoye deposit are poor ores and, despite large reserves (about 1 billion tons),
are not in great demand among metallurgists due to their low quality (low iron content and high magnesium content). The prospects for developing
the Bakalskoye deposit depend on the availability of new technologies for processing siderites. There is a technology for processing poor iron ores
using the coke-free metallurgy method, including reducing roasting in a rotary kiln, grinding and magnetic separation to obtain a highly metallized
product suitable for steelmaking. Laboratory studies and industrial tests confirmed its suitability for processing siderites. A modernized technology
for processing siderites is proposed, in which the operations of grinding and magnetic separation are excluded, and the product of reducing roasting
in a rotary kiln is loaded hot into an electric furnace for separating melting. The process is carried out in the presence of colemanite containing boric
anhydride to obtain liquid slag. During melting, part of the boron passes into the metal melt. By means of thermodynamic modeling, an assessment
of the distribution of boron between the metal and slag as a result of separating melting is carried out. With a content of 5 and 10 % of colemanite
in the charge, depending on the proportion of carbon, up to 60 % of boron passes into the metal. Such metal can be used as a ligature for obtaining
boron-containing steel or cast iron. When bubbling the metal melt with oxygen, boron content can be reduced to 0.0001 %.
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Poccun, Konmsckoro nonmyocrposa n Kasaxcrana. KapOonarHsle jere3Hble pyabl (CHACpHUTH) bakaabckoro MECTOpOXICHNS OTHOCITCS K OSTHBIM
pyaaM U, HeCMOTPs Ha OOJTbIIIHE 3anackl (OKOJIO | MIIPJ T), HE MONB3YFOTCS MIMPOKHAM CIIPOCOM Y METAJUTyproB BBUY HU3KOTO KauecTBa (HU3KOE
cozieprKaHue XKeje3a M BICOKOe — Marams). [lepcrekTuBsl ocBoeHHs bakaibckoro MecTOpokKA€HHS 3aBUCAT OT HAIMYMS HOBBIX TEXHOJIOTHH TTepe-
pabotku cuaeputoB. CymecTBYET TEXHOIOTHS epepabOTKH OTHBIX JKENIE3HBIX P/ METOAOM OECKOKCOBON METAJUTypIrUH, BKIFOYAOIIAs BOCCTA-
HOBHTEJIBHBIA OOKHT BO BpAINAIOIICHCS €Y, M3MEIFUCHHE W MarHUTHYIO CEHapanuio ¢ ITOJy4eHHEM BBICOKOMETAJUIN30BAHHOTO IIPOIYKTA,
MIPUTOHOTO JIJIsI CTANIEIIABUIIBHOTO MPOU3BOACTBA. JIabopaTopHble HCClIeOBaHKS U TIPOMBIIUICHHBIC UCTIBITAHUS TIOITBEPIUIIN €€ TIPUTOIHOCTh
U miepepaboTku cuieputoB. [IpemnoskeHa MOAEpHU3MPOBAHHAS TEXHOJOTHS NEpepabOTKH CHAEPHUTOB, B KOTOPOW OINEpalMy M3MEIBUCHUS
Y MarHUTHOM CeTapaliiy UCKIFYCHBI, a MPOAYKT BOCCTAHOBHUTEIILHOTO OOKHra BO BPAIIAIOIICHCS [IEYH B TOPSIYEM BUJIC 3arpy’KaeTcsi B AIIEKTPO-
1eyb JUI MPOBEACHHS pa3[elMTeNbHON MIaBKy. [Iporiece ocymecTBISIOT B MPUCYTCTBUH KOJIEMaHNTA, COAEPIKAMIETo OOPHBIA aHTHIPU, IS
MOJTy4eHHs XKUIKOTO IIUTaka. B xo/e miaBku 4acTh 60pa MepexoiauT B METAIUIMYECKuil paciuias. [locpecTBOM TepMOMHAMUYECKOTO MOJICTHPO-
BaHMS NIPOBEJCHA OLICHKA pacIpe/ieieHHss 00pa MEX/y METaJUIOM M IIUTAKOM B pe3yibTare pa3ieinTelIbHoN aBku. [lokasano, 4To mpu conep-
kaHu# B muxTe 5 U 10 % KonmemaHWTa B 3aBUCHMOCTH OT JIOJH YIJIEpoJa B MeTaiul mepexoauT a0 60 % Oopa. Takoi meramt MOXeT ObITh
HCIIONI30BaH B KAYECTBE JINTATYPHI JUIS TTOJyYEeHUs OopcoziepKamieil craiy mwin gyryHa. [Ipu 6apOoTae MeTaIMIECKOTro paciiiaBa KUCIOPOIOM
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B INTRODUCTION

The reserves of carbonate iron (siderite) ores
at the Bakalskoye deposit located near the town of Bakal
in the Chelyabinsk Region are estimated at about 1 bil-
lion tons [1; 2]. However, the Ural metallurgical enter-
prises compensate for the deficit of iron ore raw mate-
rials by supplying materials from Central Russia
(Mikhailovsky Mining and Processing Plant, Lebedinsky
Mining and Processing Plant), the Kola Peninsula (Kos-
tomuksha Mining and Processing Plant), and Kazakhstan
(Sokolov—Sarbai Mining and Processing Plant) [3; 4].
Bakal siderites are classified as poor iron ores, contain-
ing less than 35 % iron and a large proportion of magne-
sium oxide. The low quality of the ore limits its demand;
therefore, the production of siderite ore is much lower
than the potential allowed by the mining and geologi-
cal conditions. For example, in 2006, ore production
amounted to 1.7 million tons, or less than 3 % of the total
output in the Ural Federal District [5]. The only indus-
trially implemented method for processing Bakal side-
rites is blast-furnace melting [1; 2]. Existing beneficia-
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tion methods [6; 7] make it possible to increase the iron
content in the obtained concentrate. However, the entire
amount of magnesium oxide remains in the concentrate,
which restricts its use in blast-furnace smelting to the role
of a charge additive and only in quantities ensuring that
the magnesium oxide content in the final slag does not
exceed 20 %. Therefore, the prospects for developing
the Bakalskoye deposit depend on the availability of new
technologies for processing siderites.

To expand the range of siderite applications and
increase their processing efficiency, a pyrometallurgical
beneficiation technology has been developed [2; 8; 9].
It includes reducing roasting of siderites in a rotary kiln
using a solid reducing agent, followed by magnetic sepa-
ration to obtain a highly metallized product. The resulting
concentrate contains less than 5 % of gangue and, when
briquetted, can serve as a feed material for an electric-arc
furnace.

A process was proposed to reduce costs by eliminating
grinding, magnetic separation, drying, and briquetting,
in which hot metallized lump concentrate is fed directly
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from the rotary kiln to the electric furnace instead of using
briquettes [10]. Comparative analysis of the two melt-
ing routes showed that the specific power consumption
for melting metallized briquettes loaded into the furnace
at 25 °C amounts to 773 kW-h per ton of metal, whereas
melting hot metallized lump concentrate at 1000 °C
requires 725 kW-h per ton of metal [11].

It is well known that the addition of boric anhydride
to slag lowers its melting temperature [12; 13]. Since
the gangue in the metallized concentrate contains a large
amount of magnesium oxide, boron oxide in the form
of calcined colemanite is added to the charge to produce
a liquid, free-flowing slag with a low melting tempera-
ture. This provides a slag viscosity of less than 0.4 Pa-s
at 1600 °C and a melting temperature of 1300 — 1500 °C,
depending on the colemanite content in the charge and
the Si0,/MgO ratio in the slag [14].

When boron oxide is present in the steelmaking
slag, boron can pass into the metal [15]. this study uses
thermodynamic modeling to evaluate how boron parti-
tions between metal and slag during separation melting
of metallized siderite concentrate in the presence of cole-
manite.

[l MATERIALS AND METHODS

Metallurgical processes occur at high temperatures
and proceed at high rates; therefore, it can be assumed
with sufficient confidence that during the melting of side-
rites the system reaches a state close to equilibrium.
Consequently, to evaluate boron distribution between
the metal and slag, the thermodynamic modeling (TDM)

method was applied. This method is widely used to calcu-
late multicomponent and multiphase systems when solving
both theoretical and applied problems related to impro-
ving metallurgical technologies. Modeling of equilibrium
states in the Fe—Ca—Si—Mg—Al-Mn—-C-0O system was
performed using the IVTANTHERMO software package.
Numerical values of the total enthalpy of the resulting
equilibrium compositions were obtained using HSC
Chemistry 6.12.

In siderite ores of the Bakal ore field, subjected
to preliminary gravitational or X-ray radiometric bene-
ficiation [16] for shale removal, the contents of most
components differ only slightly. The main difference lies
in the SiO,/MgO ratio [17; 18]. Therefore, a concent-
rate of the following composition (wt. %) was taken as
the initial material for the study: 33.08 Fe, ; 38.94 FeO;
2.27 Fe,05; 1.41 Ca0; 0.66 SiO,; 11.22 MgO; 0.38 Al,O;;
0.85 Mn. The SiO,/MgO ratio was adjusted by adding
quartz. The final compositions of the model concentrates

are presented in Table 1.

The masses (m,) and compositions of the metallized
siderite concentrates (MSC) with a metallization degree
of @ =95 %, obtained from 1 kg of initial concentrate,
are given in Table 2.

As a fluxing additive used to liquefy the slag, calcined
colemanite [19] with the following composition (wt. %)
was employed: 8 SiO,; 34 CaO; 4 MgO; and 54 B,O,.
In practice, the solid reducing agent (coke breeze) with
a particle size of 3 — 5 mm is separated from MSC lumps
sized 10 — 60 mm by screening. However, some por-
tion of the reducing agent may enter the electric furnace

Table 1. Compositions of the initial model concentrates used in thermodynamic modeling
method as part of the working fluid

Ta6auya 1. CocTaBbl HCXOAHBIX MO/IEJILHBIX KOHIIEHTPATOB, HcnoJb3yeMbIx T/IM B cocTaBe padouero Teja

) ) Content, wt. %
Si0,/MgO ratio -
Fe,, | FeO | Fe,0, | CaO | SiO, | MgO | ALO, | MnO | LOI
0.75 31.34 | 3830 | 2.23 | 1.39 | 828 | 11.04 | 0.37 | 1.08 | 37.31
1.00 30.50 | 37.28 | 2.17 | 1.35 | 10.74 | 10.74 | 0.36 | 1.05 | 36.31
1.25 29.70 | 36.30 | 2.12 | 1.31 | 13.07 | 1046 | 035 | 1.02 | 35.36

Table 2. Masses and compositions of MSCs with a metallization degree of 95 %

Tabauya 2. Maccsl u coctaBbl MCK npu crenenn merajausanun 95 %

) ) Content, wt. %
Si0,/MgO ratio | m,, kg ;
Fe, | Fe . | FeO | CaO | SiO, | MgO | AL,O, | MnO
0.75 539.43 | 58.10 | 55.19 | 3.73 | 2.57 | 1535|2046 | 0.69 | 2.00
1.00 551.79 | 55.27 | 52.51 | 3.55 | 2.45 | 19.46 | 19.46 | 0.66 | 1.90
1.25 563.51 | 52.71 | 50.07 | 3.39 | 233 | 23.20 | 1856 | 0.63 | 1.82
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together with the concentrate; therefore, it was assumed
in the calculations that the electric-furnace charge con-
tains carbon.

Thus, the model systems used for calculating phase
equilibria consisted of MSC (Table 2), colemanite, and
carbon, taken in amounts of 0, 5, and 10 wt. % and 0, 2, 4,
and 6 wt. %, respectively, relative to the mass of metal-
lized concentrate. The modeling was carried out at a tem-
perature of 1600 °C, pressure of 0.1 MPa, and under
the assumption that the oxide and metallic phases behave
as ideal solutions.

[l RESULTS AND DISCUSSION

Equilibrium calculations for the MSC-carbon sys-
tem show that in the presence of carbon, the amounts
of iron, manganese, and silicon oxides in the oxide phase

decrease (Fig. 1), and these elements pass into the metal
together with residual carbon (Fig. 2).

At a temperature of 1600 °C, corresponding
to the melting temperature, the iron-based metal exists in
a liquid state. To estimate the crystallization onset tem-
perature of the slags obtained from equilibrium calcula-
tions, two methods were applied.

The first method was based on the results reported
in [14], which analyzed the effect of the SiO,/MgO ratio
and the amount of colemanite in the charge on the tran-
sition temperature of slags from their high-temperature
stability region to the low-temperature region, close
to the liquidus temperature. The dependence is described
by the following empirical equation:

T=1801.7 —199.5x — 28.6x> —
—7.19y + 0.03) — 4.0xy,

10.0 5.0 1.3
a -
1.2
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= g 0
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0.7
n n 0.6 1 1
0 2 4 6 0 0 2 4 6

Carbon proportion
in the charge, %
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in the charge, %
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Fig. 1. Dependence of content of FeO (a), MnO (b), SiO,/MgO ratio (c) in the oxide phase on carbon proportion in the charge:
@-0.75; - 1.00; A —1.25

Puc. 1. 3aBucumocts coneprxanus B okcuanoit dase FeO (a), MnO (b), coornourenus SiO,/MgO (c) ot 1onu yrieposa B IIUXTe:
@-0,75; - 1,00; A — 1,25
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Fig. 2. Dependence of content of carbon, manganese and silicon in the metal (a)
and metallization degree of iron and manganese (b) on carbon proportion in the charge:
@-0.75; - 1.00; A—1.25

Puc. 2. 3aBUCUMOCTb COAEpKaHHs YIIEpoa, MapraHia 1 KpeMHus B Metaiuie (a)
U CTEIICHU METaJUTU3AIINH XKeJle3a U Mapraia (b) oT J0JIu yIiiepoja B LIUXTE:

@075 1,00; A 1,25
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where x is the Si0,/MgO ratio (units); y is the colemanite
content (wt. %).

It was established that in the absence of colemanite
in the charge, the transition temperature decreases from
1640 to 1510 °C as the SiO,/MgO ratio increases from
0.75 to 1.25.

A similar result was obtained using the second method
described in [20], according to which the temperatures
of the beginning (¢,) and end (¢,) of melting (solidus and
liquidus, respectively) were determined from inflection
points on the total entropy and enthalpy curves cha-
racterizing the system state. This approach was used as
the basis for liquidus temperature calculations of the slag
systems considered in this study.

The slags used as input were those whose composi-
tions were determined from the equilibrium calculations

in the MSC—carbon system. The results showed that in
slags without carbon and with SiO,/MgO = 0.75 — 1.25,
t, lies in the range of 1450 — 1600 °C (Fig. 3). In slags
formed as a result of the interaction between MSC and
carbon, a decrease in FeO content — caused by an increase
in the carbon proportion — does not lead to a further
increase in ¢, (Fig. 4).

Thus, the calculated crystallization onset temperatures
of oxide phases formed during the interaction of MSC
with carbon indicated that at 1600 °C, corresponding
to the electric furnace temperature, these phases remain
heterogeneous. This confirms the need for a flux additive
based on boric anhydride to liquefy the slag, for which
colemanite was chosen.

Equilibrium calculations for the MSC-colema-

nite—carbon system showed the following. The addition
of carbon increases the manganese and silicon content in

—13,740 -13,940 —14,080
~13,750 | / ~13,950 |- / ~14,090 e
-13,760 - .1500 °C ’ ?500 °C
%D 13.770 .1500 °C ~13.960 —14,100
- 19
= -13,970
- —13,780 —-14,110
ol -13,980
= —13,790 -14,120
S -13,990
g —13800 14,130
H -13,810 —14,000 -
~13.820 —14,010 —14,140
’ ¢ a b ) c
-13,830 L —14,020 L -14,150 L
700 1300 1900 700 1300 1900 700 1300 1900

Temperature, °C

Temperature, °C

Temperature, °C

Fig. 3. Dependence of the system total enthalpy on temperature for slag systems
not containing colemanite and carbon, with a change in SiO,/MgO ratio:
a—0.75;b—-1.00; ¢ — 1.25

Puc. 3. 3aBUCUMOCTb TIOJTHOW SHTAJIBIIUK CUCTEMbI OT TEMIIEPATYPBI JUIS IUIAKOBBIX CHCTEM,
HE COZIEPKALUX B CBOEM COCTaBE KOJEMAHHUT U YIIIEPO, IPH M3MeHeHuH cooTHomenus SiO,/MgO:
a—0,75;b—-1,00; ¢ — 1,25
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Fig. 4. Dependence of the system total enthalpy on temperature for slag systems calculated
at Si0,/MgO = 1.25 and not containing colemanite, with a change in carbon proportion, %:
a-0;b-2;c-4;d-6

Puc. 4. 3aBUCHMOCTb NOIHON SHTAJIBIINU CUCTEMbI OT TEMIIEPATYPBI IS IIIJIAKOBBIX CUCTEM, PACCYMTAHHBIX
npu cootHomenuu SiO,/MgO = 1,25 1 He cofepsKalkX B CBOEM COCTaBE KOJIEMAHUT, P U3MEHEHUH JI0JIH yriiepona, Yo:
a—-0;b-2;c—-4,d—6
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Fig. 5. Dependence of content of carbon, manganese, boron and silicon in the metal () and metallization degree of iron, manganese and boron (b)
on carbon proportion in the charge with addition of 5 % of colemanite to the metallized siderite concentrates (MSC):
@-0.75; - 1.00; A — 1.25
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@-0,75; - 1,00; A — 1,25
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Fig. 6. Dependence of content in the oxide phase of FeO (a), MnO (b), B,O; (c), and ratio SiO,/MgO (d)
on carbon proportion in the charge with addition of 5 % of colemanite to MSC:

@075 1.00; A 1.25

Puc. 6. 3aBucumocts coneprxkanus B okcunnoit gase FeO (a), MnO (b), B,O; (¢) u cootnomenus SiO,/MgO (d)
OT JIOJIU yIiepoa B muxrte npu godaske k MCK 5 % konemanuTa:

@-0,75; - 1,00; A — 1,25

the metal and decreases the amount of iron, manganese,
and silicon oxides in the slag phase, similar to the MSC—
carbon system (Figs. 5 —8). In addition, boron passes
into the metal, accompanied by a decrease in boron oxide
content in the slag.
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In the absence of carbon, the oxide phase compositions
are close to those of the slags investigated in [14], where,
as the Si0,/MgO ratio increased from 0.75 to 1.25, ¢
decreased from 1520 to 1370 °C, and the viscosity of all
slags was below 0.3 Pa-s.
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Fig. 8. Dependence of content in the oxide phase of FeO (a), MnO (b), B,O; (c), and the ratio SiO,/MgO (d)
on carbon proportion in the charge with addition of 10 % of colemanite to MSC:

@-0.75; - 1.00; A — 1.25

Puc. 8. 3aBucumocTs conepxkanus B okcuanoi dase FeO (a), MnO (b), B,O, (¢) u cootnomenns SiO,/MgO (d)
oT monu yriepona B muxre npu go6aske kK MCK 10 % xonemanura:

@075 - 1,00; A — 1,25

Evaluation of phase transition temperatures in
the MSC-—colemanite—carbon systems (Fig. 9) indi-
cates a decrease in the liquidus temperature from
1500 to 1400 °C when 5-10wt. % colemanite is
added to the charge. This suggests that separation mel-

ting of metallized siderite concentrate in the presence
of colemanite is feasible even when carbon is present in
the charge. According to theoretical calculations, the slag
in this case will have a sufficiently low melting tempe-
rature, allowing it to be removed from the furnace after
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Puc. 9. 3aBucHMOCTD MOJIHOM SHTANBIIMU CUCTEMBI OT TEMIIEPATYPBI U LIIAKOBBIX CUCTEM, PACCYMTAaHHBIX IIPH cooTHomenuu Si0,/MgO = 0,75

M HE COJePIKALIMX B CBOEM COCTAaBE YIIIEPO, IIPH M3MEHEHUH COOTHOIICHHS KOJIeMaHHTa, %o:
a—-0;b-5,¢-10

separation melting from the metal at 1600 °C. Depending
on the carbon content in the charge, the metal will contain
manganese, silicon, and boron.

Small additions of boron are known to improve
the quality of cast iron [21; 22], steel [23 — 25], and sur-
facing materials [26]. They significantly refine the grain
structure. Strengthening of grain boundaries by borides
enhances high-temperature strength, as well as increased
hardness and wear resistance, and sharply improves
hardenability compared to similar steels without boron.
Microadditions of boron (about 0.01 % in cast irons and
0.001 — 0.003 % in steels) can replace alloying elements
such as nickel, chromium, molybdenum, and manganese
in amounts 300 — 400 times greater than that of boron,
while maintaining metal quality.

In the proposed technology, the amount of boron
transferred to the metal is significantly higher than that
required for producing quality cast iron or steel. There-
fore, the resulting metal can be used as a master alloy,
or its boron content should be substantially reduced, for
example, by bubbling oxidation with oxygen.

To assess the feasibility of bubbling oxidation, addi-
tional thermodynamic modeling was performed using
the methodology previously applied for modeling bub-
bling reduction of metals from oxide melts [27 — 29].
The initial model system consisted of metal with
the following composition (%): 96.1 Fe; 1.7 C; 0.20 Si;
1.80 Mn; and 0.26 B (1 kg). The gas phase was oxygen,
supplied in an amount of 7.3 dm? per kilogram of metal.
Modeling was carried out at 1600 °C and 1 atm, assum-
ing the melt to be an ideal solution.

The calculations were performed in the following
sequence:

— input of initial data on the amount of metal melt and
oxygen;
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— equilibrium calculation of the system using thermo-
dynamic modeling methods;

— recording equilibrium compositions and the amounts
of components in the oxide and metallic melts, as well as
in the gas phase;

— performing the next cycle, in which the composi-
tion of the metallic melt obtained in the previous step was
taken as the initial state, while the slag was considered
removed from the system and not accounted for; the gas
composition and amount remained unchanged;

— repeating the cycles until the amount of oxidized
components in the melt decreased to the specified level.

Fig. 10 shows the change in metal composition
depending on oxygen consumption.

As aresult of bubbling oxidation of the metal, the iron
content increases to 99.86 %, the manganese content
decreases to 0.13 %, silicon is completely oxidized, and
boron content drops to 0.000002 %. From 1 kg of the ini-

Element content, %

Oxygen consumption, dm3/kg

Fig. 10. Dependence of the components content in the metal
on oxygen consumption

Puc. 10. 3aBUCUMOCTb COIEPKAHUS KOMITOHEHTOB B METaJIe
OT pacxofia KKCIopoaa
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tial metal, 940 g of final metal and 201 g of slag are
formed, with the slag composition (wt. %) as follows:
46.7 FeO; 6.7 Si0,; 34.3 MnO; 12.4 B,O,. This slag can
be used together with colemanite as an additional source
of boron.

[ ConcLusIONS

Thermodynamic modeling of the separation mel-
ting of metallized siderite concentrate with colemanite
in the presence of carbon made it possible to describe
the distribution of boron between the metal and slag
depending on the proportions of colemanite and carbon
in the system. It is shown that adding 5 — 10 % colema-
nite to the charge reduces the slag melting temperature
to 1400 °C, enabling efficient extraction of both metal
and slag from the furnace at 1600 °C. With an increase
in carbon content in the charge up to 6 %, a linear depen-
dence of the degree of boron transfer to the metal was
observed, reaching 60 %. The resulting boron-containing
metal can be used as a master alloy for microalloying
cast irons and steels, or as a semi-finished metal product
suitable for secondary (ladle) treatment after preliminary
oxygen bubbling. The slag produced during bubbling
can be reused as an additional boron-bearing component
of the charge. The results of the calculations can serve as
a basis for planning and conducting experimental studies
on the processes of separation melting of metallized side-
rite concentrates.
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