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Abstract. Industrial slags produced by high-carbon ferrochrome are a material of complex composition consisting of an oxide part (Cr,0,, CaO,

MgO, FeO, Si0O,, Al,0,) and “entangled” metal prills (Cr, ). In order to increase the degree of chromium utilization and reduce losses
in the form of metal prills, we conducted the laboratory experiments to study changes in properties of the slag produced by high-carbon ferro-
chrome through the use of effective and affordable fluxing materials: expanded clay, calcium borate and refined ferrochrome slag. The effect
of fluxing additives in the form of expanded clay, calcium borate and slag from the production of low-carbon ferrochrome on the properties
of high-carbon ferrochrome slag was studied. Addition of up to 8 % of expanded clay and low-carbon ferrochrome slag leads to a stable
decrease in the softening temperatures of the final slags. The greatest intensity of decrease in the softening temperature is observed when
calcium borate is injected in an amount of 6 — 10 %. The greatest effect on reducing softening temperatures is exerted by the addition of 10 %
calcium borate when introducing high-carbon ferrochrome into the slag, while the temperature of softening beginning decreases by 262 °C,
and the temperature of softening end — by 135 °C. All the studied fluxing additives have a positive effect on reduction degree of the residual
concentration of metallic chromium in the slag. The most intense decrease in the content of Cr__, in the slag is observed with the introduc-
tion of 2 % of fluxing materials. The best values for the residual content of 0.7 — 0.8 % Cr, , were achieved using 4 % of low-carbon ferro-
chrome slag and calcium borate. When using expanded clay, an additive in the amount of 10 % is required to achieve such indicators of Cr__,.
In general, the effectiveness of using the studied fluxing materials to increase the degree of chromium extraction in the production of high-
carbon ferrochrome is shown, its content in the slag is reduced by 84 %.
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AnHomayus. TIpoMbllIEHHbIE ITAKK BHICOKOYIIIEPOMCTOrO (PEpPOXpoMa UMEIOT CIOXKHBIH cocTa. Onu coctoaT u3 okcuanoi yactu (Cr,O;, CaO,
MgO, FeO, SiO,, AlL,O,), a Takxke «3amyTaBuIMXcs» METALIMIECKHX KoponbkoB (Cr ). C HeNblo yBeIMUeHHs! CTENEHH TI0JIE3HOTO UCTIONB30BAHHS
XpOMa U CHIDKCHHS IIOTeph B BUJC METAUIMYECKUX KOPOJIBKOB IPOBEICHBI SKCIICPUMEHTHI B JIAOOPATOPHBIX YCIOBHAX O H3YyYCHHIO N3MCHEHUS
CBOWCTB IIIaKa BBICOKOYIJIEPOIMCTOrO heppoxpoma IyTeM npuMeHeHHst d3QGEKTUBHBIX U TOCTYITHBIX (UIIOCYIONMX MaTepraioB (Kepam3ura, bopara
KaJIbLHs U 11U1aKa pahUHUPOBAHHOTO (heppoxpoma). M3yueno BiusiHue Guiocyomux 100aBoK B BUE KepaM3uTa, 60paTa KaabLys U I1UI1aKa OT IPOU3-
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BOJICTBA HU3KOYIVIEPOJIMCTOrO (heppoxpoma Ha CBOKCTBA IIaka BEICOKOyTIiepoaucToro deppoxpoma. Ipucanku 10 8 % KepaM3uTa M IUIaKa HU3KOY-
DIEpPORUCTOro heppoxpoMa MPHBOIAT K CTAOMIBHOMY CHIDKCHHUIO TEMIIEpaTyp pa3MsrdeHNs KoHeuHbIX nutakoB. [Ipu BBoze 6 — 10 % Oopara KanbIus
MPOUCXOIUT HHTCHCHBHOE CHIDKCHHE TEMIICpaTyp Hadaja pasMsrdeHns. Hanbopliee BIMSHIE Ha CHIDKCHHE TEMIIEPaTyp Pa3sMArdeHHs OKa3bIBaeT
nobaska 10 % Gopara KanpLus IPH BBOJE B IIUIAK BBICOKOYIIIEPOAUCTOrO (heppoxpoMa, IPH STOM HAOTIONACTCs CHIDKCHHE TEeMIIepaTyphl Hadaa
pasmsardennst Ha 262 °C, xoHua pasmsraenus — Ha 135 °C. Bcee uccnenoBannble ¢uiocyiomue 100aBKU OKa3bIBAIOT MOJIOKHUTEIBHOE BIMSHUE HA
CTEIICHb CHIDKCHHS 0CTaTOYHON KOHIICHTPAIH METaJUINYEeCKOro XpoMa B 1uake. [1pu BBoze 2 % Qurocyrommx MaTepuanoB HabIogaeTcs: Hanbonee
MHTEHCUBHOE CHIDKEHHUE cojiepkanus Cr B uiake. Hawmyuniie 3HaueHus 110 octatodsoMmy conepskaniio 0,7 —0,8 % Cr,  TOCTHUTHYTBI PH HCTIOTb-
30BaHMHU 4 % II1aKa HU3KOYIIEPOIUCTOrO (heppoxpoma 1 Gopara Kanbis. [Iph ucTonb30BaHuM KepaM3UTa LIS IOCTHKEHHUs TaKuX Mokasarened Cr,
HeoOxoma JlobaBka B konruectse 10 %. [Tokazana 3¢ (GexTHBHOCTb HCIIONB30BAHUS UCCIIEIOBAHHBIX (IIIOCYIOIMX MaTepUasIoB IIpU MPOU3BOJICTBE
BBICOKOYTIEPOUCTOTO (heppoXpoMa JULS IOBBIICHHS CTCIICHH H3BICUCHUSI XPOMA, COZIepIKaHIe KOTOPOTO B IIIAKE CHIDKASTCS IPUMEPHO Ha 84 %.
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[ INTRODUCTION

The operational characteristics of slag in the produc-
tion of high-carbon ferrochrome depend on the nature
of chrome ores, the content of main components
(iron and chrome oxides), and slag-forming agents
(S8i0,, MgO, and Al,O;,). Therefore, the phase diagram
of the SiO,-MgO-ALO, system (Fig. 1) serves as
the physicochemical basis for determining the optimal
slag compositions [1 — 3].

The selected slag composition should ensure the over-
heating of high-carbon ferrochrome (HCFC) and create
conditions for successful “droplet” (movement of metal
droplets through the ore layer) and “bottom” (at the metal-
slag interface) refining of carbon and silicon. The slag
should have low viscosity and be sufficiently mobile for
the precipitation of metal droplets (especially in the ladle
during tapping from the furnace), easily separate from
the metal ingot, and possess optimum electrical resistance

Periclase

to facilitate deep insertion of electrodes into the charge
and obtain standard metal in terms of sulfur and phospho-
rus content.

The temperature regime of the metal and slag during
the smelting of high-carbon ferrochrome is primarily
determined by the softening temperatures of the oxide
material (Si0, concentration and MgO/AlL O, ratio) as
well as the ratio between chromium and carbon content
in the alloy. The melting temperatures of the selected
slag composition should be higher than the melting tem-
perature of the metal by 100 — 150 °C since the heating
of the metal during the smelting of high-carbon ferro-
chrome occurs through the slag, and the furnace opera-
tes in resistance mode. The slag obtained from process-
ing chrome ores of the Kempirsaiskoe deposit has a high
melting temperature and viscosity, which makes it diffi-
cult to remove from the furnace and contributes to exces-
sive overheating of the metal. To lower the melting tem-
perature and viscosity of the slag, silicon-containing
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Fig. 1. State diagram of the SiO,~MgO-Al, 0O, ternary system [1]

Puc. 1. Jlnarpamma coctosiuus TpoitHo# cucrembl Si0,~MgO—-ALO, [1]
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fluxing materials such as quartzite screenings or high-ash
reducers are added to the charge.

Over the years of operation, as mining activities
extended into deeper layers, ores from lower horizons
began to be extracted. These ores had undergone less
exposure to weathering processes, significantly impac-
ting the composition of the host rock. There was an
increase in magnesium oxide content and a decrease
in aluminum oxide content. Consequently, the com-
position of chromite ores obtained by ferroalloy plants
in recent years has undergone significant changes.
The composition of the slag is determined by the com-
position of the chromite ores, thus their compositions
have also shifted towards increased magnesium oxide
content (from 28 —32 % to 45 —48 %) and decreased
aluminum oxide content (from 28 — 29 % to 14 — 15 %),
while the silicon dioxide content (SiO,) has remained
at the level of 29 — 34 %. This is evidenced by the dynam-
ics of changes in the composition of the final slag of high-
carbon ferrochrome, which indicates that the MgO/A1,0,
ratio has increased from 1.8 to 3.0 and higher over the past
decades [4 — 6].

According to the chemical composition, signifi-
cant changes have also occurred in the phase compo-
sition of the slag of high-carbon ferrochrome, which
has shifted from the magnesioaluminate spinel field
(MgO-ALO,) to the forsterite field (2MgO-SiO,).
The proportion of the latter in the slag has increased
from 35 to 70 % since the commissioning of the Kem-
pirsaiskoe mine. The increase in magnesium content in
the slag mainly occurred due to the supply of poorer
chromite ores and the exploitation of new deposits with
increased magnesium content.

Therefore, further growth in the production volume
of  chromium-containing ferroalloys necessitates
the extensive utilization of the most common high-
magnesia chromite ores with a magnesium oxide con-
tent of 18 —22 % and an aluminum oxide concentra-
tion of 7 — 9 %.

Increasing the magnesium concentration in the slag
leads to increased chromium losses. A significant amount
of chromium is lost in the form of a metallic phase, which
is associated with the deterioration of the physicochemi-
cal properties of the formed high-magnesia slags.

[l MATERIALS AND METHODS

In [7 — 9], it is demonstrated that the introduction of var-
ious fluxing and carbon-containing materials into the charge
of high-carbon ferrochrome contributes to reducing the high
melting point of the resulting oxide materials, thereby
allowing for a reduction in chrome losses with the slag in
the form of entangled metal droplets [10 — 12].

Laboratory experiments were conducted to reduce
the softening temperatures of slags during the smelting
of high-carbon ferrochrome by adding various fluxing
materials for the deposition and coagulation of entangled
metal droplets. Calcium borate [13 — 15], expanded clay,
and stabilized low-carbon (refined) ferrochrome (RFC)
slag were used as fluxing materials. Due to the diffe-
rent fractional compositions of the materials used, all
samples were crushed and fractionated to obtain mate-
rials with a size of 1 — 3 mm. The chemical compositions
of the considered fluxing materials and the initial HCFC
slag are presented in the Table.

Experimental melts were carried out in a high-
temperature resistance furnace according to Tamman.
The technical characteristics of the furnace were as fol-
lows: power consumption — 40 kW; network voltage —
380 V; maximum voltage on the furnace buses — 15V;
maximum allowable temperature — 1800 °C; heating time
to the maximum temperature — 30 min.

The weight of the initial HCFC slag for each experi-
ment was 300 g. Fluxing additives were added in amounts
of 2 — 10 % of the mass of the initial slag with a step of 2 %.
At least two melts were carried out for each charging
variant. The initial temperature (7, ;) and end temperature
(T,,) of softening were determined in accordance with
State standard GOST 26517-85. The pre-dosed mixture
of slag and flux was poured into a crucible, then placed
in the furnace and heated at a rate of 10— 15 °C/min.
Temperature measurements were made using a VR 5/20
tungsten-rhenium thermocouple.

[ RESULTS AND DISCUSSION

The introduction of fluxing additives has a multi-
faceted effect on the chemical composition and basicity
of the processed slags [16 — 18]. According to the chemi-

Chemical compositions of the fluxing materials

XumMu4ecKkHne coCTaBbl (MIIOCYIOIIMX MaTepHaJIoB

. Content of elements, wt. %
Material ;
Cr,. | Cr,0, | CaO | MgO | ALO, | FeO SiO, | B,0,
Expanded clay - 0.10 3.01 2.59 | 1527 | 7.38 | 62.30 -
Calcium borate - - 37.20 | 0.50 0.05 - - 43.80
RFC slag 1.3 8.60 | 46.80 | 12.80 | 5.80 1.90 | 22.90 | 0.30
HCFC slag 4.9 9.40 1.70 | 42.00 | 16.80 | 2.30 | 26.00 -
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cal analysis data of the final slags, the introduction
of expanded clay up to 10 % with a basicity of 0.09 leads
to an increase in the concentration of SiO, oxide from
26.0 to 32.1 %, accompanied by a decrease in the basicity
of the final slag by 0.28.

Adding high-basicity RFC slag up to 10 % leads
to an increase in the basicity of the final slag by 0.12.
The slag contains a minor concentration of B,0, oxide
at 0.01 %. It is necessary to note the additional positive
impact of the addition of RFC slag, as waste from their own
production is used and an additional 0.13 % of Cr metal
is introduced. However, the high melting temperature
of RFC slag when considering the option of introduc-
ing fluxing materials into the ladle requires a thermal
balance calculation to determine the allowable amount
of additives. In the case of adding fluxing materials
directly into the furnace, one must consider the increase
in the basicity of the final slag, which can affect both
the lining of the furnace and the technological process
of smelting high-carbon ferrochrome [19 — 21].

Adding calcium borate leads to an increase of up
to 5 % CaO and 2.6 % B,0, in the final slag. Conside-
ring that the B,O, oxide belongs to “acidic” materials, it
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Fig. 2. Dependence of the temperature of beginning («) and end (b)
of slag softening on the flux flow rate:
1 — expanded clay; 2 — calcium borate; 3 — refined ferrochrome slag
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can be said that the basicity of the slag changes insignifi-
cantly (increases by 0.02).

When selecting flux materials, their cost should be
considered. It is promising to utilize waste from our own
production (RFC slag).

The results of temperature measurement at the begin-
ning of softening are presented in Fig. 2, a, and at the end
of softening in Fig. 2, b.

For all tested samples, an increase of up to 8 % of flux
additives from the mass of HCFC slag leads to a decrease
in the temperature at the beginning of softening. Increas-
ing the flux addition to 10 % has a contradictory effect
on the values of T, . (Fig. 2, a): it increases for expanded
clay and RFC slag, but decreases sharply for calcium borate.

When adding up to 8 % of RFC slag, there is a gradual
decrease in the temperatures at the beginning of soften-
ing (by 35 °C). Further increasing the RFC addition leads
to a sharp increase in the value of 7. .. When introducing
10 % of RFC slag, the temperature at the beginning of soft-
ening exceeds the value of 7' . for the original HCFC slag.

For comparison, the high-carbon ferrochrome slag
was melted without flux additives. Up to a temperature
of 1650 °C, no changes in the state of the slag were observed,
starting from 1660 °C, the slag enters a pasty state. At a
temperature of 1677 °C, the slag becomes a dense viscous
mass, and at 1705 °C, the slag completely melts. The slag is
less fluid than when processed with fluxes.

When using calcium borate in an amount of up to 10 %
ofthe slag mass, the temperatures at the beginning and end
of slag softening decrease by 265 and 135 °C. In the case
of expanded clay, these indicators are 39 and 80 °C. With
additions of up to 10 % of stabilized RFC slag, the slag
softening temperature increases by 2 °C above the softe-
ning temperature of the original HCFC slag.

Fig. 3 presents data on the residual content of metallic
chromium in the slag after processing with fluxes.

The best results for precipitating chrome spinels were
achieved with a consumption of 4 % calcium borate from
the slag mass. The content of metallic Cr in the slag
decreased by 83.7 %. For slags treated with expanded

5.6
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2.6

Cr,,, content
in slag, %

1.6

0.6

Flux flow rate, %

Fig. 3. Dependence of Cr,  content in the slag on the flux flow rate:
1 — calcium borate; 2 — refined ferrochrome slag; 3 — expanded clay
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clay, this value is 81.7 % at a consumption rate of 10 %
of the slag mass. In slags treated with stabilized RFC slag
in an amount of 4 % of the slag mass, the content of Cr |
decreased by 85.7 %.

Significant reduction in the content of metallic chro-
mium in the slag is observed when introducing 2 — 4 %
of the tested flux materials.

Based on the reduction in the content of metal-
lic Cr in the slag, it can be concluded that it is prefe-
rable to use expanded clay and RFC slag stabilized with
boron. In industrial conditions, it is necessary to take
into account the cost of each type of fluxing additives.

et

- CONCLUSIONS

The influence of fluxing additives such as expanded clay,
calcium borate, and slag from RFC production on the prop-
erties of high-carbon ferrochrome slag has been studied.
It has been shown that the addition of up to 8 % expanded
clay and low-carbon ferrochrome slag leads to a stable
decrease in the softening temperatures of final slags.
The most significant reduction in softening temperature
onset is observed with the introduction of 6 — 10 % calcium
borate. The greatest impact on reducing softening tempera-
tures is achieved with the addition of calcium borate; with
the addition of 10 % calcium borate to HCFC slag, the start
of softening temperature is reduced by 262 °C, and the end
of softening by 135 °C.

All studied fluxing additives have a positive influ-
ence on the degree of reduction in the residual concentra-
tion of metallic chromium in the slag. The most intense
reduction in Cr_ content in the slag is observed with
the addition of 2 % fluxing materials. The best values for
residual content of 0.7 — 0.8 % Cr, , are achieved when
using 4 % RFC slag and calcium borate. When using
expanded clay to achieve such chromium content levels,
an addition of 10 % is required.

The efficiency of using the studied fluxing materials
to increase the extraction of chromium during the pro-
duction of high-carbon ferrochrome is demonstrated,
with the residual content in the slag reduced by approxi-
mately 84 %.
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