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Abstract. Smelters in the Urals procure only 50 — 60 % of raw materials from local sources. The rest is imported from Central Russia, the Kola
Peninsula, and Kazakhstan. Switching to local raw materials would increase the competitiveness of the Urals metals, so local alternatives
should be considered, such as siderite ore from the Bakal deposit. The ore is in low demand due to its low iron content and high magnesium
content. The higher the siderite content in the charge, the higher the magnesium oxide content in the slag. This affects the slag viscosity, so for
siderite content exceeding 20%, melting is difficult or impossible. We proposed the addition of boric oxide to liquefy the slag. The simulated
slag (Ca0 26.8 %; SiO, 38.1 %; Al,O, 11.8 %; MgO 23.6 %) identical to that produced by the Magnitogorsk Metallurgical Plant (MMK) blast
furnaces with the addition of 30 % of calcined siderite is short and unstable. The temperature when the slag viscosity is equal to that at the blast
furnace taphole (0.5 Pa-s) is 1390 °C, while the melting point (2.5 Pa-s viscosity) is 1367 °C. The addition of boric anhydride makes the slag
long and stable. As the B,O, content is increased from 0 to 12 %, the temperatures at which the slag viscosity is 0.5 and 2.5 Pa-s decrease to
1260 and 1100 °C, respectively. The study shows it is possible to significantly increase the siderite content in blast furnace charge.
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AHHomayus. Ha Merauryprud4eckux NpeanpusTHsIX Ypaja J1ojiss MecTHoro ceipbsi coctaBisieT 50 — 60 %. Ero neduuut xomnencupyercs
HCIIOJIb30BAaHUEM MaTepUasoB, 3aBO3UMbIX U3 LlenTpansHoii Poccun, Komabckoro momyoctposa n Kazaxcrana. 3aMeHa UX Ha MECTHOE CHIPbE
YBEIUYUT KOHKYPEHTOCHOCOOHOCTh IMPOM3BOAMMOIO Ha Ypalie MeTajla, M03TOMY BOINPOC OLEHKH BO3MOXHOCTH 3aMEHbl IMPUBO3HOIO
CBHIPbS Ha MECTHOE SIBJISICTCS] BEChbMa aKTyaJbHBIM. TakKMM ChIPbEM MOTYT OBITH CHJCPUTOBBIC PyAbl bakanbckoro mecropoxaeHus. OHu He
HOJIB3YIOTCS CIIPOCOM Y METAJLTYPrOB U3-3a HU3KOT'O COJIEPKAHUS JKeJe3a U BBICOKOTo cojepxanus Maraus. C pocToM KOJIMYeCcTBa CHIEPUTOB
B IINXTE yBEIUUUBACTCS COJEPIKAHUE OKCH/IA MarHUs B IIUIAKE, YTO BIMSET HA €r0 BSI3KOCTh U JIENIaeT 3aTPyAHUTEIbHBIM HIIM HEBO3MOXKHBIM
IUIaBKY C ucnoib3oBanueM 6oiaee 20 % cupeputos. s pa3KiKeHUs IIaKa IPEUI0KEHO UCTI0NIb30BaTh okcu Oopa. CHHTETHUECKUH 1UIaK,

coznepxamuit 26,8 % CaO, 38,1 % Si0,, 11,8 % Al,0,, 23,6 % MgO, Mojienupyroluii cOCTaB MmIaka JIOMEHHON M1aBKu MarHuToropckoro
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MeTajulyprudeckoro kombunara ¢ go6aBkoit 30 % 0O0O0XIKEHHBIX CHICPUTOB, SIBJISETCS KOPOTKUM WU HeycToituumBbeiM. Temmeparypa,
IIpU KOTOPOH €ro BA3KOCTh COOTBETCTBYeT Bsi3kocTH Ha BeImycke (0,5 Ila-c), cocrasmser 1390 °C, a Temmeparypa, COOTBETCTBYIOIIAs
TeMrieparype miaBieHus (Bsskocth 2,5 [la-c), cocraBusier 1367 °C. Ecnu B Takol muiak g00aBUTh OOpHBIM aHTHIPHUI, OH CTAHOBUTCS
IUIMHHBIM U yCTOH4UMBBIM. B pacnnasax npu ysenuuenun noiu B,O; ot 0 1o 12 % Temmeparypa, Ipu KOTOPO# BSA3KOCTB IIITAKA COCTABIISIET
0,5 u 2,5 Ia-c, camxkaercs 10 1260 u 1100 °C cooTBETCTBEHHO. JTO JieIaeT BO3MOXKHBIM 3HAUUTEIIBHOE YBEIUYCHHUE JOJIH CHUICPUTOB B

JTOMEHHOMN IINXTE.

Kawuessle cao8a: KCJIC30PYTHOC ChIPBE, OakaJbCKHe CUICPUTHI, BA3KOCTD, IJIAK, OKCU 60pa, OKCHJI MarHusl, TEMIIEpaTypa IJIaBJICHUS
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Smelters in the Urals procure only 50-60 %
of the raw materials from local sources. The rest comes
from the central and northwestern regions of Russia and
Kazakhstan, since less than half of the 50 iron ore deposits
in the Urals region are in operation [1 — 5], and the pro-
duction rate does not match demand. There are several
reasons for that. The siderite iron ore extraction volume
at the Bakal deposit (Southern Urals) with its about 1 bln.
ton reserves are far less than the deposit capacity due
to low demand for low-grade ore. The magnesium oxide
content in the mining waste is about 40 — 50 % [6 — 8]. For
this reason, siderites can be used only as additives to blast
furnace charges or sinter cakes. Bakal siderite is unsui-
table as the key component of the blast furnace charge,
since the slag will have a very high melting point [9].

Slags are melted in a certain temperature range, so
the melting point (7' mp) is not constant. It is either the liqui-
dus temperature (7)) above which the slag is completely
liquid or the temperature at which the slag begins to freely
flow from the coke packing (the required viscosity should
be less than 2.5 Pa-s).

Also, the slag melting point should be below 1400 °C
for smooth, safe smelting, and the slag should have suf-
ficient mobility in the 1400 to 1500 °C temperature
range [10 — 13].

The viscosity of acidic slags grows slowly over a rela-
tively wide range of temperatures. That is why such slags
are called “long slags”. Basic slags become thicker as
the temperature drops below the crystallization point due
to heterogenization and solid phase formation. The thicke-
ning occurs in a narrow temperature range. Such slags are
called “short slags”.

Both slag temperature and fluidity are important variab-
les in the blast furnace smelting process. Indeed, the vis-
cosity of melted slag is the key property affecting blast
furnace stability and efficiency and the entire smelting pro-
cess. Many researchers [14 — 21] have studied the correla-
tion between the slag component (e.g, magnesium oxide)
content, melting point, and viscosity. Authors [14 — 16]
studied the effects of slag composition on its properties
over a wide range of component contents. The results are
in good agreement with the studies of a narrower range
of contents [17 — 21].
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Any blast furnace slag consists of four basic compo-
nents: CaO—Si0,—MgO—-AlLO;. For such melts contain-
ing less than 15 % of alumina, an increase in the base-to-
silica ratio (R) from 0.6 to 1.5, and the magnesium oxide
content from 0 to 20 % leads to the melting point increase
to 1350 — 1400 °C and narrowing the solidification tem-
perature range. The slags become “shorter”. Any amount
of magnesium oxide can be added. Slags containing more
than 25 % MgO are not flowable below 1400 °C.

Raising the MgO content from 0 to 25 % in the slag
with 0.6 — 1.5 the base-to-silica ratio results in a visco-
sity drop to a minimum. The minimum value depends
on the alumina content and temperature. Acidic slags
show higher viscosity drop rates than basic ones.

Slags containing 5 % of Al,O, have a minimum visco-
sity (0.15 Pa-s)at 1500 °C; R ~ 0.9 — 1.1; 17 — 20 % MgO;
36 — 38 % SiO,. Reducing the temperature to 1400 °C
increases the minimum viscosity to 0.35 Pas. Now
the minimum viscosity exists in a wider MgO content
range of up to 13 — 20 % with a shift towards more acidic
slags containing 39 — 41 % of SiO,.

The alumina content increase to 10 % increases
the minimum viscosity. As the temperature drops from
1500 to 1400 °C, the minimum viscosity increases
from 0.2 to 0.3 Pas. The composition ranges where
the minimum viscosity occurs are narrowed from
R~0.8—1.2; 1324 % MgO; 3540 % SiO, (at 1500 °C)
to R~1.05-12; 14-16% MgO; 39-41 % SiO,
(1400 °C), respectively.

For the 15 % Al,O, content, the minimum viscos-
ity increases from 0.30 to 0.55 Pa-s. The content ranges
change from R~0.9-1.2; 15-26 % MgO; 30-33 %
SiO, to R ~0.80 — 1.05; 18 — 22 % MgO, 33 — 35 % Si0,,
as the temperature drops from 1500 to 1400 °C. The higher
magnesium oxide content leads to a dramatic viscosity
reduction in acid slags containing 25 — 35 % of CaO. Such
slags with R ~ 0.5 — 0.8, containing 13 — 18 % AL,O, and
16 — 25 % MgO, are quite fluid at 1350 — 1400 °C.

The melting point of slags containing 20 % Al,O,
(R~12-1.5) exceeds 1500°C for any magnesium
oxide content. When R~ 1.1 -1.2, the crystallization
occurs at >16 % MgO. As R decreases to 0.6, the criti-
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cal content of magnesium oxide increases to 20 %. When
MgO/AlL0, ~ 0.5, for R~ 1.1 -1.2 T, is about 1450 °C.
As R decreases to 0.6, 7, drops to 1350 °C. the minimum
viscosity of such slags varies from 0.4 Pa-s (at 1500 °C)
to 1.0 Pa's (at 1400 °C) for 34 — 36 % SiO, content.

The above data indicates that in slags with less than
1.0 MgO base-to-silica ratio, the MgO content can reach
15-20 %, with no significant smelting issues. Such
slags are sufficiently fluid. They melt at temperatures
below 1350 °C. When the MgO content is above 25 %,
the melting point raises drastically making the slag short
and unstable. The analysis [22] shows that such slags are
formed when the blast furnace charge contains about 30 %
of siderite. The conclusion is that such a charge is difficult
or impossible to use.

As it is known [23 — 25], the addition of boric oxide
to blast furnace slag reduces its viscosity over the entire
temperature range and makes slags longer.

The purpose of this study is to identify the effect
of adding boric oxide on the viscosity and melting point
of high-magnesia blast furnace slags.

We produced simulated slag containing 26.8 % CaO,
38.1 % Si0,, 11.8 % AlO,, and 23.6 % MgO. Its com-
position was similar to the estimated [22] composition
of the slag produced by blast furnace No. 9, MMK when
the charge was a mixture of in-house sinter and pellets
from Sokolovo-Sarbai Mining and Concentrating Facility
in the 2:1 ratio, and 30 % of calcined siderite concentrate.

The calcium oxide (AR grade) we used was calcinated
in a muffle furnace at 910 °C for 6 h. The boric anhydride
(B,0;) was calcinated at 170 °C for 2 h. The latter was
subsequently melted in a resistance furnace at 900 °C
for 4 h.

The samples were prepared by heating and melting an
oxide mixture (CaO-Si0,-MgO—-Al0,) in a graphite
pot at 1500 — 1550 °C (30 min holding time). The melt
was poured into the mold and cooled.

After cooling the material was crushed and mixed with
boric anhydride to achieve 3, 6, 9, and 12 % B,O, con-
tent. Then the sample was placed in a molybdenum pot,
heated to 1550 °C, and its viscosity was measured. We
used a forced-oscillation vibrating viscometer [26, 27].
The melt temperature was measured with a tungsten-rhe-
nium thermocouple. The probe was made of molybdenum,
in order to avoid its reaction with the melt. The cooling
rate was 5 — 7 °C/min.

For combined thermogravimetry and differential scan-
ning calorimetry (DSC), we used a Netzsch STA 449C
Jupiter simultaneous thermal analyzer. The experimental
data was processed using NETZSCH Proteus Thermal
Analysis [28] in its standard configuration (£3 °C tem-
perature accuracy). The samples were heated to 1430 °C
and then cooled to 500 °C at the 20 °C/min rate in pure
blanketing argon (99.998 % Ar). The pots were made
of Pt-Rh; the lids and inserts were made of aluminum
oxide. The samples weighing 23 — 30 mg were made from
crushed, pre-sintered slag. The sample slags contained
the key components (SiO,—CaO-MgO-AlL0;,), and 0.6
and 12 % of boric oxide.

We used an XRD-7000 Maxima (Shimadzu) diffrac-
tometer (Cuk radiation). The 20 scattering angle range
was 15— 65°.

Data analysis (Fig. 1) resulted in the following find-
ings. The slag viscosity vs. temperature curve is simi-
lar to the polytherm of a similar slag presented in [15].
The slag viscosity is less than 0.5 Pa's at temperatures

N, Pas
w
T

0 | | | |

1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550
t,°C

Fig. 1. Viscosity polyterms for CaO — SiO, — MgO - Al,O, — B,0O, melts (the numbers indicate B,O, content)

Puc. 1. Tlonurepmer Bazkoctu pacmiasos CaO — SiO, — MgO — Al,O, — B,O, (uudps! y kpusbIx — cogepkanue B,0,)
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above 1390 °C. The viscosity increases to 2.5 Pa‘s
at about 1370 °C (Tmp). After that, the slag thickening rate
rises sharply. Adding boric anhydride reduces the tem-
perature at which the slag viscosity is less than 0.5 Pa-s.
The slag thickening temperature range is extended to 7, .

The higher the boric oxide content, the lower the solidifi-
cation temperature.

The thermal analysis results are slightly different from
the viscosity measurements (Fig.2). As sample No. 1
(Fig. 2, a) without any B,O, was heated, the DSC curve
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Fig. 2. DSC curves for heating and cooling of the SiO, — CaO — MgO — Al,O, slag samples (a)
6 % B,0, (b) and 12 % B,0, (¢)

Puc. 2. JICK nuHuu, n101y4eHHbIE DM HATPEBAHMH U OXJIAKIEHUN 00pasioB miaka cuctems! Si0, — CaO —MgO — Al O, (a)
¢ obasiennem 6 (b) u 12 (¢) % B,0,
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indicates devitrification at 771 °C, as well as the exother-
mic effect of “cold” crystallization beginning at 910 °C
and reaching the maximum at 972 °C. It also shows
three endothermic effects with their maximums at 1213,
1232, and 1331 °C, apparently caused by the melting
of the slag phase components. The liquidus temperature
was 1340 °C. The DSC cooling curve shows an exother-
mic effect of the slag crystallization with its beginning/
maximum at 1267/1246 °C.

The thermal analysis of sample No.2 (Fig.2,b)
containing 6 % B,O; showed the devitrification effect
at 721 °C, and the effects of “cold” crystallization (952 °C)
and melting (1106/1171 °C). The slag liquidus tempera-
ture was 1195 °C. As the slag was cooled, the DSC curve

did not show any effects which indicates the slag's amor-
phous structure is preserved.

Increasing the B,O, content to 12 % (Fig. 2, ¢) does not
significantly change the DSC curves. We found a slight
decrease in the devitrification temperature (tg =685 °C)
during heating, and vitrification effects during cool-
ing (604 °C). The effects of “cold” crystallization and
melting were observed at 936 °C and 1103/1166 °C.
It is slightly lower than the temperatures found in
samples No. 1 and 2. Generally, the addition of B,O,
to a Si0,—-Ca0-MgO—AlO; slag reduces the devitrifi-
cation, “cold” crystallization, and melting temperatures
and facilitates the formation and stabilization of the amor-
phous phase. This was also confirmed by the X-ray phase
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Fig. 3. Diffractograms of the of SiO, — CaO — MgO — Al, O, slag samples (a) with addition of 6 % B,0, (b) and 12 % B,0, (c)

Puc. 3. Jluppaxrorpammer 00pasios uuiaka cucrembl SiO, — CaO — MgO — Al O, (@) ¢ no6asnenuem 6 (b) u 12 (¢) % B,0;
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analysis (Fig. 3). Without boric anhydride when the slag
is cooled, it crystallizes, and calcium and magnesium alu-
minosilicates are formed. When boric anhydride is added
during cooling, slag vitrification occurs. As a result,
the borate component is added to the aluminosilicates.

[ ConcLusions

Siderites (as raw ore, after calcination and
concentration, or pelleting) are currently used as additives
to blast furnace charges. Their content in the charge is
selected in such a way that the magnesium oxide content
in the resulting slag does not exceed 15—20 %. Such
slags are liquid above 1400 °C. Further magnesium oxide
content increases, making the slag short and refractory.
Melting a charge containing more than 30 % of siderite,
which results in a high-magnesia slag (>25 % MgO), is
difficult. The addition of boric anhydride to the charge
reduces the melting temperature of the slag. For a melt
with a 23.6 % magnesium oxide content, adding 0 to 12 %
of boric anhydride reduces the temperature at which
the slag viscosity is 0.5 Pa's from 1390 to 1260 °C, and
from 1367 to 1100 °C for the 2.5 Pa's viscosity. This
makes it possible to significantly increase the siderite
content in the charge.
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