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Abstract. The Bakal deposit located in the Southern Urals near the city of Bakal, Chelyabinsk region, is one of the largest deposits of carbonate iron ores
(siderites). The total deposit of siderites is about 1 billion tons. They are not in demand among metallurgists because of their low iron content and high
magnesium content. At the same time, the Urals metallurgical enterprises are suffering from shortage of iron ore raw materials including steelmaking
ore raw materials. The high purity of siderites in terms of phosphorus and non-ferrous metals makes it possible to use methods of coke-free metallurgy
for their processing. Pyrometallurgical processing of siderites including their reduction roasting in a rotary furnace followed by grinding and magnetic
separation allows obtaining a concentrate to be used as a steelmaking raw material having metallization degree above 90 % and a waste rock content
under 3 — 7 %. Calculations showed that the costs of electricity used for melting scrap metal and metallized siderite concentrate containing 30 %
of waste rock and loaded into the furnace at temperatures above 1000 °C are close. We propose a siderite processing method including reduction
of the initial ore in a rotary furnace, and melting of resulting metallized concentrate hot loaded (at temperatures above 1000 °C) into a furnace.
The empty rock of metallized siderite concentrate contains a large percentage of magnesium oxide that makes it refractory. To obtain liquid slag, it is
proposed to add boric anhydride in the form of colemanite. To assess the B,O, effect on melting of the metallized siderite oxide phase in the process
of electric melting, studies on the viscosity correlation of the magnesian steelmaking slag containing B,O, with temperature and its composition were
carried out. It was found that at the discharge temperature (1600 °C) the resulting magnesia slag with the ratio of MgO/SiO, in the initial siderite
equaling to 0.75 — 1.25 has a low viscosity (less than 3.65 P).
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AHHOmayus. Bakanbckoe MecTopoXkIeHue, pacronokeHHoe Ha KOkHom VYpane BOmM3u ropoxa bakan YensOMHCKO# 00nmacTy, sBISIETCS OXHUM H3
KPYIHEHIITNX MECTOPOXKICHII KapOOHATHBIX JKeJIe3HBIX py/1 (cuaepuToB). OOIIHe 3a1achl CHICPUTOB COCTABIISIIOT OKOJIO 1 Mitpz T. OHU HE TTOJb3YHOTCS
CIIPOCOM y METAJLTYPrOB U3-3a HU3KOTO COZICPIKAHMS JKeJe3a ¥ BBICOKOTO COIEpIKaHHsl MAarHusL. B To jxe BpeMst MeTaJlTypriudeckue npepusaTrs Ypaia
HCIBITBIBAIOT JS(UIIUT JKEIE30PYIHOTO CBHIPhS, B TOM YHCIIE CTANCIUIABUIIBHOTO. BhICOKast YiCTOTa CHACPHTOB MO GocdOpy U LIBETHBIM METaIaMm
O3BOJISIET MCTIONB30BATH TS UX MEPepabOTKH METO/IbI OECKOKCOBOIT MeTautypruu. [Iupomeramtyprudeckoe 000rameHle CHASPUTOB, BKIIIOYAIOIIEE
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UX BOCCTAHOBUTEJIbHBIH 00KHUT BO BPAILAIOIIEHCs TIEUH C TTOCIISYIOIUM U3MeIbYeHNEM U MarHUTHOH cenapaiyeii, o3BoJIsieT MOJIyYUTh KOHLEHTPAT
€O CTemeHbro MeTaumsanuu 6omnee 90 % u comepikaHHEM ITyCTOH Moponsl MeHee 3 — 7 %, IPUTONHEI B Ka4eCTBE CHIPbS IS CTaJIeIUIaBIIBHOTO
MPOM3BOICTBA. PacueTsl mokasaiu, 4To 3aTpaThl IEKTPOIHEPIHH Ha IUIABKY METAJIMYECKOTO0 JJOMa U METaJNTM30BAHHOTO CHEPHTOBOTO KOHLIEHTpATa,
coneprkarero 30 % IycToii OpoIbL, 1 3arpy:KaeMoro B IIeds IpH Temieparype oie 1000 °C, 6msku. [Ipennoxken ciocod nepepaboTKy CHASPUTOB,
BKJIIOYAIOLIMI BOCCTAHOBJIGHUE MCXOIHON Py/Ibl BO BPAILAIOICHCS MEUH U TUIABKY OJIy4aeMOro METaJUIM30BAHHOTO KOHIIGHTpATa, B ropsyeM BHUJIE
(mpu Temneparype Bbime 1000 °C) 3arpykaeMoro B CTaleINIaBHIbHYIO Tedb. [lycTas moposma MeTamIM30BaHHOTO CHIEPUTOBOTO KOHIIGHTpara
COJIEPXKUT OOJIBIIOE KOJIUYECTBO OKCHJIA MAarHUs, YTO JIeIaeT €€ TYToIUIaBKoil. JIJIst omydYeHHst RUIKOTO IUIaKa MPEeIOKEHO HCIIOIb30BaTh J00aBKy
GopHOro aHruapuja B Buie Konemanuta. {ns oueHkn BiusHus B,O, Ha nuaBieHue OKCHHOH (hasbl METAIM30BAHHOTO CHJIEPUTA B MpPOLECCE
JIEKTPOIIABKH MPOBEIEHBI HCCIIEIOBAHMSA KOPPEJIALMHU BA3KOCTH MarHe3uaabHOTO CTAJIETIaBUIILHOTO 1IIaKa, conepskamiero B,O,, ¢ Temneparypoii
u ero coctaBoM. OOHapykeHo, uTo IpH Temreparype Boiycka (1600 °C) 0Opa3yroruiicss MarHe3uaabHbIN MIIaK 00J1aaeT HU3KOH BSI3KOCTBIO (MeHee
3,65 I13) ipu cootHomennn MgO/SiO, B ucxonnom cunepure, pagiom 0,75 — 1,25,
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[ INTRODUCTION

Carbonate (siderite) iron ore deposits span across
various regions worldwide, including Austria, Bulgaria,
Great Britain, Germany, Poland (Europe); China, Russia,
Japan (Asia); Algeria (Africa); USA, Canada, Colombia
(America), and numerous other countries [1 — 10]. Pre-
sently, the sole metallurgical process employing siderite
ores is blast furnace smelting. Before loading into the fur-
nace, siderites undergo enrichment, utilizing various
methods depending on the ore’s composition: gravity, flo-
tation, magnetic separation, electrostatic separation, and
roasting-magnetic techniques. One of the largest known
deposits of siderite ore globally is the Bakal deposit, situ-
ated near the city of Bakal in the Chelyabinsk Oblast,
located in the Southern Urals. The total reserves of sid-
erites in this deposit are estimated to be around 1 bil-
lion tons [11; 12]. However, due to their low quality —
characterized by low iron content and high magnesium
oxide content — siderites are in minimal demand among
blast furnace metallurgists. Extraction of the ore falls sig-
nificantly short of the potential yield based on mining and
geological conditions. This shortage exacerbates the scar-
city of raw materials faced by the metallurgical industry
in the Urals, particularly for steelmaking.

Bakal siderites stand out due to their manganese con-
tent, reaching up to 2 %, low phosphorus content (less
than 0.02 %), and the absence of non-ferrous metals
like copper and zinc. These characteristics render them
valuable raw materials for the production of high-quality
steels using coke-free metallurgy methods [13; 14].

The methods utilized for direct iron production rely
heavily on the quality of the iron ore raw materials
employed. The recovery process of high-grade concent-
rates containing a minimum of 70 % iron is executed in
various units such as shaft furnaces, retorts, among others.
This procedure aims to achieve a metallization level
surpassing 90 % using a specialized gas mixture [15].
For the treatment of low-grade ores, prevalent methods
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involve their metallization through solid reducing agents
in rotary kilns, subsequently followed by the separation
of waste rock via grinding and magnetic separation [16].
Extensive research indicates that through the pyrometal-
lurgical enrichment of siderite ores [11; 12], a concentrate
boasting over 90 % metallization can be attained. This
concentrate, with a waste rock content ranging from 3
to 7 %, proves suitable for steelmaking purposes [17].
In order to facilitate the reduction process at tempera-
tures between 1300 and 1350 °C, the easily fusible waste
rock, predominantly composed of quartz-clay shale [19],
necessitates prior removal. This removal can be achieved
through gravity concentration in heavy suspensions [10],
polygradient magnetic separation, or the X-ray radiomet-
ric method.

The comparison of energy intensity between smelt-
ing scrap metal in an electric furnace and smelting meta-
lized siderite concentrate, heated to 1000 °C, containing
approximately 30 % waste rock, revealed similar energy
consumption per ton of iron in both scenarios. This simi-
larity suggests the feasibility of a smelting technology for
metalized siderite concentrate, acquired through pyro-
metallurgical enrichment in a rotary furnace, without
the intermediary stages of grinding and magnetic separa-
tion. However, it’s crucial to consider that the high mag-
nesium oxide content in the oxide phase of the concen-
trate will result in the formation of slag during the melting
process with a considerably high melting point. This
particular characteristic of the slag formation renders
the proposed technology inefficient.

The addition of boric anhydride (B,O;) to slag is
recognized for its capacity to lower the melting tem-
perature of the slag [20]. To assess the impact of B,O,
on the melting behavior of the oxide phase of metalized
siderite during the electric melting process, research
focused on examining the correlation between the viscos-
ity of magnesia steelmaking slag — incorporating B,O, —
and its temperature alongside composition.
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Table 1

Chemical composition of the initial mixtures

Tabnuya 1. XMMHYECKHIA COCTAB MCXOMHBIX cMeceil

Mix- Content, %

| 8i0,MgO | FeO | S0, | ALO, | CaO | MgO | MnO
I 050 100|240 40 | 7.0 | 480 | 7.0
2 075 |100]309 40 | 7.0 | 411 | 7.0
3 100 |100]360| 40 | 7.0 | 360 7.0
4 125 100]400| 40 | 7.0 | 320 7.0

[ MATERIALS AND METHODS

A vibrating viscometer, utilizing damped oscillations
and computerized data processing, was employed for
the viscosity study [21].

The proportion of various oxides (iron, calcium, alu-
minum, manganese) in siderites shows slight variation
depending on their location. However, the ratio between
silicon oxide and magnesium oxide can fluctuate from 0.5
to 1.25 [11; 12]. Consequently, to examine the viscosity
of pure oxides, initial mixtures were formulated. These
mixtures replicated the composition of the oxide phase
found in a metallized siderite concentrate with a metal-
lization degree of 95 %. The compositions maintained
a constant proportion of most oxides while adjust-
ing the Si0,/MgO ratio within the range of 0.5 to 1.25
(Table 1). These mixtures were supplemented with
a material — previously molten and crushed — with a com-
position closely resembling calcined colemanite. This

material contained 8 % SiO,, 34 % CaO, 4 % MgO and
54 % B,0,. It was added at ratios equivalent to 10, 15,
and 20 % of its fraction in the charge. This corresponds
to 60, 90 and 120 kg of raw colemanite (L.O.1. 30 %)
per ton of metallized siderite concentrate. The chemical
composition of the examined slags is detailed in Table 2.

The research involved forming tablets from mixtures
mirroring the slag compositions under investigation.
These tablets were placed in molybdenum crucibles,
heated in a resistance electric furnace up to 1600 °C, and
subsequently, the viscosity was measured.

The analysis revealed that slags /-3, featur-
ing a SiO,/MgO ratio of 0.5, exhibited heterogeneity
at temperatures below 1600 °C. In the other slags, dis-
tinct regions of high and low-temperature viscosity
were observed. Within the high-temperature region,
viscosity remained below 3.65 P. As the temperature
decreased, viscosity showed a slight increase. However,
in the low-temperature region, the change in viscosity
was more pronounced. An elevation in the SiO,/MgO
ratio and the addition of colemanite to the mixture led
to an increase in B, O, content in the slag and consequently
lowered the temperature at which viscosity transitioned
to the high-temperature region. The results of these mea-
surements are depicted in Fig. 1.

To analyze the slag viscosities corresponding
to the transition from the low-temperature to high-tem-
perature regions, and the respective transition tempera-
tures, experimental design methods were employed [22].
An orthogonal design 2* was used, with the SiO,/MgO
ratio as the first factor and the colemanite fraction in
the charge as the second factor. The experimental plan

Table 2

Chemical composition of the studied slags

Tabnuya 2. XuMH4ecKuil cocTap HccaeAyeMbIX HIAKOB

Slag $i0,/ MgO Fractiqn of : Content, %

No. 2 colemanite, % FeO SiO, AL, CaO MgO MnO B,0;
1 0.50 10.0 9.1 22.5 3.7 9.5 44.0 6.4 4.9
2 0.50 15.0 8.7 21.9 3.5 10.5 42.3 6.1 7.0
3 0.50 20.0 8.3 21.3 34 11.5 40.7 5.8 8.9
4 0.75 10.0 9.1 28.8 3.7 9.5 37.7 6.4 4.9
5 0.75 15.0 8.7 27.9 35 10.5 36.3 6.1 7.0
6 0.75 20.0 8.3 27.1 34 11.5 349 5.8 8.9
7 1.00 10.0 9.1 335 3.7 9.5 33.1 6.4 49
8 1.00 15.0 8.7 32.3 3.5 10.5 31.8 6.1 7.0
9 1.00 20.0 8.3 31.3 34 11.5 30.7 5.8 8.9

10 1.25 10.0 9.1 37.1 3.7 9.5 29.5 6.4 4.9
11 1.25 15.0 8.7 35.8 3.5 10.5 28.3 6.1 7.0
12 1.25 20.0 8.3 34.7 34 11.5 27.3 5.8 8.9
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Fig. 1. Change in viscosity of steelmaking slag depending
on temperature (numbers near curves — percentage of colemanite)
at Si0,/MgO: 0.75 (a); 1.00 (b); 1.25 ()

Puc. 1 M3MeHeHue BI3KOCTH CTAJICTUIABMILHOIO IITaKa
B 3aBUCHMOCTH OT TeMIepaTypbl (LU(PbI y KPUBBIX — IPOLEHT
xonemanura) ipu Si0,/MgO: 0,75 (a); 1,00 (b); 1,25 (c)

Plan of the experiment and its results

Table 3

Tabnuya 3. Ilnan npoBeleHUs1 IKCIIEPUMEHTA
U ero pe3yJibTarhbl

Fraction . .

IT\f(ft Si0,MgO | of colemanite r;ftifrfépec Vlsclc))sﬂy,

wt. %

1 0.75 10 1520 1.64
2 0.75 15 1500 1.24
3 0.75 20 1450 1.30
4 1.00 10 1500 1.43
5 1.00 15 1400 1.85
6 1.00 20 1350 1.50
7 1.25 10 1370 3.23
8 1.25 15 1345 2.24
9 1.25 20 1280 3.65
10 1.00 15 1400 1.85
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and its outcomes are detailed in Table 3 and presented
graphically in Figs. 2 — 4.

Fig. 2 provides an overview of the response func-
tion depicting slag viscosity and the temperature at
which the desired viscosity is achieved, in relation
to the Si0,/MgO ratio and colemanite content.

Fig. 3 shows isolines representing equivalent slag
viscosities and the respective temperatures required
to achieve those viscosities, contingent on the Si0,/MgO
ratio and colemanite content.

The analysis depicted in Figs.2 and 3 elucidates
the profound impact of the SiO,/MgO ratio and cole-
manite content on viscosity. Point 4 in Fig. 3 marks
the minimum slag viscosity, attained with a Si0,/MgO
ratio of 0.78 and a colemanite content of 17 %. At a con-
sistent Si0,/MgO ratio, an increase in colemanite con-
tent results in a decrease in the temperature needed
to achieve the desired viscosity. For instance, the tem-

H >40
B <37
| <32
]=<27
<22
W <17
M <12

Viscosity, Pa.s

I >1550
W <1540
I <1490
I <1440
[] <1390
I <1340
I <1290
W <1240

Temperature, °C

Fig. 2. General view of slag viscosity response function (a)
and equal temperature at which the required viscosity is achieved (b),
depending on SiO,/MgO ratio and proportion of colemanite
in the charge

Puc. 2. O6muii Buz QyHKIIME OTKIINKA BA3KOCTHU HITAKA (a)
Y paBHOI TeMIIepaTyphbl, IPH KOTOPOU JI0OCTUTaeTcsi Tpedyemast
BA3KOCTb (b), B 3aBUCHMOCTH OT cooTHOmIeHus Si0,/MgO
U JIOJIH KOJIEMAHHUTA B ILIHXTE
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at which the required viscosity is achieved (), depending on SiO,/MgO
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Puc. 3. V3onuHnN paBHOM BSI3KOCTH 1IUIAKa (@) U paBHOI TeMIlepaTypsbl,
IIPH KOTOPOH JOCTHTraeTcs TpedyeMast BI3KOCTb (b), B 3aBUCUMOCTU
ot cootHomenus SiO,/MgO u /10111 KOJIeMaHUTA B IMXTE

perature required to achieve the minimum viscosity with
a Si0,/MgO ratio of 0.78 and a 17 % colemanite content
is 1460 °C.

Using the STATISTICA software [24], the experi-
mental results were processed, enabling the calcula-
tion of regression equations describing the behavior
of the response function (viscosity (/) and tempera-
ture (2)) based on the main factors:

n=10.93 - 15.58x + 8.3x2 — 0.4y + 0.009y> + 0.15xy; (1)
T=1801.7 — 199.5x — 28.6x> — 7.19y + 0.03)” — 4.0xy, (2)

where x is the Si0,/MgO ratio, units; y is the colemanite
content, wt. %.

Fig. 4 illustrates the comparison between experi-
mental and calculated values of viscosity and tem-
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1550
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Fig. 4. Correlation diagram of experimental and calculated values
of viscosity (a) and temperature (b)

Puc. 4. Jluarpamma KOppeJisiiiiy 9KCIIEPUMEHTAIBHBIX U PACYETHBIX
3HA4YEHMH BA3KOCTH (@) 1 Temmneparypsl (b)

perature to evaluate the model’s adequacy determined
by the regression equation. The results, assessed via cor-
relation of experimental and calculated data, are visu-
ally represented in this figure. The data analysis demon-
strates that the regression equation effectively describes
the experimental findings. Most of the experimental data
points fall within the confidence interval demarcated
by the reliability ellipse.

The findings confirm that when the SiO,/MgO ratio
stands at 0.5, the inclusion of colemanite does not yield
favorable outcomes. Below temperatures of 1600 °C,
the slag retains heterogeneity, impeding the smelting
of metallized siderite in electric furnaces. Conversely,
in slags featuring a SiO,/MgO ratio surpassing 0.75,
a high-temperature region with viscosity measuring less
than 3.65 P is evident. This corresponds to temperatures
exceeding 1520 °C, with colemanite fractions ranging
from 10 to 20 %. The transition temperature from high
to low-temperature regions can be managed by altering
both the SiO,/MgO ratio and the colemanite fraction.
Specifically, achieving the same transition temperature
involves concurrently increasing the SiO,/MgO ratio
while decreasing the colemanite fraction.
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- CONCLUSIONS

Lump siderite concentrate, reduced to a metallization

degree of 95 % in a rotary kiln and loaded into an elec-
tric furnace at hot temperatures (above 1000 °C), supple-
mented with raw colemanite additives within the range
of 60 — 120 kg per ton of concentrate, can undergo melt-
ing. This process yields a metal-semi-product at outlet
temperatures around 1600 °C, suitable for subsequent
steel production. Simultaneously, it results in the for-
mation of a homogeneous magnesia slag exhibiting low
viscosity (below 3.65 P). This occurs specifically when
the original siderite boasts an MgO/SiO, ratio ranging
from 0.75 to 1.25.
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