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Abstract. An urgent task facing the modern metallurgical industry is to increase the complexity of using mineral and technogenic raw materials
by developing new technologies based on the principle of joint processing of raw materials from deposits that differ in the mineral composition
of the ore component, for example, titanium-containing ores — ilmenite and perovskite. Joint processing of titanium-containing ores will improve
the environmental and economic efficiency of processing domestic mineral raw materials, and will also create prerequisites for the development
of titanium dioxide production in Russia. In order to scientifically substantiate the feasibility of joint processing of different types of titanium raw
materials, the effect of temperature, reducing agent consumption and concentrate ratio on the phase formation process during carbothermic reduc-
tion of concentrate mixtures was established using thermodynamic modeling. The distribution of target metals by interaction products is consi-
dered, optimal parameters for the process of formation of rich titanium slags are proposed. The authors assessed the prospects for the associated
extraction of rare and rare-earth metals. Thermodynamic analysis of the process of carbothermic reduction of mixtures, performed on model
compositions of perovskite and ilmenite concentrates, showed that at low values of the perovskite concentrate / ilmenite concentrate (PC/IC) ratio,
one can expect the formation of high-titanium slags with a TiO, content of more than 80 %. However, concentration of Nb extracted into the alloy
and content of rare earth elements in the slag will decrease several times compared to their initial values in the perovskite concentrate. At a PC/IC
ratio of 1, it is possible to accumulate up to 2.5 % Nb in the alloy with a TiO, content of up to 74 % in the slag. The advantage of joint processing
of ilmenite and perovskite raw materials by the pyrometallurgical method is the ability to obtain rich titanium slags and selectively concentrate rare
metals in the metallic phase, separating them from titanium, and rare earth metals in the slag within the framework of a single process flow sheet.
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AHHOmMayus. AxtyanbHON 3a1a4ell, CTOsILEH Nepea COBPEMEHHONW MeTalTypruiecKoil MPOMBIIIIEHHOCTBIO, SIBISETCS TOBBIILIEHHE KOMIJIEKCHOCTH
HCIIONIb30BAaHMSI MUHEPAIBHOTO M TEXHOTEHHOTO CHIPhS ITyTeM pa3pabOTKN HOBBIX TEXHOJIOTHI, OCHOBAaHHBIX Ha IPHUHIIMIIC COBMECTHOM repepa-
OOTKH CBIPbSI U3 MECTOPOIKICHUH, OTIIMYAIOIIMXCSI MUHEPAJIBbHBIM COCTABOM PY/AHOM COCTaBISIOIICH, HAITPUMED, THTAHCOACPIKAIIUX Py — HIIbMe-
HHUTOBBIX U MEPOBCKUTOBBIX. CoBMeCTHas nepepaboTka TUTAHCOACPKAIIUX PY/] IIO3BOJIHUT ITOBBICHTH SKOJIOTHYECKYIO U DKOHOMUYECKYIO A dek-
TUBHOCTb ePepabOTKHU OTEYECTBEHHOIO MMHEPAIBLHOTO CBHIPBS, @ TAKXKE CO3AACT MPEANOCHUIKH JUIS Pa3BUTHS IPOU3BOJCTBA JUOKCUIA THTaHA
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B Poccuu. C nenbio HayyHOro 000CHOBaHMS LIEJIeCOOOPA3HOCTH COBMECTHOH MepepadoTKH PasHOTUITHOTO THTAHOBOTO ChIPbsi METOJIOM TEPMOJIH-
HAMHYECKOTO MOZICIMPOBAHHS YCTAHOBJICHO BIIMAHUE TEMIIEPATYPBI, PACX0Ja BOCCTAHOBUTEISI M COOTHONICHUS KOHIICHTPATOB Ha Ipouecc daszo-
00pa3oBaHUs NIPHU KapOOTEPMHUUYECKOM BOCCTAHOBICHUH CMECEeH KOHIIEHTPATOB. PaccMOTpeHo pacipesiesieHue HeIeBbIX METAIOB 110 MPOIyKTaM
B3aHMOJEICTBISA, IPETI0KEHBI ONITHMANBHBIEC aApaMEeTPBI IIpoLiecca ()OPMUPOBAHHS OOTaTHIX THTAHOBBIX NITAKOB. OIICHEHBI IIePCIEKTUBEI HOITY T-
HOTO U3BJICUEHHUS PEIIKHX M PEIKO3EMENIbHBIX METAJIOB. TepMOJMHAMUYECKUH aHaIn3 mporecca KapooTepMUUECKOT0 BOCCTAHOBIICHUS CMeceid,
BBINTOJTHEHHBIN Ha MOJIENBHBIX COCTaBax nepoBckuToBoro koHreHntpara (1K) m miasmenntoBoro xonnentpara (MK), mokasasn, uTo mpu Maibix
3Hadenusx coornommenus [TK/MK Bo3MorkHO 06pa3oBaHue BHICOKOTUTAHUCTBIX ITAKoB ¢ conepxanreM TiO, 6omee 80 %. Onnaxo KOHIEHTpauus
M3BIEKAEMOT0 B CILIAaB HHOOUS U COIEPKaHHe B ITAKE PEIKO3EMEIbHbIX IEMEHTOB CHU3ATCS B Pa3bl 10 CPABHEHHUIO C HX HCXOJHBIMH 3HAYCHUAMHU
B IIEPOBCKUTOBBIM KoHLeHTpare. [1pu cootnomenun [TK/MK, paBHoM 1, MOXkHO akkyMynupoBath B cruiase 110 2,5 % Nb npu conepkaHuu B 1IU1aKe
1o 74 % TiO, . IpenmMyIecTBo COBMECTHOM MEPEPabOTKU HIbMEHUTOBOTO H TIEPOBCKUTOBOTO CHIPhSI MUPOMETAILTYPIHIECKUM CIIOCOOOM 3aKJIHO-
YaeTcsl B BOBMOXKHOCTH B PaMKaX OJIHOM TEXHOJIOTHUECKOH CXeMBI MOJIy4aTh OOraTble THTAHOBBIC LIIJTAKK U CEJIEKTHBHO KOHIIGHTPHUPOBATh PEIKUE
METaJUIbl B MeTaInuecKoit Ba3e, OTAeNsIs UX OT TUTaHa, X PEAKO3EMENIbHBIC METAILIBI B IIITAKE.

Kawuegsle c/108a: TUTAaHOBBIC KOHIICHTPAThI, HIIBMCHUT, IICPOBCKUT, Kap60TepMI/I‘IeCKOC BOCCTAHOBJICHUEC, TCPMOJANHAMUYCCKOC MOACTIUPOBAHUE
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[ INTRODUCTION

Titanium is widely used in the paint and coatings,
chemical, and other industries both as a metal and as
a pigment-grade dioxide. The cessation of titanium raw
material imports to the Russian Federation has resulted in
a shortage of pigment titanium dioxide on the domestic
market. At the same time, Russia possesses rich deposits
of titanium ores [1] and their development is included in
the near-term plans for the industry’s growth. The main
industrial type of titanium deposits in Russia is repre-
sented by zircon—rutile—ilmenite placers, which account
for up to 60 % of titanium production. The second most
significant are primary deposits of ilmenite and ilmenite—
titanomagnetite ores. A large portion of titanium reserves
is concentrated in perovskite—titanomagnetite ores. Pro-
cessing of these ores remains problematic: on the one
hand, perovskite ores are polymetallic, and the presence
of rare and rare-earth metals makes them promising; on
the other hand, no efficient technology for the compre-
hensive processing of such raw materials currently exists.

At present, in the Kola Peninsula, in addition
to the extraction of ilmenite ores (Gremyaha—Vyrmes
deposit), work has begun on the development of the Afri-
kanda perovskite—titanomagnetite deposit, whose ores
contain, in addition to titanium-bearing minerals, nio-
bium and rare-earth elements (REEs) [2 — 5].

The efficiency of subsequent TiO: production steps
largely depends on the method used for ilmenite con-
centrate decomposition. According to published data,
a variety of preparation techniques have been developed
for this purpose. These methods are generally divided
into pyrometallurgical and hydrochemical processes, both
aimed at separating iron oxides from titanium dioxide.

Carbothermic reduction of ilmenite concentrates
to produce high-titanium slags (75 — 85 % TiO,) and hot
metal is a well-established process. Numerous variations

of this technology are typically related to the characte-
ristics of the feedstock or to specific production objec-
tives [6 — 8]. Smelting of the concentrate is performed
in an electric arc furnace at temperatures up to 1600 °C,
using carbonaceous reducing agents such as coke or
anthracite. Flux-free operation yields slags with a resi-
dual FeO content of 10 — 12 %. The addition of lime or
soda ash [9] increases the recovery of iron into the hot
metal, lowering its residual concentration in the slag
to 3 —5 % FeO. In both cases, the process is conducted
at 1600 — 1650 °C, and the titanium recovery to the slag
remains nearly identical.

During beneficiation of Afrikanda ores, two main
products are obtained — titanomagnetite and perovskite
concentrates. The latter contains (wt. %): 48 — 50 TiO,;
33-35Ca0; 2-4REEs; 0.9-1.2(Nb, Ta),0, [10].
Technologies developed at the Kola Science Center
of the Russian Academy of Sciences for processing
perovskite concentrate rely on hydrochemical decom-
position methods employing nitric acid, sulfuric acid, or
mixtures of these acids with hydrochloric acid [11 — 14].

The pyrometallurgical processing of perovskite con-
centrates has been investigated far less extensively, since
hydrometallurgical decomposition methods are currently
considered more practical. Nevertheless, acid-based
technologies present serious environmental challenges,
generating large volumes of aggressive wastes — acidic
effluents, sludges, and off-gases — that require costly
neutralization. These drawbacks diminish the overall
cost-effectiveness of processing such complex titanium
feedstocks. In contrast, the application of carbothermic
reduction to titanium-bearing materials (ilmenite con-
centrate, rutile, titanium slag, etc.) [15; 16], including
perovskite concentrate [17], may offer new opportunities
for pyrometallurgical routes in titanium production.

High-titanium slags obtained by reduction smelting
of ilmenite concentrates are known to be highly refrac-
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tory and “short” [18; 19]. Their viscosity depends prima-
rily on the FeO and TiO, contents and on the slag basicity
(Ca0/8Si0,) [20; 21]. To improve fusibility, calcium oxide
is added to adjust the CaO/TiO, ratio toward the eutec-
tic composition with a melting point of 1460 °C [22].
Building on existing ilmenite-processing technolo-
gies, the feasibility of using perovskite concentrate as
a calcium-bearing fluxing additive has therefore been
considered. Joint processing of ilmenite and perovskite
concentrates offers clear advantages. Within a single
integrated process flow sheet it enables the production
of titanium-rich slags while simultaneously recovering
rare and rare-earth metals.

To justify this approach, a thermodynamic analysis
of the reactions between mixed concentrates and carbon
was carried out to evaluate the feasibility of their joint
carbothermic reduction.

[} MATERIALS AND METHODS

Samples of ilmenite concentrate (IC) and perovskite
concentrate (PC) were used in this study. The chemi-
cal and phase compositions of the concentrates are pre-
sented in Table 1. X-ray diffraction, scanning electron
microscopy, and energy-dispersive X-ray spectroscopy
analyses revealed that titanium in the IC sample is con-
centrated in rutile (TiO,) and in the product of ilmenite
leucoxenization — pseudorutile (Fe,0,-3TiO,). In the PC
sample, the main ore minerals are perovskite (CaO-TiO,),
titanite (CaTiSiO;), and ulvospinel (Fe,TiO,). Rare
metals, primarily niobium, are contained in loparite
(5.0 %), ancylite (1.9 %), and thorite (26.5 %), while
rare-earth elements (Ce, La, Nd) occur in perovskite
(2.8 %) and loparite (22.8 % Ce).

To optimize process parameters and calculate the equi-
librium composition of products and the main technologi-
cal indicators, thermodynamic modeling was performed
using the HSC Chemistry 6.12 software package (Outo-
tec Oy) [23]. The model inputs were based on composi-
tions of working materials close to those of the concen-
trate samples used in subsequent experimental studies.
Since the program database contains no information on
pseudorutile, it was substituted by ilmenite and rutile
according to reaction (1), as reduction of pseudorutile
proceeds through the sequential formation of ilmenite
and then dititanate:

Fe,Ti,0, + C = 2FeTiO, + TiO, + CO(g); (1)
FeTiO, + TiO, = FeTi,0. )

For simplification, and considering that the process
is mainly influenced by the ore mineral components,
the thermodynamic analysis was carried out using model
compositions of PC and IC with elemental ratios corre-
sponding to real titanium raw materials (wt. %):

— perovskite concentrate: 60 CaO-TiO,, 10 TiO,,
10 Si0,, 10 Fe,TiO,, 9 CaCO,, 1 Nb,Oq;

—ilmenite  concentrate: 40 FeO-TiO,,
8 Fe,0,, 2 SiO,.

50 TiO,,

[ RESULTS AND DISCUSSION

An important factor in evaluating the efficiency
of joint processing of titanium raw materials is determi-
ning the optimal PC/IC ratio in the charge for carbother-
mic reduction roasting.

Equilibrium in the chemically reacting PC-IC—car-
bon systems was analyzed for PC/IC ratios of 0.2, 0.5,
0.8, and 1.0 as a function of temperature (700 — 1700 °C)
and carbon consumption. Calculations were performed
for 100 kg of mixture plus carbon in an inert atmosphere
containing 100 mol N,,.

Regardless of the component ratio, the metallic pro-
duct — in which iron forms the base of the alloy — contains
niobium and titanium carbides and iron silicides, whose
amounts increase in proportion to carbon consumption
(Fig. 1). As the PC/IC ratio increases, the niobium content
in the alloy (as NbC) rises from 0.7 to 2.7 %, reflecting
its higher initial concentration in the mixture. At 1500 °C,
noticeable transfer of niobium into the alloy occurs when
carbon consumption exceeds 4 kg per 100 kg of mix-
ture, irrespective of the PC/IC ratio. Titanium appears in
the alloy only at higher carbon contents: above 6 kg C
for PC/IC =0.2 — 0.4, above 5 kg C for PC/IC = 0.8, and
above 4 kg C for PC/IC = 1.0.

With an increasing PC fraction, the TiO,/CaO-TiO,
ratio in the slag also rises — from 4.5 at PC/IC=0.2
to nearly equal proportions (1.1) at PC/IC = 1.0 (Fig. 2).
According to the model, greater carbon consumption
promotes the formation of lower titanium oxides, mainly
through reduction of titanium from rutile (TiO,) and
ilmenite (FeO-TiO,), i.e., the mineral phases of the ilme-

Table 1. Chemical composition of ilmenite and perovskite concentrates

Ta6auya 1. XuMu4ecKkuii COCTaB HIILMEHUTOBOTO U MEPOBCKUTOBOT0 KOHLIEHTPATOB

Concentrate Ti Fe Al Ca Mg Cr Ce Si Nb
[Imenite 4143 | 1890 | 1.53 | 0.13 | 0.22 | 0.60 - 0.90 -
Perovskite 20.78 | 7.23 | 0.71 | 16.79 | 1.67 - 0.49 | 525 | 0.81
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Fig. 1. Dependence of equilibrium composition of the slags from reduction of the model mixture of ore
and concentrate with different PC/IC ratios on consumption of the reducing agent at a temperature of 1500 °C:
a—02;6-0.5,¢-0.8,d-1.0

Puc. 1. 3aBUCHMOCTH PaBHOBECHOTO COCTaBa IIUIAKOB BOCCTAHOBIICHHS MOJICIIEHOM CMECH PYIbI U KOHIIEHTpaTa
¢ pa3nuuHbIM cooTHoureHneM [TK/MK:
a—0,2;b-0,5;¢—0,8; d— 1,0 ot pacxoma BoccTanoBuTest mpu Temmneparype 1500 °C
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Fig. 2. Dependence of equilibrium composition of the alloys from reduction of the model mixture of ore and concentrate

with different PC/IC ratios on consumption of the reducing agent at a temperature of 1500 °C:
a-02;b-0.5,¢-08;,d-1.0

Puc. 2. 3aBHCHMOCTb PAaBHOBECHOTO COCTABA CIUIABOB BOCCTAHOBJICHMSI MOJICIIEHON CMECH Py/Ibl M KOHIIGHTpaTa
¢ pa3nu4HbiM cooTHomenueM [TK/MK:
a—-02;b-0,5;¢c—0,8; d— 1,0 or pacxona BoccTaHOBHTeNsI pH Temmeparype 1500 °C
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nite concentrate. The perovskite (CaO-TiO,) content
changes only slightly, increasing smoothly from 5 to 8 %
over the entire range of carbon additions. At 1500 °C,
titanium reduction from rutile and ilmenite starts at low
carbon levels and reaches a maximum (for Ti,O,)
at 6 — 8 kg C per 100 kg of concentrate mixture. With
increasing PC fraction, the proportion of lower oxides
(Ti,04, Ti,0,, TiO) decreases, improving the technologi-
cal properties of the slag.

Table 2 presents the equilibrium compositions
of reduction products of IR and PC mixtures at 1500 °C.
For each PC/IC ratio, carbon consumptions correspon-
ding to the onset and maximum of niobium transfer
into the alloy were selected. Before niobium recovery,
the metallic phase corresponds to low- or medium-carbon
steel (<0.25 or <0.55 % C). Complete niobium transfer
to the metallic phase as carbide yields cast iron (hot-
metal).

The effect of temperature on the equilibrium com-
position of carbothermic products was calculated for
a PC/IC = 1.0 mixture at carbon consumption of 4 and
6 kg per 100 kg of charge, corresponding to the onset
and maximum niobium recovery. Niobium appears
in the alloy above 900 °C regardless of carbon level.
In the temperature range above 1200 °C, where NbC for-
mation is maximal, titanium also enters the alloy as car-
bide, reaching 0.5 % at 1500 °C. At higher temperatures,
metallic niobium and iron silicides form.

The amount of titanium reduction products in the slag
increases sharply with temperature. For Ti,O, and Ti,0,,
their contents rise by two orders of magnitude — from frac-
tions of a percent to 10 and 15 % at 4 and 6 kg C, respec-
tively. Monoxide TiO forms above 1000 °C; its growth
with temperature is more sensitive to carbon level.

Up to 1100 °C, iron reduction from ilmenite leads
to an increase in rutile, whose content then drops rapidly
as TiO, is further reduced to lower titanium oxides.

Throughout the temperature range, the concentra-
tion of tetravalent titanium compounds bound with cal-
cium — perovskite (CaO-TiO,) and sphene (CaTiSiO;) —
changes only slightly, confirming the stability of Ti(IV)
within calcium-bearing minerals. Therefore, introduc-
ing CaO flux additives into the carbothermic smelting
charge is advisable. Such additions inhibit the formation
of lower titanium oxides, preventing the development
of high-melting slags with elevated fusion/crystalliza-
tion temperatures. According to [18; 25], when process-
ing high-titanium raw materials, easily fusible slags with
crystallization temperatures of 1400 — 1450 °C and a TiO,
content of approximately 60 % are obtained at a basicity
(Ca0O/Si0,) of 4.0. In the present calculations, for mix-
tures with a PC/IC ration equal to 0.2 — 1.0, the modeled
slag basicity increases from 1.4 to 2.5 (Fig. 3), governed
primarily by the initial CaO/SiO, ratio in the PC, since

the IC contains <0.3 % CaO and ~2 % Si0,. To condition
the slag to the target CaO/SiO, = 4.0, CaO flux must be
added to the charge; for PC/IC = 1, about 9.2 kg CaO per
100 kg of mixture is required (Fig. 3).

Thus, thermodynamic analysis of carbothermic reduc-
tion of the model mixtures using model PC and IC com-
positions showed that at low PC/IC ratios, the formation
of high-titanium slags (>80 % TiO,) can be expected.
However, the niobium concentration in the alloy and
the REE content in the slag decrease several-fold com-
pared with their initial values in the perovskite concent-
rate. At a PC/IC ratio equal to 1, up to 2.5 % Nb can be
accumulated in the alloy, with up to 74 % TiO, in the slag
(Table 2). In this case, the REE concentration in the slag
decreases by no more than 1.5 times.

To predict the product composition from reduction
smelting of a PC-IC mixture, thermodynamic mode-
ling of the process was performed over 700 — 1700 °C.
The calculations used the complete chemical and mine-
ralogical compositions of the titanium concentrate samp-
les (Table 1) at a PC/IC ratio equal 1.

Temperature dependences of the equilibrium com-
positions of the reaction products were calculated for
two levels of carbon consumption: 4 kg C per 100 kg
of concentrate mixture, which prevents titanium transfer
to the alloy in the form of carbide, and 6 kg C, which
ensures maximum niobium recovery to the alloy. Flux
additions were set at 10 kg CaO per 100 kg of concent-
rate mixture. The charge compositions for both variants
are presented in Table 3. According to the calculations,
at a low carbon consumption (4 kg per 100 kg of mix-
ture), the alloy mainly consists of iron with small amounts
of chromium (0.6 %) and carbon (0.5 %) (Table 4).
At 1500 °C, the NbC content in the alloy reaches only
hundredths of a percent. Titanium (IV) in the slag is pre-
sent mainly as CaO-TiO, (up to 45 %), TiO, (up to 22 %),

\
D N © ©
CaO
addition, kg

g 4r

= L

T3
ze 2L

Q

20 1 1 1

0.2 0.4 0.6 0.8 1.0
PC/IC ratio, units
Fig. 3. Calculated dependence of basicity of the slags

from carbothermic reduction of the model mixtures
and the flux amount for its conditioning on PC/IC ratio

Puc. 3. PacueTHasi 3aBUCUMOCTb OCHOBHOCTH ILIJIAKOB
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and CaTiSiO; (10 %), as well as magnesium tita-
nates MgTiO, and MgTi,O, in amounts of 1.0 — 1.5 %.
The remaining titanium occurs as suboxides: 2 % Ti,0,,
4 % Ti,04, and 0.5 % TiO. The total titanium content in
the slag, recalculated as TiO,, is 59.2 %. Niobium from
iron and calcium niobates is also reduced with increa-
sing temperature, forming lower oxides NbO, and NbO.
Cerium from CeO, is partially reduced to Ce*'AlO,,
while remaining completely in the slag.

At carbon consumptions higher than the stoichiomet-
ric requirement for complete iron reduction (6 kg C),
the alloy contains 3 % Nb in the form of carbide and
2.0 % Cr, with the recovery of both elements into
the metallic phase approaching 100 % (Table 4). Tan-
talum also completely transfers to the alloy as carbide
(0.06 % TaC), similarly to niobium. Titanium reduction
to carbide starts at 1000 °C and reaches its maximum
at 1500 — 1600 °C, corresponding to 0.7 % Ti. With fur-
ther increase in carbon content, its concentration rises
to 4.4 wt. %, exceeding that of niobium. By carbon
content, the metallic product corresponds to cast iron
(4.3 % C). An increase in carbon consumption to 6 kg
does not significantly change the qualitative composition
of the slag. Quantitatively, with increasing temperature,
the proportions of niobium suboxides NbO and NbO,
decrease sharply, amounting to less than 0.01 and 0.02 %,
respectively, at 1500 °C, while the content of lower tita-
nium oxides increases to about 10 %. The cerium con-
centration remains constant, both in the forms in which
it occurs in the slag and in their relative proportions.
It should be noted that for the selected mixture compo-
sition (PC/IC = 1), the cerium concentration in the slag
(0.4 % CeO,) is about 1.5 times lower than in the origi-
nal perovskite concentrate (0.6 % CeO,). Other compo-
nents of the raw materials (Al, Mg, Si) originating from
gangue minerals are present in the slag as simple or com-
plex (binary and ternary) oxides, but their total content
is small, limited to a few percent. According to the cal-
culations, the introduced amount of flux (10 kg CaO)
is insufficient to obtain slags with the desired basicity.
At carbon consumptions of 4 and 6 kg, the CaO/SiO,
ratios are 3.4 and 2.7, respectively. Thus, in the first case,
the charge should contain 15 kg CaO, and in the second —
20 kg CaO. If the calcium deficiency is compensated by
increasing the PC proportion in the mixture, the resulting
titanium slag should have a higher content of rare and
rare-earth metals.

- CONCLUSIONS

The advantage of joint pyrometallurgical processing
of ilmenite and perovskite raw materials lies in the pos-
sibility of producing titanium-rich slags and selectively
concentrating rare metals in the metallic phase, separa-
ting them from titanium, while rare-earth elements remain

concentrated in the slag. Moreover, this approach elimi-
nates the need to beneficiate perovskite—titanomagnetite
ore to obtain a concentrate by removing iron-bearing
minerals and calcite.

According to the thermodynamic models obtained,
the joint reduction of ilmenite and perovskite concent-
rates proceeds with the formation of an iron-based alloy
and a high-titanium slag containing more than 70 % TiO,.
The composition of the smelting products depends on
both temperature and carbon consumption. At 1500 °C
and carbon inputs below the stoichiometric requirement
for niobium transfer to the alloy, the metallic phase cor-
responds to low- or medium-carbon steel (<0.55 % C).
When niobium is completely transferred to the metallic
phase in the form of carbide, the product corresponds
to hot metal.

At low PC/IC ratios (<0.5), high-titanium slags with
a TiO, content exceeding 80 % are expected to form.
However, under these conditions, the niobium content
in the alloy remains low, and the REE concentration in
the slag decreases severalfold relative to their initial
levels in the ore. Reduction of the concentrate mixture
with a PC/IC ratio equal 1 at 1500 °C and 6 kg of carbon
per 100 kg of mixture enables complete transfer of nio-
bium to the alloy, which contains up to 3.0 % Nb, while
producing a titanium-rich slag with 62 —74 % TiO,.
In this case, the cerium concentration, as well as that
of other REE, decreases by no more than 1.5 times.
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COMPARATIVE ANALYSIS OF KINETIC AND DIFFUSION MODES
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Abstract. In modern electric arc furnaces (EAF), charge heating by natural gas (NG) combustion products with process oxygen is widely used to reduce

the power consumption and intensify the thermal performance. In existing EAF burners, gas and oxygen are supplied separately through oxygen gas
and refining burners, which ensures the diffusion combustion mode. The diffusion mode in conditions of EAF working space has a number of disad-
vantages, such as non-optimal distribution of temperature and concentration fields of combustion products, increased burn-off of iron-containing
components of the charge. This paper presents the results of a computational study of the physico-chemical properties of combustion products
along the torch length for the burners of VAI FUCHS, SMS DEMAG and NTPF Etalon Ltd. companies at oxygen concentration in the oxidizer of
95 wt. %. The results of computer modeling of temperature fields in the torches were analyzed in order to assess the risk of flame “slip” into the
burner internal volume. The authors carried out a comparative study of the characteristics of torches in the burner devices with diffusion and kinetic
combustion modes. Based on the data obtained, a transition from the diffusion mode of natural gas combustion to the kinetic mode is proposed,
which can increase the energy efficiency of using burners, uniformity of temperature and concentration fields of combustion products, and reduce
carbon monoxide of the iron-containing charge. The study was performed using computer modeling in ANSY'S software package in CFX module.
The obtained results can be useful for optimizing thermal processes in EAF working space, reducing power consumption and preventing emergency
operation of burners.

Keywords: EAF, burner, natural gas, oxygen, torch, concentration, temperature field, mode, diffusion, kinetic

For citation: Glukhov 1.V., Voronov G.V., Sheshukov O.Yu., Kalganov M.V. Comparative analysis of kinetic and diffusion modes of natural gas
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AHHomayus. B coBpeMeHHBIX AyroBbiX craneruiaBmibHbix nedax (JCIT) ans cHikeHus: pacxoja 3JIeKTPOIHEPTUU U WHTCHCHU(DHUKALIUK TETIOBON

paboTHI MIUPOKO MPUMEHSETCSI HArPEeB MIMXTHI MPOAYKTAMH CTOPAHUS IPUPOIHOTO Ta3a ¢ TEXHOJOTHUSCKHM KHCIOPOIOM. B cyliecTByommx
ropesnkax, npumensemsix Ha JICII, ra3 1 KMCJIOPOJ OJAIOTCS Pa3eabHO Yepe3 ra30KUCIOPOIHbIE U PadUHUPYIONIHE TOPEIKH, 4TO 00ecedn-
BaeT AU Py3HOHHBII pesxuM ropenus. Juddy3noHHbIH pexknuM B YCIOBHUIX HCIOIB30BaHus B pabouem oobeme J(CIT uMeer psia HENOCTATKOB,
TaKUX KaK HEONTHUMAJIbHOE paclpee]eHHe TEMIEPaTypPHbIX U KOHLIEHTPALIMOHHBIX MOJIeH MPOAYKTOB CrOpaHus, MOBBIMICHHBIH yrap skene3o-
CoZlep KaIMX KOMIOHEHTOB LIMXTHl. B naHHO#H paboTe mpeacTaBieHbl pe3yabTaThl paCIeTHOTO HCCIICNOBAHUS (U3UKO-XHMHUYECKUX CBOWCTB
NPOJAYKTOB cropaHus 1o juimHe ¢akena st ropenok ¢pupm VAI FUCHS, SMS DEMAG u HTII® «Dtanon» npu KOHIEHTPALUH KACIOPOaa
B okuciutene 95 mac. %. Bbuiu npoaHaNIu3UPOBaHbI PE3YIBTATH KOMITBIOTEPHOTO MOJCIHPOBAHHS TEMIICPATYPHBIX M0l (PaKeTIOB ¢ LEIbIo
OLICHKH PHCKA «IIPOCKOKA» IJIAMEHH BO BHYTPEHHUI 00beM ropesiku. ABTOPBI IIPOBEIH CPABHUTENILHOE UCCIIEI0BAHUE XapaKTEPUCTHK (hakesoB
B TOPEJIOYHBIX YCTPOICTBAaX ¢ AU(PPY3HOHHBIM U KHHETHISCKUM PEKUMaMU ropeHns. Ha 0CHOBaHHMH MOTyYSHHBIX JAHHBIX MPEIONKEH MEPEXO
oT 1u((PY3UOHHOTO pPeXKMMa CIKMIaHUsT HPUPOIHOTO Taza K KHHETHYECKOMY, YTO MOXET IOBBICHTH dHEProd(PeKTHBHOCTb HCIIOIb30BAHMS
rOpeJIOK, PABHOMEPHOCTh TEMIIEPATYPHBIX U KOHIEHTPAL[MOHHBIX MOJEH MPOAYKTOB CTOPAHUs, a TAKKe CHH3HMTH Yrap jKele30COoAepKaIei
muXThl. VccnenoBanue MpOM3BOIMIOCH C TIOMOIIBI0 KOMITBIOTEPHOTO MojenupoBaHus B makere nporpamm ANSYS B moayne CFX. ITomy-
YEHHBIC PE3yJIbTAaThl MOTYT OBITH MOJIC3HBI [UIsi ONTUMHU3AINH TEILIOBBIX MpoleccoB B pabouem obbeme J(CII, cHmKeHHs pacxona 3JIeKTpod-

HEpPrUu ¥ MPeA0TBpAIleHHs aBapUIHBIX PEKUMOB HKCILTyaTal[ui TOPEIIOK.

Kniouesvle cn08a: 1yroBasi crajeliaBWIbHAsS 1€4b, TOPENIKA, MPUPOHBIA ra3, KUCIOPOH, (aken, KOHLEHTPALMS, TEMIIepaTypHOe MOJe, PEeXKUM,

11 dy3HOHHBIN, KUHETHUECKUI

Jaa yumupoeanus: I'myxos U.B., Boponos I'B., lllemryxos O.1O., Kanranos M.B. CpaBHUTeNnbHBII aHAIN3 KMHETHUECKOTO M AU (y3MOHHOTO
PESIKHUMOB TOPEHHUST IPUPOIHOTO Ta3a B rOpesiKax JyroBOM CTalCIIaBUIbHON 11eun. M3eecmus 6y306. Yepnas memannypeus. 2025;68(5):454—460.

https://doi.org/10.17073/0368-0797-2025-5-454-460

- INTRODUCTION

Diffusion combustion of natural gas with process
oxygen examined under conditions where the gas mix-
ture forms in the free volume of the furnace, outside
the burner [1 —3]. In the diffusion combustion mode,
gas and oxidizer are supplied separately until they meet
at the interface between the gas and oxidizer streams. Due
to molecular diffusion, a mixture is formed that is charac-
teristic of a laminar diffusion flame at low flow velocities,
or a molar diffusion process promoting large-scale turbu-
lence typical of a turbulent diffusion flame. The gas—oxi-
dizer mixture is partially formed both before ignition and
during combustion, which complicates analysis of this
process. The temperature, composition of combustion
products, and their physical and thermophysical proper-
ties in the combustion zone — separated by the flame front
from the initial mixture — affect both the primary stage
of mixing and the rate of chemical reactions.

Temperature in the diffusion flame zone corresponds
to the combustion temperature of a stoichiometric pre-

mixed mixture, provided that the thermal diffusivity coef-
ficient equals the mutual diffusion coefficient of the gas
and oxidizer and that heat losses to the surroundings are
negligible. The fundamental principles of diffusion com-
bustion theory were developed and published in [4 — 6].
In operating fuel-fired furnaces, taking into account their
design features, technological processes, and thermal
conditions, it is advisable to implement the kinetic com-
bustion mode of natural gas with oxygen, which involves
preparing a well-mixed premixed gas—oxygen mix-
ture [7 — 10]. In this case, the mixture-formation stage is
effectively excluded from the sequence of physicochemi-
cal processes. Heating and melting of the initial mate-
rials occur primarily through heat and mass transfer from
the combustion products, with no unburned hydrocarbons
remaining in the gas phase [11 — 14].

Thus, the aim of this study is to carry out a compara-
tive analysis of kinetic and diffusion combustion modes
of natural gas with an oxygen—air mixture (OAM) in EAF
burners, based on computer modeling of temperature
fields and CO/H, concentrations.
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Objectives:

To compare the torch characteristics of the VG burner
(kinetic mode) and its analogues (VAI FUCHS, SMS
DEMAG, and NTPF Etalon) during combustion of natu-
ral gas with oxygen and to evaluate the influence of com-
bustion modes on:

— distribution of the temperature fields;

— the maximum concentrations of CO and H,.

[l MATERIALS AND METHODS

A comparative study was carried out to analyze
the torch characteristics during natural gas combustion
with an oxygen—air mixture (OAM) in burners of various
designs. The investigation included:

— diffusion burners used in modern electric arc fur-
naces (EAFs) manufactured by NTPF Etalon, SMS
DEMAG, and VAI FUCHS;

—the VG burner, a promising design operating in
the kinetic combustion mode, which ensures preliminary
mixing of the components in the diffuser (Fig. 1).

Experimental studies of combustion require sig-
nificant time and financial resources for developing test
procedures and using specialized measuring equipment.

c

In contrast, computer modeling makes it possible to opti-
mize burner design without manufacturing intermediate
prototypes and to quickly analyze how design parameters
and operating modes affect torch formation and its cha-
racteristics. Computer modeling greatly shortens deve-
lopment time and provides a reliable basis for evaluating
the efficiency of various design modifications and techni-
cal solutions [15 — 17].

Combustion modeling was performed in the ANSYS
software package (CFX module) using the following
models and settings:

— extended Coherent Flamelet Model (ECFM);

— Total Energy heat transfer model;

— k—¢ turbulence model.

Boundary conditions for the burners were as follows:
— oxygen flow rate: 0.553 kg/s (95 wt. %);

—natural gas flow rate: 0.092 kg/s (the natural gas
composition was normalized to an equivalent methane
concentration of 100 wt. %).

The variation of temperature (7, K) and the maximum
CO and H, concentrations in the cross-section of com-
bustion products along the torch length were determined
(Figs. 2 — 4).

2

-

Fig. 1. Schemes of gas-oxygen burners designs:
a—VAI FUCHS; b — VG; ¢ — NTPF Etalon; d — SMS DEMAG
1 — oxygen supply for combustion; 2 — natural gas supply;
3 — oxygen supply in refining mode; 4 — oxygen supply for combustion and refining mode

Puc. 1. CxeMbl KOHCTPYKIHHA ra30KHCIOPOIHBIX TOPEIJIOK:
a — ¢upmbl VAI FUCHS; b — Bepceun VG; ¢ — pupmer HTTI® «3tanon»; d — dupmer SMS DEMAG
1 — 1oABOJI KUCTIOPO/A HA TOPEHHKE; 2 — HOBOJ IPUPOHOTIO ra3a;
3 — mozBoz KHCIOpoaa B peskuMe (GpuireBaHus; 4 — HOABOA KUCIOPOIA HA TOPEHHE U B PeKUME (DPUILICBAHHSA
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Fig. 2. Temperature fields of combustion products of the burner when burning natural gas
with oxygen-air mixture, oxygen mass concentration — 95 %

Puc. 2. TemniepatypHble TOJIsl IPOYKTOB CrOPaHKs TOPEJIOK MPH CKUTaHUU pupoHoro raza ¢ KBC,
MaccoBasi KOHIIEHTPALUs KUCIopoa cocTaisieT 95 %

As a result, comparative performance characteristics
were obtained for burners with kinetic and diffusion com-
bustion modes: the VG burner (kinetic mode) and the dif-
fusion burners of NTPF Etalon, VAI FUCHS, and SMS

DEMAG, operating at equal natural gas and oxygen flow
rates.

Based on the analysis of the results, zones of intensive
combustion were identified, corresponding to regions
of minimal CH, concentration and maximum tempera-
ture:

— for the NTPF Etalon burner — at a torch length
of about 500 mm;

— for the VG burner — at a torch length of 100 — 200 mm;

— for the SMS DEMAG burner — at a torch length
of about 500 mm;

— for the VAI FUCHS burner — at a torch length of over
1000 mm.

Afterburning regions can be diagnosed by elevated
CO and H,. The VG burner showed the lowest maxima —

CO concentration, vol. %

Torch length, m

Fig. 3. Change in the maximum concentration of CO in cross-section of combustion products along the torch length of the burners:
1-VG; 2 - SMS DEMAG; 3 — NTPF Etalon; 4 — VAI FUCHS

Puc. 3. VI3MeHeHre MaKCHMAaJIbHOI KOHI[EHTPAIMH OKCHJIA YITIePO/ia B IONEPEUHOM CeYEeHUHU MPOIYKTOB CTOPaHHS 110 JUTMHE (haKesa ropeliok:
1 —Bepeun VG; 2 — pupmer SMS DEMAG; 3 — dupmet HTII® «3tanon»; 4 — ¢upmer VAI FUCHS
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Fig. 4. Change in the maximum concentration of hydrogen in cross-section of combustion products along torch length of the burners:
1-VG; 2 - SMS DEMAG; 3 — NTPF Etalon; 4 — VAT FUCHS

Puc. 4. VI3MeHeHne MaKCHUMalbHOI KOHIIGHTPAILIMU BOJOPO/Ia B HONEPEUHOM CEUEHUHU MPOTYKTOB CTOPAHHS IO JUIMHE (haKesaa ropesok:
1 —Bepcun VG; 2 — pupmer SMS DEMAG; 3 — ¢pupmer HTIIO® «Otanony»; 4 — pupmer VAI FUCHS

32 vol. % CO and 35 vol. % H, — whereas diffusion bur-
ners exhibited 36 — 42 vol. % CO and 41 — 56 vol. % H,.
These reductions (by 4-12vol.% for CO and
6 — 14 vol. % for H,) indicate more complete and uni-
form natural-gas combustion in the kinetic combustion
mode than in diffusion systems.

The criterion for the absence of flame-slip risk was
taken to be the absence of regions with temperatures above
800 °C inside the burner’s internal cavity. No such high-
temperature zones were detected for any of the burners
examined. The maximum temperature of the combustion
products in the torch ranged from 2757 to 2792 °C, while,
at the same time, the gas-dynamic velocity in local flow
regions varied widely — from 250 to 750 m/s (see Table).
It should be noted that the temperature of the combustion
products in the VG burner torch (2776 °C) corresponds
to a gas-dynamic flow velocity 1.15 — 3.75 times higher
than that of burners operating in the diffusion combustion
mode [18; 19].

The optimal efficiency of the VG burner under EAF
operating conditions can also be achieved by maintain-
ing the proper vertical distance from the molten bath sur-
face (bath level), the angle of inclination in the vertical
plane, and the tangential direction of combustion product
flow in the horizontal plane [15; 20]. This configuration
enables the most efficient utilization of the thermal energy
of the combustion products for rapid and uniform heating
of the charge, which enhances the steelmaking intensity,
reduces power consumption, and increases overall pro-
ductivity.

- CONCLUSIONS

This study shows that the VG burner, operating in
the kinetic combustion mode, outperforms diffusion bur-
ners. It provides complete, rapid combustion of hydrocar-
bons in the premixed stream and prevents flame slip into
the burner internal volume.

Performance indicators of the burners

Iloka3aresn padoTsl ropesiok

NTPF SMS
Parameter VG burner Etalon DEMAG VAI FUCHS
burner
burner burner
Maximum local velocity of combustion products, m/s 750 200 650 250
Length of the intensive combustion zone, mm 100 500 300 >1000
Maximum local temperature, K (°C) 3049 (2776) | 3062 (2789) | 3030 (2757) | 3065 (2792)
Max1mum local hydrogen (H,) concentration in 35 49 41 56
combustion products, vol. %
Max1mum local carbon monoxide (CO) concentration in 3 38 36 4
combustion products, vol. %
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The results support the adoption of kinetic-type bur-

ners in modern steelmaking operations.
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Abstract. Hot Briquetted Iron (HBI) or Direct Reduced Iron (Pellets) (DRI) is one of the most sought-after products in the steel industry because its use

enables the environmentally friendly production of high grade steels. The purpose of this paper is to study the process of pellets carburization under
the conditions of a shaft direct reduction (metallization) furnace in comparison with the carburization of pellets due to the preparation of an ore-carbon
burden. Hot briquetted iron produced in the HYL-III process is different from Midrex briquettes in terms of carbon content. Difference in the amount
of carbon is attributed to the processes of carburization and pyrolysis of natural gas in the shaft furnace workspace, as well as difference in composition
of the gas phase and pressure in the workspace of the HYL and Midrex furnaces. As is known, the HYL-III process utilizes vapor conversion (higher
H,/CO ratio) at elevated gas pressures beneath the furnace top, in contrast to the Midrex process. An increase in the carbon monoxide (CO) content in
the gas phase of the Midrex process (carbon dioxide conversion) results in intensification on the pellet surface that was reduced to metal. The findings
of the study demonstrated that carburization of pellets to a greater than 4.5 % carbon content through the process of gas metallization (direct reduction)
in shaft furnaces is indeed feasible. The Midrex process, which relies on the reducing agent, mostly carbon monoxide (CO), allows for the treatment
of pellets with methane. In contrast, the HYL process, which utilizes hydrogen (H,) mostly as the reducing agent, necessitates the addition of solid
carbon, such as soot or coke breeze etc., to the burden for carburization. This finding suggests the potential for utilization of carbon-containing
briquettes in metallization processes. Carbon, despite its presence in the form of a separate phase (soot), cannot be separated from the iron-containing
components of pellets by magnetic separation or washing and does not pose any danger.

Keywords: HBI, direct reduced pellets, Midrex, HYL, shaft furnace, carbon, CO, soot, briquettes
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AnHomayus. Topsiueopukeruposarnoe xeine3o (I'BXK, HBI) wiu Boccranopnenubie okarbiu (DRI) siBistiroTcest oiHUM U3 Harboiee BOCTPeOOBaHHBIX

IIPOYKTOB METAJLTY PrHYECKON OTPACIIH, TOCKOJIBKY MX HCIIOIb30BaHHUE ITO3BOJISICT 0OCCIIEUNTH SKOJIOTHYHOE IIPON3BO/ICTBO BBICOKOKAYECTBEHHBIX
craneit. OHUM U3 BaXXKHBIX MTAPAMETPOB KaueCTBa TAKOW MPOAYKIUH CIYKUT cofepkaHue yriaepona. Llenb qanHON paboThl COCTOUT B UCCIEI0-
BaHHH IPOIECCa HAyITICPOKUBAHUS OKAaTHIIICH B YCIIOBHSX IIAXTHOM I€YN METAILIM3ALMH B COMTOCTABICHUN C HAyIJICpO)KMBAaHNEM OKATHIIICH 3a
cueT GOpPMHUPOBAHHUS PYAO-YIIICPOAHON IMXTHI. YIJIEPO/] B OKATHIIIAX pacIipe/ielieH M Iy KapOuaaMu skelie3a 1 OTAelbHOM (azoit — caxeit. [opsi-
4eOpUKETHPOBAHHOE JKEJIC30, MTOTYYECHHOE TI0 TEXHOJIOTHN XHUII-3, OTIMYAETCs 10 COAEPIKaHUIO yrieposa ot OpuketoB Munpekc. Pasania B komm-
4ecTBe yriieposa oOBSCHSAETCS MPOTEKAaHUEM IIPOLIECCOB HAYNICPOKMBAHUS M MMPOJIM3A MPUPOAHOIO raza B pabodyeM MpOCTPAHCTBE IIAXTHOH
IeYH, a TaKKe OTIIMYMEM B COCTaBE I'a30BOi (ha3bl M AaBJICHHS B pabodeM IIPOCTPAHCTBE B neyax X 1 Muzpekc. Kak u3BectHo, nporiece Xui-3
HCIIONB3YeT NapoBylo Konsepcuto (coorHomenue H,/CO Boiie) npu Gosiee BHICOKOM JaBIEHUH Ia3a MOJ KOJOMIHHKOM B CpaBHEHMH ¢ Mujpekc.
Bornee Bricokoe conepskanne CO B ra3oBoit dase mporecca Munpekc (YIIIeKHCIOTHAs KOHBEPCHs) IPUBOJUT K MHTEHCH(UKAIMK IIporecca Ha
BOCCTAQHOBJICHHOW J10 METAJIIa TOBEPXHOCTH OKAThILIA. Pe3ynbrarsl HCCIeI0BaHMs TTOKA3AJIH, YTO HAYIJIEPOKMBAHUE OKATBILICH 10 CONepIKaHus
yrmiepona 6oree 4,5 % Tpu MCIIOIB30BAHMY T'a30BOM METALIM3ALMK B IIAXTHBIX IT€Yax JEHCTBUTEIHFHO BO3MOXHO. Ilpm 3ToM [yt mporecca
Muapekc (BoccTanoBuTeb npeumyinectBeHHO CO) 3TO BO3MOXKHO 3a cyeT 00pabOTKM OKAThIIICH METaHOM, a JJisl mpoiecca Xuil (BOCCTaHO-
BUTEJb NPEUMYIIECTBEHHO H,) 111 HayriepoxkuBaHusi HEOOXOMMMO NOOABIATE B MIMXTY TBEPABINA yIIEPOH (Caxka, KOKCUK M T. JI.). YKa3aHHOe
OTKpBIBAET MOTEHIMAILHBIC BO3BMOXXHOCTH UCIIONB30BAHNS YIIEPOACOACPIKAIMX OPUKETOB ITPU METAIUTH3ALMH. YIIIEPO, HECMOTPSI HA €T0 HaX0XK-
JICHHE B BUJIE OTAEIBHON (ha3bl (Caky), HE MOXKET OBITH OTAEIEH OT KEJIE30COICPKAMNX KOMIOHEHTOB OKATHIIICH MAarHUTHON Cemapanieil mim

OTMBIBKOH U HE TPEACTABIACT OIACHOCTH.

Kawouesvie cnosa: TEX, BoccranopieHHbIe okaThinm, Muapekc, Xui, maxTHas neus, yriepoa, CO, caxa, OpuKkeTs

Ana yumupoeaHnus: Cabupos 3.P., [Tokonenko A.1O., BikanoB A.M., bepcenes U.C., Ciimpun H.A. HccienoBanue mnpomecca HayrliepoyKHBaHUS
OKaThIILICH JI0 conepkaHus yriepona oonee 4,5 % npu MeTayuIM3allMy B LIAXTHBIX Nedax. Mzeecmus 8y306. Yepnas memannypeus. 2025;68(5):

461-467. https://doi.org/10.17073/0368-0797-2025-5-461-467

[ INTRODUCTION AND PROBLEM STATEMENT

Hot Briquetted Iron (HBI) or direct reduced pel-
lets (DRI) are among the most sought-after products in
the steel industry, since their use enables the environ-
mentally friendly production of high-grade steels [1 — 4].
This, in particular, explains the increasing production
of direct reduced iron'. One of the important quality
parameters of this product is the carbon content, which
led to the development of the ACT Midrex technology?.
According to the developer, this technology makes it
possible to achieve a carbon content in metallized pel-

'World Steel Association. World steel in figures 2024. Available at
URL: https://worldsteel.org/data/world-steel-in-figures-2024/#direct-
reduced-iron-production-2019-t0-2023 (Accessed 13.05.2025).

2 MIDREX Technologies Inc. Increasing carbon flexibility in
MIDREX DRI products adjustable to 4-5 %: excellent temperature
retention with MIDREX ACT. Available at URL: https://www.midrex.
com/tech-article/increasing-carbon-flexibility-in-midrex-dri-products-
adjustable-to-4-5-excellent-temperature-retention-with-midrex-act
(Accessed 13.05.2025).
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lets of up to 4.5 wt. %. Assessing the conditions required
to achieve this level and comparing them with the alter-
native approaches is an important objective, as it expands
the tools available for improving the metallurgical pro-
perties of HBI. One of the factors determining the quality
of the metallized product (including the carbon content)
is the material composition of pellets [5]. This aspect is
not analyzed in the present study (the raw material in all
the samples is identical), and the investigation focuses
solely on the kinetics of carburization. The basis for
the study was the primary data reported in [5; 6], along
with additional experiments. Table 1 shows the distribu-

Table 1. Average carbon content in HBI [6]

Tabauya 1. Yepennennoe conep:xanue yriepoaa B B [6]

Carbon content, wt. %
HYL-III No. 1 | Midrex No. 2 | Midrex No. 3
0.96 1.43 1.27
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tion of carbon in HBI produced at Lebedinsky Mining
and Processing Plant (Lebedinsky GOK) across three
technological lines.

According to these data, HBI produced by the HYL-III
process differs in carbon content from Midrex briquettes.
The difference in carbon amount between the samples is
attributed to the processes of carburization and natural
gas pyrolysis in the shaft furnace workspace, as well as
to differences in the gas phase composition and pres-
sure in the furnace workspace of the HYL and Midrex
processes [7 —9]. It is well known, the HYL-III pro-
cess employs vapor conversion (higher H,/CO ratio) at
higher gas pressures beneath the furnace top compared
to Midrex. The higher CO content in the gas phase
of the Midrex process (carbon dioxide conversion)
intensifies the reaction on the metallic surface of the pel-
let [10]:

Fe + 6CO — Fe,C +3CO,. (1)

Carbon in pellets is distributed between iron carbides
and a separate phase — soot. The purpose of this study
is to investigate the process of carburization of pellets
(to a carbon content >4.5 %) in a shaft furnace, in com-
parison with carburization of pellets through the forma-
tion of an ore—carbon burden.

- INVESTIGATION OF GAS-PHASE CARBURIZATION
OF DIRECT REDUCED PELLETS

To determine the conditions influencing the carburi-
zation of pellets, a research stand was prepared (Fig. 1).
It consisted of gas cylinders (/), a vertical electric fur-
nace containing a reaction crucible (2), a combustion
chamber (3), gas supply (4) and exhaust systems (5) with
filters, and a gas analyzer (6).

Methane was fed into the reaction crucible and heated
as it passed between the walls of the outer and inner
tubes, flowing downward. It then moved upward through
the perforated bottom (ceramic beads) of the inner tube

Ar H2 CH4

5
To atmosphere

Fig. 1. Diagram of the research stand

Puc. 1. Biiok-cxeMa UCCIIeI0BaTEILCKOIO CTEHIA

Table 2. Experimental conditions and formation
rate of soot with pellets

Ta6auya 2. Ycj10BUS OIBITOB H CKOPOCTH 00pa30oBaHuUs
Ca’KH € OKATBIIIAMHI

Experi- | Temperature, | Methane flow | Mass growth
ment °C rate, L/min rate, g/h
1 1000 0.781 14.55
2 1100 0.781 16.39
3 1100 1.757 50.09

and was discharged from the crucible. It then entered
a sealed vessel filled with water, which served both as
a filter and as a cooler to cool the gas before its deli-
very to the analyzer. Downstream of the analyzer, the gas
was routed to the combustion chamber. This chamber
was used to neutralize explosive components formed
during methane cracking, preventing their accumulation
and potential ignition in the laboratory. The temperature
and gas flow rate were kept constant during the isother-
mal holding stage. During the test, elapsed time, mass,
temperature, inlet-gas flow rate, and outlet-gas composi-
tion were recorded and logged. Methane decomposition
was monitored by changes in retort mass and by analy-
zing the chemical composition of the outlet gas. Methane
(CH, —99.99 %; balance CO, CO,, N,, H,0,0,,C H )
was supplied from a cylinder, and argon (Ar — 99.993 %)
was used as the inert gas.

Experiments were conducted to simulate the car-
burization zone of a shaft furnace using direct reduced
pellets (degree of reduction 95 %). The tests were car-
ried out at temperatures of 1000 and 1100 °C (Table 2).
The methane flow rate was determined from the reaction
zone volume, the gas tract capacity of the unit, and the need
to maintain a stable regulation range. The data in Table 2
show that the presence of direct reduced pellets resulted in
an increase in pellet mass due to soot deposition.

At a methane flow rate of 1.757 L/min, the maximum
increase in pellet mass due to carbon deposition was
56.48 g/h, with most of the carbon depositing on the sur-
face of the metallized pellets and within their pores.
As a result, upon completion of the tests, the samples
grew in size (from 12 to 20 — 22 mm), and their shape
changed from spherical to angular (Fig. 2). Phase ana-
lysis revealed up to 5 wt. % total carbon and more than
2 wt. % carbon in the form of soot.

To determine the possibility of separating the soot car-
bon from the metal, the pellets were ground to a—100 um
fraction. When the dry fine material was separated by
a magnet into magnetic and non-magnetic fractions, it
was found that all of the material was magnetic. Wash-
ing the ground material in water also failed to separate
the phases. Therefore, isolating carbon as a separate
product by these methods proved impossible.
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Fig. 2. View of pellets after reduction

Puc. 2. Buj okarslieii mocjie BOCCTaHOBICHUS

- INVESTIGATION OF SOLID-CARBON CARBURIZATION
OF DIRECT REDUCED PELLETS

Pellets and briquettes with an organic binder were pre-
pared for the laboratory tests. The organic binder does not
reduce the content of valuable components in the metal-
lized product. It promotes the development of a micro-
porous structure during reduction — heat treatment and
ensures adequate strength of the products at intermedi-
ate production stages (green handling, drying). Lime-
stone from the Lebedinsky GOK was used as the flux.
The chemical composition of the components is given in
Table 3. The soot contained 99.59 % carbon. The parti-
cle-size distribution of the components met the require-
ments for pellet production. The charge for briquettes and
pellets consisted of 89.62 % concentrate, 5.35 % soot,
2.03 % limestone, and 3 % organic binder (dry basis).

A laboratory stand (Fig. 1) was used to carry out
the reduction—heat treatment of ore—carbon samples.
The heat treatment was carried out as follows. The samp-
les were heated together with the furnace to 1000 °C in
an inert atmosphere (argon remained in the retort after
leak-tightness testing). During heating, iron oxides were
reduced by the solid reductant (soot) present in the samp-
les, as no air was supplied to the retort. The smoke
generated during carbon reduction was vented to atmo-
sphere. When the sample mass reached a constant value
and smoke emission from the retort ceased, it was it was
considered that the carbon had fully burned out. Hydro-
gen was then introduced into the reaction crucible and

the reduction of the pellets continued to a degree of reduc-
tion >90 %. When constant mass was attained, the hydro-
gen supply to the retort was stopped and replaced with
inert gas. The retort was removed from the furnace, and
the inert gas continued to be supplied until the tempera-
ture fell to 60 °C. The retort was then disassembled and
the sample taken out.

The experiments showed that the surfaces of the dried
pellets tended to crumble during loading and transfer.
Because the pellets were not coated with chalk or cement
suspensions to suppress sintering, sintering occurred
during reduction. For the reduced samples (Fig. 3), we
determined compressive strength (minimum requirement
>30 kg/pellet) and the chemical composition of the target
components (Table 4). In addition, tests were performed
on samples reduced solely by soot — i.e., without hydro-
gen supply to the retort — to assess the effect of carbon on
oxygen removal from the iron-ore particles.

The data indicate that the compressive strength of pel-
lets reduced solely by soot differed by no more than ~3 %
(relative). Accordingly, carbon-containing briquettes
can be used in metallization without compromising
the strength of the reduced products, as also suggested
in [11; 12]. The compressive strength of pellets reduced
by soot was 1.5—2.0 times lower than that of pellets
reduced by hydrogen. This is attributed to the presence
of different phases in the samples characteristic of' a metal-
lization degree of ~45 %: Fe,O,, FeO, and Fe_ . In cont-
rast, when the pellets had a homogeneous structure rep-
resented by metallic iron, their strength increased. This

Table 3. Chemical composition of burden components

Tabauya 3. XuMu4ecKHii cOCTAaB KOMIIOHEHTOB IIHXThI

Chemical composition (dry basis), wt. %
Component -
Fe, | FeO | CaO | SiO, | MgO | ALO, S P LOI
Concentrate | 70.13 | 30.37 | 0.12 | 2.56 | 0.23 | 0.11 | 0.147 | 0.015 0
Limestone 0 0 5221 | 2.18 0 1.70 0 0 4481
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Lal (2]

Fig. 3. Typical appearance of the reduced samples of pellets (a, b) and briquettes (¢, d), reduced without hydrogen (a, ¢) and with hydrogen (b, d)

Puc. 3. TunuuHbIii BUJ BOCCTAHOBJICHHBIX 00pa3IoB OKaTkIiiei (¢, b) u OpukeToB (¢, d), BOCCTaHOBICHHBIX Oe3 Boopoza (a, ¢) u ¢ BogoponoMm (b, d)

Table 4. Physico-chemical properties of the reduced samples

Ta6/1uua 4. DU3NKO-XUMHYECKHE MOKA3aTe/IH BOCCTAHOBJIEHHBIX 06pa3u03

Compressive Fe e
0, met’ o, 0, 1 0
Sample strength,. kg/pellet | Fe ., % %e C, % S, % | Si0,, % metallization, %
(kg/briquette)
) without H, 43.48 83.40 | 37.32 0.19 0.200 2.98 44.70
Binder / -
Pellet with H, 63.40 96.92 | 91.64 0.20 0.016 3.25 94.50
ellets
) without H, 42.60 79.52 | 3431 0.41 0.200 2.87 43.15
Binder 2 -
with H, 88.31 98.48 | 92.19 0.19 0.024 3.24 93.61
Binder ] without H, 148.84 7726 | 28.70 0.54 0.230 2.77 37.15
inder
. with H, 261.21 91.82 | 87.48 0.34 0.072 3.21 95.27
Briquettes :
Binder 2 without H, 142.41 75.66 | 23.05 1.27 0.220 3.35 30.47
inder
with H, 187.72 91.69 | 89.47 0.24 0.053 2.86 97.58

agrees with the results reported in [13; 14]. The compres-  feed) yielded a degree of reduction of ~45 — 50 %. At this
sive strength of briquettes likewise increased with metal-  stage, extensive reaction surfaces developed owing
lization degree, mirroring the trend observed for pellets.  to burnout of the organic binder and carbon, as well as
Reduction of ore—carbon samples solely by soot (no H, the magnetite — wiistite phase transition.
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- CONCLUSIONS

The experiments demonstrate that achieving
>4.5 wt. % carbon in pellets by gas-phase metallization
in shaft furnaces is feasible. In the Midrex process (reduc-
ing agent predominantly CO), this can be attained by
methane treatment of pellets; in the HYL process (reduc-
ing agent predominantly H,), carburization requires add-
ing solid carbon (soot, coke breeze, etc.) to the burden.
Although present as a separate phase (soot), carbon can-
not be separated from the iron-bearing pellet components
by magnetic separation or washing and poses no hazard.
During reduction and carburization of pellets and bri-
quettes, deformation occurred, accompanied by volumet-
ric expansion and crack formation.
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INTERACTION OF A|203-BASED CERAMICS
WITH SLAG MELT 45 % Ca0 — 40 % Al,0, - 10 % Si0, - 5 % MgO

A. A. Aleksandrov'®, S. N. Anuchkin?, A. G. Kanevskiy?,

S. B. Rumyantseva?, K. V. Grigorovich® 2

I Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences (49 Leninskii Ave., Moscow 119334,
Russian Federation)
2 National University of Science and Technology “MISIS” (4 Leninskii Ave., Moscow 119049, Russian Federation)

&) a.a.aleksandrov@gmail.com

Abstract. In steelmaking, the refractory material used as a lining is easily destroyed by slag, which not only decreases the service life of ceramics
but also makes worse a production quality because of increase in the number of nonmetallic inclusions in metal. If the slag has good wetta-
bility, it tends to penetrate the refractory through pores and cracks. As a result, a boundary layer is formed, which has a structure and properties
different from the initial material. The sessile drop method was used to study the interaction of Al,O;-based refractory ceramics with the liquid
slag 45 % CaO — 40 % Al,0, — 10 % SiO, — 5 % MgO. The substantial decrease in the wetting angle to 20° in the initial 5 min of experiment and
the further small decrease to 13.5° in the next 115 min were observed. The microstructural examination and elemental mapping of the boundaries
of cross sections of slag and ceramics were carried out. The slag consists of several phases, namely: Ca,(Mg, ,,Al, ;5)(Si, ,,Al, ;.0,); CaAl,0O,,
CaAl,0, and MgAl,O,. As was found, the slag—ceramics boundary layer consisted of calcium aluminate (CaAl,O,) and, at the grain bounda-
ries of aluminum oxide in the refractory material, hibonite (CaAl,0,,) was formed. X-ray diffraction analysis of initial ceramics showed that
it contained ~8 % CaAl,O,, and after interaction with the slag ~32 % CaAl ,0,,. At a depth of 4 mm, the presence of calcium aluminates both
in the central and peripheral zones of ceramics was observed. This indicates the slag penetration into the ceramics and their chemical interaction.

Keywords: refractory ceramics, slag, aluminum oxide, slag—ceramics interaction, wetting angle, microstructure, X-ray diffraction analysis
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B3AMMO/EACTBUE KEPAMUKU
HA OCHOBE A|203 CO WW/AKOBbIM PACNNIABOM
45 % Ca0 -40 % A|203 - 10 % Si0, -5 % MgO
A. A. Anexkcauapos!®, C. H. Auyukun?, A. I. KaneBckuit?,

C. b. Pymanuesal, K. B. puroposuy’ 2

IMuceruTyT MeTamnyprun u marepuaioBenenust uM. A.A. Baiikosa PAH (Poccus, 119334, Mocksa, Jlenunckuii ip. 49)
2HauuoHAJILHBIN HCCIe10BATeNLCKHI TexHomoruneckuii ynusepenter <MUCHUC» (Poccus, 119049, Mockea, Jlenuncknii mip., 4)

&) a.a.aleksandrov@gmail.com

AnHomayus. I1pu BEIIUIABKE CTaIM OTHEYIIOPHBINH MaTtepuall, HCIOIb3yeMBbIil B KauecTBe (pyTepOBKH, JIETKO pa3pyIlacTcs 3a CYET ILIaKa, YTO HE TOJIBKO
YMEHBIIIAeT CPOK CIyXKOBI KEPAMUKH, HO U CHIIKACT KaueCTBO MPOAYKIMH, YBEIHYNBAsl KOTHIECTBO HEMETAIUIMISCKHUX BKIIIOUCHUH B METaILIC.
Ecny mutak UMeeT XOpPOIIYI CMa4nBaeMOCTb, TO OH CTPEMUTCSI IPOHUKHYTH B OTHEYIIOpP 4Yepe3 MOphl M TPEIIHHBL. B pesynbrare obpasyercs
HOTPAaHUYHBIN CIIOH CO CTPYKTYPOi M CBOHCTBAMH, OTIIMYHBIMU OT HCXOHOTO OrHeymopa. B 1aHHO# paboTe st HeciIeqoBaHus B3aAUMOACHCTBIS
orueyrnopHoro Marepuana Ha 6ase Al,O; ¢ xunkum mnaxom 45 % CaO — 40 % Al,O, — 10 % SiO, — 5 % MgO Obu1 HCTIOIb30BaH METOJ JISKAIIEH
Karui. T10Ka3aHO CyHIECTBEHHOE CHIDKCHHE 3HAYCHHIl KpaeBOro yria cMaduBaHus 10 20° B mepBble 5 MHH OIbITa U HOCICAYIOLIEe He3HAUH-
TeabpHOE yMeHbIIeHue 10 13,5° B redenne 115 mun. McenenoBana MUKPOCTPYKTYpa U BBIIIOJIHEHO IEMEHTHOE KaPTHPOBAHUE IPAHMUIL OTICPEUHBIX
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[ INTRODUCTION

The increasing requirements for steel quality and
the improvement of steel cleanliness through the removal
of nonmetallic inclusions are among the main objectives
of metallurgy. Nonmetallic inclusions are formed during
steel deoxidation, erosion and corrosion of refractories,
ingress of slag particles into the melt, and directly dur-
ing metal solidification. In steelmaking, the refractory
used as a lining is easily destroyed by slag, which not
only decreases the service life of refractory ceramics but
also reduces production quality by increasing the number
of nonmetallic inclusions in the metal. Frequent replace-
ment of refractories increases costs and decreases pro-
ductivity, thus negating the advantages of introducing
new methods for liquid steel treatment.

As noted in [1 — 3], the destruction of refractories
is most often caused by chemical corrosion and slag
penetration. Corrosion damage of refractory ceramics is
mainly due to their chemical interaction with slags [4].
The corrosion behavior is strongly influenced by the wet-
tability of refractories by slags [5; 6]. Good wettability
indicates active interaction and means that the slag easily
reacts with the refractory material, causing its chemical
corrosion [6 — 9]. If the slag has good wettability, it tends
to penetrate the refractory through pores and cracks [10].
As aresult, a boundary layer is formed, with structure and
properties different from those of the initial refractory.

Developing refractories resistant to slag attack
remains a significant research focus in modern metal-
lurgy [11 —15]. Thermophysical properties, viscosity,
surface tension, and wetting angle are the primary indi-
cators of slag-refractory interaction and penetration.
In recent decades, numerous studies of the interaction
between refractories and various slags have employed
the sessile drop method, in which a slag sample is placed
on a refractory ceramic substrate [7 —9; 16 — 18]. This
method makes it possible to analyze the wettability
of refractory ceramics by slag melts, to study surface ten-
sion and wetting angle as functions of temperature, gas
phase, and contact time between the drop and the sub-

strate, and to examine the chemical interaction between
the refractory and the slag.

An important aspect of metallurgical production is
purging of the melt with inert gases at various stages
of steel treatment. During ladle treatment, purging plugs
interact both with liquid metal [19] and, after the melt
has been poured out of the ladle, with slag. This ser-
vice environment leads to wear of the plugs; therefore,
to study changes in the composition of the plug cera-
mics, it is necessary to investigate their interaction
not only with liquid steel but also with slag. As a rule,
a typical ladle slag used in the processing of low-car-
bon steels (pipe steels, automotive sheet steels, etc.) has
the composition: 45 % CaO, 40 % Al,O;, 10 % SiO,,
5 % MgO, with basicity CaO/SiO, =4.5. The purpose
of this study is to investigate the interaction of slag in
the CaO-Al,0,-Si0,-MgO system with Al,O,-based
ceramics, and to analyze changes in the microstructure
and macrostructure of the ceramics and the slag as func-
tions of temperature and interaction time.

[l MATERIALS AND METHODS

The materials investigated were the refractory used
to manufacture ladle purging plugs (95.81 % AlO;,
2.22 % MgO, 1.35 % CaO, 0.33 % Na,O, 0.06 % SiO,,
0.02 % Fe,0;) and a ladle slag (45 % CaO, 40 % Al,O,,
10 % Si0,, 5 % MgO). The slag of this composition
was prepared from pre-annealed pure oxides. The oxide
powders were first mixed in a vibratory cup mill (IV-1).
The obtained mixture was then melted in an ALO, cru-
cible placed inside an outer graphite crucible, using
an induction furnace powered by a high-frequency gene-
rator CEIA Power Cube 180/50 (50 kHz, 180 kVA). After
melting, the resulting slag was crushed and pressed into
pellets 6 mm in diameter, 6 mm in height, and weighing
approximately 0.3 g.

The experiments were conducted in a vacuum resis-
tance furnace equipped with a graphite heater, hou-
sing a seamless molybdenum tube. A ceramic substrate
(40x30x6 mm) was placed on a stand at the tube center,
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and a slag pellet was positioned on the substrate surface.
An optical system provided magnified imaging, which
was recorded with a digital camera for subsequent pro-
cessing. A detailed description and schematic of the setup
are given in [20]. The experiments were performed
as follows. The system was evacuated to 5 Pa, after
which the slag sample was heated to 1273 K. The test
was then carried out in an atmosphere of high-purity
Ar. After the slag melted and the temperature reached
1783 — 1793 K, the sample was held isothermally for
2 h. Changes in the slag pellet profile were recorded with
a digital camera as functions of holding time and tem-
perature. Upon completion of the experiments, cross sec-
tions of the slag and ceramics at the contact area were
prepared, and the interaction zone was examined using
a scanning electron microscope (SEM) equipped with
an electron probe microanalyzer JEOL JXA-iSP100. For
X-ray diffraction (XRD) analysis, a Tongda TD-3700
diffractometer with a vertical goniometer and a high-
speed Mythen detector was used. The phase composition
of the samples was determined with the QualX software
package using the PDF2 ICDD database, while the quan-
titative phase composition was refined in the MAUD soft-
ware package by the Rietveld method.

Bl RESULTS AND DISCUSSION

The interaction of slag (45 % CaO, 40 % AlO,,
10 % SiO,, 5 % MgO) with aluminum oxide-based re-
fractory ceramics was studied. Fig. 1 shows the change

T=1786 K
=250 s

in the slag sample profile depending on temperature
and holding time. From the recorded images of the slag
drop profile, the wetting angle (Fig. 2) was calculated
as the mean value between the right and left con-
tact angles. Notably, the starting point of measure-
ment corresponded to the onset of slag tablet melting
(Fig. 1, a), whereas the formation of a completely liquid
slag drop (Fig. 1, d) occurred only after 220 s. Analy-
sis of the wetting angle revealed a sharp decrease dur-
ing the first 5 min of the test and a short plateau last-
ing 1.5-3.0min (31.0 —29.5°), probably associated
with the melting process. After complete formation
of the drop, the wetting angle (0) decreased from 28
to 20° within 1.5 min (up to 5 min of the test), followed
by a gradual decrease to 13.5° over 115 min. Fig. 2 shows
the variation in the wetting angle with temperature and
holding time. During the test, partial penetration of slag
into the ceramics was observed (Figs. 1, e —f). These
findings demonstrate good wettability of the refrac-
tory ceramics by the slag, which can subsequently lead
to erosion and chemical corrosion, ultimately reducing
the service life of the refractory [5; 21; 22]. Therefore,
the microstructure of the slag and ceramics after the test
was examined in more detail.

Fig. 1 shows a cross section of the ceramic substrate
after the experiment, indicating the zones of slag and
ceramics where the analyses were performed. Using
a scanning electron microscope JEOL JXA-iSP100,
the slag—ceramics interaction zones (zones / and 2 in

T=1780K

150 s

T=1787K
T=2400s

T=1787K
T=7200s

Fig. 1. Slag sample profile depending on holding time and temperature (a — f);
cross section of ceramic substrate after experiment with indication of slag and ceramics zones (I — 5) (g)

Puc. 1. U3menenune npodurt obpasia IIaka B 3aBUCUMOCTH OT BPEMEHH BBIICPKKU U TeMIIepaTypsl (a — f)
1 MOTIEPEUHbIH Cpe3 KepaMHUYeCKOH MOUIOKKHU MOCIIe S9KCIEPUMEHTA C yKa3aHUEM UCCIIeyeMbIX YUacTKOB IIUTaka U kepaMuku (1 — 5) (g)
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Puc. 2. VI3mMeHeHne KpaeBoro yria CMauuBaHuUs
B 3aBHCHMOCTH OT TEMIIEPATypbl ¥ BPEMEHH BBIICPIKKH:
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Fig. 1) and various zones of the ceramics (zones 3 — 5 in
Fig. 1) were examined.

Fig. 3 presents the microstructure and elemental
mapping of the slag—ceramics boundary layer (zone /
in Fig. 1). The slag consists of several structural zones:
light-gray, gray, and dark-gray. In the light-gray zone,
the presence of calcium, silicon, aluminum, and magne-
sium was observed (spectrum 1-1 in Fig. 3). The elemen-
tal compositions of the spectra are given in the Table.
The gray zone contains aluminum and calcium (spect-
rum 1-2 in Fig. 3), whereas the dark-gray zone is rich
in magnesium and aluminum (spectrum 1-3 in Fig. 3).
XRD analysis of the initial slag (Fig. 4, @) and the slag
after interaction with ceramics (Fig. 4, b) showed that it
consists of four phases: Ca, (Mg, Al ,:)(Si, , Al ;0,),
CaAlO,, CaAl,O,, and MgAlO,. Based on the elemen-
tal analysis, it can be assumed that the light-gray zone
corresponds to Ca,(Mg , Al ,.)(Si, ,sAl, ,.O,), the dark-
gray zone to MgAlO,, and the gray zone to calcium alu-
minates [23]. The quantitative phase ratio changed only
slightly before and after the experiment: approximately
62 and 57 % for Ca, (Mg, ,.Al,,s)(Si, ,sAl ;.0,), 16 and
15 % for CaAl,O,, 10 and 14 % for CaAl,O,, and 14 and
14 % for MgAl,O,, respectively.

Elemental analysis and mapping of the ceramics
interaction zone (Fig.3) revealed possible diffusion
of magnesium and calcium from the slag into the cera-
mics (spectra 1-4 and 1-5 in Fig. 3). The boundary layer
consists of calcium aluminate (spectrum 1-6 in Fig. 3),
which, according to the phase diagram [23], corresponds
to CaAl,O,. At the grain boundaries of aluminum oxide
(spectrum 1-7 in Fig. 3), a phase containing calcium and
aluminum (spectrum 1-8 in Fig. 3) was detected, corres-
ponding to hibonite (CaAl,0,,). Small aluminum oxide
grains were found to have completely transformed into

hibonite (spectrum 1-9 in Fig. 3. XRD analysis of the ini-
tial ceramics (Fig. 4, ¢) showed that it contained approxi-
mately 82 % Al,O,, 10 % MgALO,, and 8 % CaAl,O,.
After interaction with the slag (Fig. 4, d), the cera-
mics consisted of about 56 % Al,O,, 12 % MgAlLOQO,,
and 32 % CaAl,0,,. These results indicate penetration
of slag into the ceramics and its chemical interaction with
the material, accompanied by the formation of calcium
aluminates.

Fig. 5 shows the microstructures of the slag—cera-
mics interaction zone (zone 2 in Fig. 1) and various
zones of the ceramics (zones 3 — 5 in Fig. 1). Elemental

Fig. 3. Microstructure (backscattered electron mode)
and elemental mapping of the boundary of slag—ceramics cross section
(zone /, Fig. 1). Elemental analysis of spectra is given in Table

Puc. 3. MukpoctpykTypa (pexkuM 00paTHO OTPaKEHHBIX JIEKTPOHOB)
1 DJIEMEHTHOE KapTHPOBAHKME IPAHUILIBI IONIEPEUHOTO Cpe3a
LITaK — KepaMuKa (yyacTok / Ha puc. 1).

DJIeMEHTHBII aHaJIU3 CIIEKTPOB MPEACTABIICH B TabnuIe
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Elemental composition of the slag and ceramics
represented in Figs. 4 and 5

DJIeMEHTHBII COCTAB IUIAKA H KEPAMHUKH,
npeAcTABJIEeHHBIX HA puc. 3 u S

) Spect- Elemental composition, wt. %
P8 im0 | Mg | Al | Si | Ca | Na
g

1-1  |41.24] 2.23 |22.03| 833 |26.17| -

-2 |43.29] 0.49 |39.86| 0.82 |15.54| -

1-3  |45.89|17.28|36.83| - - -

1-4 |47.74|13.21|3828| - | 077 | -

3 1-5 |48.97| 0.38 {4520 0.63 | 482 | -
-6 |44.11| 0.61 |39.58| 0.80 | 149 | -

1-7 |50.15| — |4985| - - -

1-8 |47.32| 041 |45.66| 0.84 | 577 | -

1-9 |46.15] 043 |46.24| 0.83 | 635 | -

2-1 13998 2.59 |21.59| 8.55 |27.29| -

2-2  |43.14| 0.77 |40.57| - |15.52| -

2-3  |44.3617.69|37.82| - | 0.13 -

2-4 |43.84| 031 |40.84| - |15.01| -

2-5 |46.17| 0.44 | 4633 | 0.82 | 6.24 | -

2-6  |46.14| 0.38 |46.84| 0.55 | 6.09 | -

2-7 |48.13| — |51.87| - - -

3-1 |47.23111.92|40.85| - - -

5 3-2 14949 1.73 |43.61| — | 4.66 | 051
3-3  |48.66| 1.95 |4445) — | 494 -

4-1 4411 2.01 46.77| - 7.11 -

42 ]50.12| 1.89 |4387| - | 412 | -

4-3 14507 — 4122 — [1371] -

5-1 |46.83|10.62 4255 - - -

5-2 4736 - |52.64| - - -

5-3 |4340| - 4090 - |1570| -

54 14620 1.89 [45.78 | 0.50 | 5.63 -

analysis of the slag—ceramics interaction zone (Fig. 5, a)
demonstrates that (1) the slag phase also consists of three
structural zones (spectra 2—1 to 2-3 in Fig. 5, a); (2)
the interfacial zone is composed of calcium aluminate
(spectrum 2—4 in Fig. 5, a); and (3) as in the central inte-
raction zone, complete transformation of small aluminum
oxide grains into hibonite (CaAl,0,,) (spectrum 2-5 in
Fig. 5, a) and its formation along the boundaries of larger
grains were observed (spectra 2—6 and 2-7 in Fig. 5, a).

Elemental analysis of the central zone of the cera-
mics at a depth of about 4 mm (Fig. 5, b) revealed both
the alumomagnesium component of the ceramics (spect-
rum 3-1 in Fig. 5, b) and an increased calcium content
(spectra 3-2 and 3-3 in Fig. 5, ). This confirms slag
penetration into the ceramic substrate during the experi-
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Fig. 4. XRD spectra of the initial slag (a), slag after its interaction
with ceramics (b), those of the initial ceramics (c),
and after its interaction with slag (d)

Puc. 4. JudpakIHOHHBIE CIIEKTPBI HCXOIHOTO HITAKa (a),
HIJTaKa MOCJIe B3aUMOJICHCTBUS ¢ KepaMuKoit (), MCXOIHOM
KepaMHUKH (€) ¥ KepaMHKH MOCIIe B3aUMOACHCTBHS cO 1u1akoM (d)

Fig. 5. Microstructure (backscattered electron mode)
of the various zones shown in Fig. 1:
a —zone 2; b —zone 3; ¢ — zone 4; d — zone 5.
Elemental analysis of spectra is given in Table

Puc. 5. MuxpoctpykTypa (pexXuM 00paTHO OTPaKEHHBIX JIEKTPOHOB)
pas3nuyHbIX obnacteii Ha puc. 1:
a — y4acTok 2; b — y4acTtok 3; ¢ — y4acTtok 4; d — y4acTok 5.
DIIeMEHTHBIN aHAIIN3 CIIEKTPOB IPEACTAaBIICH B TaOIHIE
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ment. Figs. 5, ¢ and d show the edge zones of the ceram-
ics at a depth of approximately 4 mm. These zones con-
tain the alumomagnesium component (spectrum 5-1 in
Fig. 5, d) and aluminum oxide grains (spectrum 5-2 in
Fig. 5, d), as well as areas with elevated calcium content
(spectra 4—1 to 4-3, 5-3, and 5-4 in Figs. 5, ¢, d), corres-
ponding in composition to phases close to calcium alumi-
nates CaAl,O, and CaAl ,0,,.

Thus, it can be concluded that during the experi-
ment, chemical interaction of the slag with the cera-
mics occurred, resulting in the formation of hibonite
(CaAl,0,,) within both small and large aluminum oxide
grains, accompanied by noticeable slag penetration into
the ceramic substrate.

- CONCLUSIONS

The interaction of aluminum oxide-based refractory
ceramics, used in the manufacture of purging plugs,
with ladle slag of composition 45 % CaO, 40 % Al,O,,
10 % Si0,, and 5 % MgO was investigated. A substantial
decrease in the wetting angle (0) to 20° was observed dur-
ing the first 5 min of the test, followed by a slight further
decrease to 13.5° over 115 min. This indicates good wet-
tability of aluminum oxide-based refractory ceramics by
the slag.

Microstructural examination and elemental mapping
of the cross-sectional slag—ceramics boundary layer
revealed that the slag consists of several structural zones:
light-gray, gray, and dark-gray. According to XRD analy-
sis, the light-gray zone corresponds to the compound
Ca,(Mg, ,sAl;)(Si, ,sAl;;0,), the dark-gray region
to MgAl,O,, and the gray region to calcium aluminates.
Only minor changes in the phase ratios were observed
before and after the experiment.

Analysis of the interaction zone showed possible
diffusion of magnesium and calcium from the slag
into the ceramics. The slag—ceramics boundary layer
was found to consist of calcium aluminate (CaAl,O,).
At the grain boundaries of aluminum oxide, the forma-
tion of a phase corresponding to hibonite (CaAl,,0,,) was
observed. Small aluminum oxide grains were completely
transformed into hibonite. XRD analysis of the ini-
tial ceramics showed that it contained approximately
8 % CaAl,O,, while the ceramics after interaction with
slag contained about 32 % CaAl ,0 ,. This confirms slag
penetration into the ceramics and its chemical interaction
with the material accompanied by the formation of cal-
cium aluminates.

Elemental analysis of the ceramics at a depth of about 4
mm revealed the presence of calcium aluminates (close in
composition to CaAl,0, and CaAl,,0,,) in both the cent-
ral and peripheral zones. This indicates slag penetration
into the ceramic substrate during the experiment.
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Abstract. The paper reviews the studies on relationship between the structure, phase composition, and properties of ferroalloys, as well as their impact
on the quality of treated metals. The requirements for ferroalloys include not only chemical composition but also a range of properties: optimal
melting temperature, oxidation resistance, density, and time of dissolution in the treated melt. The structure and phase composition of the alloys
are also crucial, as they affect friability, element segregation within the ingot, crushability, and formation of fine fractions. The study presents
research findings aimed at addressing the issue of spontaneous disintegration of ferrosilicon caused by the eutectoid transformation of leboite and
presence of impurities. Methods to prevent ferroalloy disintegration are proposed, including rapid cooling, reducing impurity content, and stabilizing
the structure through additives such as boron. The structural features of other alloys, such as silicocalcium, are also examined, where improved
crushability is achieved by slowing crystallization and modifying phase composition. Approaches to modeling the phase composition of ferroalloys
are discussed, including thermodynamic-diagram methods and polygonal phase diagram analysis. The results of studies on rapid cooling of modi-
fiers demonstrate enhanced efficiency due to the fine-grained structure and uniform distribution of active elements. It was established that the struc-
ture of ferroalloys influences the primary crystallization of cast iron, determining graphite morphology and matrix structure. The impact of phase
composition and non-metallic inclusions (oxides, sulfides) in ferroalloys on steel properties is also demonstrated. Based on the review, the necessity
of considering the structural and phase characteristics of ferroalloys is highlighted, as this can improve metallurgical product quality, reduce material
consumption, and minimize adverse effects.
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AHHOomayus. B cratbe npeacTasiicH 0030p UCCICA0BaHHI B3aHMOCBSI3H CTPYKTYPHI U (ha30BOr0 COCTaBa CO CBOHCTBaMHU (hePPOCILIABOB, @ TAKKE UX
BIIMSIHUSL Ha KauyecTBO oOpabarbiBaeMbIX MeTaioB. TpeGoBanus, mpeabsBisieMble K (heppociuiaBaM, BKIIOYAIOT B Ce0sl HE TOJIBKO XUMHYECKHUI
COCTaB, HO M s/l CBOMCTB: PALlMOHAIBHYIO TEMIICPaTypy IUIABICHHUS, YCTOMYMBOCTD K OKUCIICHHUIO, INIOTHOCTh M BPEMs pacTBOPCHHs B 00paba-
TeIBaeMOM paciuiaBe. CTpyKTypa U (a30BbIii COCTaB CIUTABOB TAK)KEC MMEIOT PEIIAOIICE 3HAYCHHE, TOCKOIBKY OHH BIMSIOT Ha PACCHIIAeMOCTb,
JIMKBAIIUIO JIEMEHTOB B 00beMe CIIUTKA, CIIOCOOHOCTD K JPOOICHHIO U 00pa3oBaHHI0 MEJIKUX (pakimil. B pabore npuBeneHsl pe3ynbraThl HCCIIe-
JIOBaHU, HAITPABJICHHBIX HA PEIICHUE IPOOIEMbI CAMOIPOM3BOIBHOTO PACCHITAHKS (PEPPOCHITUILINS, BBI3BAHHOTO YBTEKTOUTHBIM IIPEBPAIICHHEM
nebonTta U HamYKueM npumeceit. [peanoxkersl MeTobpl 00phOBI ¢ Ie3MHTErpalreii peppociiaBa myTeM ObICTPOro OXJIAXKICHHUS, CHIIKESHHST JOJTH
npuMecei U cTabHIM3alii CTPYKTYPBI C IIOMOIIBIO TAKKX J100aBOK, Kak 60p. B crarbe paccMOTpEHbI CTPYKTYPHBIC 0COOCHHOCTHU APYTHX CILUIABOB,
HaIpUMep, CHITHKOKANBIIHS, [JI¢ YAy4IIeHHe APOOUMOCTH TOCTHIACTCS 3a CYET 3aMeUICHUS KPHCTAIUTH3ANH M U3MCHEHNS (a3oBOro cocrasa.
OG6Cy)KIar0TCsT TIOAXOABI K MOACIHPOBAHMIO (Ha30BOro cocrasa (peppoCIUIaBOB, BKIHOYAs TEPMOAMHAMHYCCKH-IHArpaMMHbBI METOX U aHAIN3
MOJIMTOHABHBIX JIHAarPAMM COCTOSIHUS. Pe3ymbTaThl HCCIEI0BaHMIT 0 OBICTPOMY OXJIAXKICHHIO MOTH(MHKATOPOB IEMOHCTPHPYIOT MOBBIICHHYO
9 HEKTUBHOCTD 3a CUET MEJKOIHMCIIEPCHOM CTPYKTYPhI U PAaBHOMEPHOIO PACIIPE/C/ICHHUs aKTUBHBIX AJIEMEHTOB. YCTAHOBICHO, YTO CTPYKTypa
(heppoCIIaBOB BIIHSET HA MEPBHYHYIO KPUCTAIUTH3ALMIO YyTyHA, onpeaessisi Mopgonoruio rpadura u marpuipl. [Tokazano BiusHEE (a3oBOro
COCTaBa U THIIa HEMETAUIMYCCKUX BKIIFOUYCHHH (OKCHIBI, Cynb(uasl) dgeppocmnaBoB Ha cBoiictBa crand. Ha OCHOBE NMpOBEAEGHHOro 0030pa
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A key objective of metallurgy is the development
of new types of metal products capable of maintaining
their operational characteristics under extreme envi-
ronmental conditions. Consequently, the development
of metals with improved properties and the emergence
of advanced smelting technologies have stimulated inte-
rest and deeper studies of the physicochemical characte-
ristics of ferroalloys that affect these properties.

This has created a need to produce ferroalloys with a low
melting temperature and oxidation susceptibility, opti-
mal density, minimal dissolution time, and minimal cool-
ing of liquid steel upon their addition. The quality of fer-
roalloys depends not only on their chemical composition,
impurity content, and gas saturation, but also on friability,
element segregation within the ingot, magnetic properties,
crushability, and the tendency to form fine fractions.

Given these requirements, the Institute of Metallurgy
of the Ural Branch of the Russian Academy of Sciences
(IMET UB RAS) proposed an approach to developing
new compositions of complex ferroalloys that more effec-
tively improve the service characteristics of the treated
metal, achieve higher assimilation by steel, dissolve more
rapidly, and introduce less contamination [1]. The most
extensively studied parameters include the melting tem-
perature, density, oxidation resistance of ferroalloys,
the thermal effect during interaction with steel, dissolution
time in liquid steel, and thermophysical characteristics.
At the same time, the relationship between the structure
and phase composition of ferroalloys and their properties
has been largely overlooked.

Reference books and monographs [2 — 4] provide data
on the phase composition of various industrial grades
of ferroalloys. For each alloy, these data can vary signifi-
cantly, as they depend on the casting method and ingot
crystallization rate.

The structure and phase composition of a ferroalloy
affect not only the alloy’s own properties (melting tem-
perature, hardness, strength, etc.) but also the characte-
ristics of the treated metal (cast iron or steel), particularly
during modification.

Researchers turned their attention to the structure
of ferroalloys after frequent occurrences of spontaneous
disintegration of ferrosilicon were reported [1; 5; 6]. Its
structural components are intermetallic phases (silicides):
Fe,Si (B-phase), FeSi, (n-phase), and FeSi, (&-phase,

leboite), which has two allotropic modifications — high-
and low-temperature. During cooling of the alloy after
crystallization, the initial stages of the eutectoid transfor-
mation occur in metastable leboite, leading to the forma-
tion of Guinier—Preston zones, while the resulting elastic
stresses cause cracking of structural components. This
process is also associated with the presence of unstable
excess phases in the ingot when exposed to a humid
atmosphere.

It has been observed that even at standard phosphorus
levels (0.03 — 0.04 %), ferrosilicon with 49 — 51 % Si
is prone to disintegration. In 75 % ferrosilicon (FeSi75),
the excess-phases formation — primarily promoted by cal-
cium, aluminum, and phosphorus — triggers ingot disin-
tegration and the release of phosphine (PH;) and arsine
(AsH,). Within these excess phases, silicon and iron help
stabilize the structure, reducing the ingots’ susceptibility
to disintegration in the presence of atmospheric mois-
ture. Trace arsenic present in the melt tends to become
enriched in Ca—Al-P—bearing phases.

According to [1; 5], ferrosilicon disintegration is asso-
ciated with several factors: the eutectoid transformation
of leboite; silicon segregation accompanied by the forma-
tion of silicon-enriched melt; and elevated concentrations
of impurity elements (Al, Ca, Ti, As, P, S, C), which tend
to form phosphides that readily react with atmospheric
moisture.

Electron microscopy of disintegrating ferrosilicon
samples revealed aluminum enrichment along crack
paths, with pronounced segregation, including as alumi-
num phosphide (AIP). In FeSi65 ingots, this results in
structural regions prone to disintegration. In addition
to a significant amount of aluminum phosphide, titanium
phosphides and magnesium arsenides were also identi-
fied in the disintegrating alloys; these compounds may
likewise act as crack initiators.

Structural analysis indicates that FeSi65 disintegra-
tion is primarily caused by (i) reduced silicon content
(<65 %), (ii) elevated aluminum content (>1 %), inclu-
ding as phosphides, and (iii) segregation driven by casting
and crystallization conditions. These factors favor the for-
mation of structurally unstable leboite and the enrichment
of impurity phosphides in localized regions of the ingot,
leading to FeSi65 disintegration in the presence of atmo-
spheric moisture.
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According to [5], effective mitigation measures
include promoting rapid crystallization to suppress sili-
con and component segregation, lowering the contents
of phosphorus, calcium, and aluminum, and stabilizing
the ferrosilicon by introducing alloying additions such as
boron into the melt.

A case was reported in [7] where a new, efficient alloy
(AMS) containing 60 — 65 wt. % Mn, 25 —30 wt. % Si,
and 5 — 8 wt. % Al failed to be adopted in practice due
to disintegration. Although its production showed high
technical and economic efficiency, and its use as a steel
deoxidizer improved steel quality while significantly
reducing ferroalloy consumption, the alloy underwent
substantial disintegration during storage in air, accompa-
nied by the release of explosive gases containing PH;.
Structural examination established that the disintegration
was driven by the interaction of phosphides and carbides
with atmospheric moisture. The authors of [7] further
note additional causes of AMS disintegration: the reac-
tion of aluminum carbide with water, forming aluminum
hydroxide and metallic aluminum; and polymorphic
transformations in the Mn,Si,Al, phase and in the solid
solution of silicon with Mn and Al, which initiate micro-
crack growth and ultimately lead to alloy failure.

Another unfavorable characteristic of ferroalloys is
poor crushability, which accelerates wear of crushing
equipment and complicates casting.

The effect of structure and phase composition on
the crushability of the calcium-silicon alloy (grade
SK15, containing 15 wt. % Ca, 20 wt. % Fe, 1 wt. % Al,
0.2 wt. % C, balance Si) was investigated in [8]. The prin-
cipal phases are FeSi> and CaSi, and their ratio depends
directly on the calcium content (10— 30 wt. %). It was
found that impurity elements in silicocalcium form a series
of discrete secondary phases as fine precipitates — such
as CaAl,Si,, Ba(Si,Al),, and Ca,MgSi,. The presence
of numerous small, rounded FeSi,-type crystals in the SK15
alloy leads to structural refinement, which decreases its
crushability. To improve crushability, it was proposed
to slow the crystallization rate to obtain a coarse-grained
structure and to reduce the iron content. Additions of chro-
mium, manganese, nickel, and copper lead to the forma-
tion of the corresponding disilicides and modify the CaSi,
phases, thereby affecting the properties of silicocalcium
and, in particular, improving its fire and explosion safety.

Approaches to modeling the phase composition
of ferroalloys have been developed. Akberdin et al. [9]
introduced a thermodynamic—diagram approach that
constructs ternary and quaternary phase diagrams from
the geometric regularities of phase equilibria and, from
these diagrams, derives mathematical relations to predict
the most probable phase assemblages.

Another approach, proposed by B.F. Belov et al. [10],
is the prediction of the phase composition of ferroal-
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loys using structural-chemical analysis of the condensed
phases of a polygonal phase diagram (PPD). This method
is based on geometrically subdividing the concentration
triangle using field lines (edge—edge) or radial lines (ver-
tex—edge). The intersection points of these lines repre-
sent the reaction products, i.e., the phases of the ternary
system.

Systematic research into how the structure and
phase composition of ferroalloys affect the properties
of treated metals dates to the late 20™ century. Bro-
dova et al. [11 — 13] showed that the structure of master
alloys — specifically the size and defect density of Al,Zr
intermetallic crystals — governs the efficiency of zirco-
nium alloying and modification of aluminum alloys.

Ryabchikov and colleagues [14 — 16] investigated
the production and application of quenched micro-
crystalline silicon ferroalloys containing alkaline-earth
metals and magnesium, and assessed their effect on cast-
iron properties.

In [14], they compared two magnesium-containing
modifiers (48 wt. % Si, 5—6 wt. % Mg, 2 wt. % Ca,
6 wt. % REM, balance Fe) used for cast-iron treatment:
one rapidly cooled between two rotating copper rolls and
the other cast into ingots.

The rapidly cooled (chip-type) modifier exhibited
a structure markedly different from that of the ingot. Its
structural components were 10 — 100 times smaller, and
the chemically active elements were distributed more
uniformly throughout the volume. When used in cast iron
treatment, the rapidly cooled modifier reduced the white
layer depth from 7 to 4 mm. Moreover, the modifier
consumption decreased by 25 —30 % while maintain-
ing the same modification efficiency. The rapidly cooled
modifiers were also easily crushed, provided a higher
yield of usable fractions, and exhibited less tendency
to overgrinding compared with the conventional modifier.

A comparative morphological assessment presented
in [14] showed that both types of modifiers contained
the same primary phases: FeSi,, free silicon, magnesium-
containing phases (Mg,Si, CaMgSi ), and a small amount
(<0.1 %) of X-ray amorphous SiMgO (according to X-ray
and electron probe microanalysis). No differences in phase
composition between chip-type and ingot-type modifiers
were detected by X-ray diffraction. Metallographic analy-
sis, however, did not reveal clear boundaries between
magnesium-containing phases. Differences in phase frac-
tions were observed: FeSi, fraction in ingots was, on
average, about 4 % higher than in chips; free silicon was
about 7 % higher in ingots; conversely, the magnesium—
silicon phase content was higher in chips by an average
of 12.7 %. Consequently, the phase containing the ele-
ments responsible for the modification effect occupied
a larger area fraction in chip-type modifiers than in ingot-
type ones. In addition, the modifiers differed in the thick-
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ness of FeSi, lamellae. In ingots, FeSi, lamellae were
about five times thicker than those of the Mg,Si phase,
whereas in chip-type modifiers the characteristic lamellar
thicknesses were comparable. According to the authors,
this promotes a more uniform distribution of modifying
elements throughout the cross-section, faster dissolution
kinetics, and higher recovery (uptake) during modifica-
tion with chip-type modifiers.

Further research on the effect of ferroalloy micro-
structure on the properties of treated metals was con-
ducted by A.G. Panov, D.A. Boldyrev, E.S. Zakirov, and
others [17 — 19].

According to [17; 19], the effect of modifier structure
on cast iron properties is attributed to primary crystal-
lization processes that alter the morphology and quantity
of graphite, as well as the matrix structure of the treated
metal.

Structural fragments of FeSi and a-FeSi, transferred
from the modifier into the cast-iron melt interact with
melt components exhibiting short-range order similar
to that of cementite. As a result, chemical bonds between
Fe, Si, and C atoms are rearranged, forming new carbon-
depleted Fe—C—Si structures. Upon subsequent cooling,
these structures act as precursors and nucleation sites for
ferrite and austenite. Consequently, in cast irons treated
with coarse-crystalline modifiers, the primary crystalli-
zation of graphite, austenite, and ferrite proceeds more
actively, whereas in those treated with fine-crystalline
modifiers, these processes are suppressed and cementite
and ledeburite crystallize instead.

Magnesium-silicon phases (Mg,Si) inherited from
the modifier participate in the formation of disordered
regions within the cast-iron melt. Their size affects
both the rate of magnesium removal and the elimina-
tion of non-metallic inclusions from the melt. This, in
turn, influences the amount and morphology of graphite.
Refinement of magnesium-containing phases enhances
both spheroidizing and graphitizing effects.

In addition to the structure and phase composition
of ferroalloys, their non-metallic inclusions (oxides, sul-
fides, and others) also influence the quality of the treated
metal [20 — 25].

Studies [20 — 22] have shown that ferrosilicon contains
a certain amount of SiO,, which, during alloying, trans-
fers into the steel and contributes to its contamination.

The authors of [24] investigated non-metallic inclu-
sions in ferrotitanium and their behavior during steel
alloying. This ferroalloy contains large, irregular inclu-
sions primarily composed of CaO and SiO,, which, upon
entering the treated metal, transform into spherical inclu-
sions containing TiO,, Al,O,, and CaO.

In [25], the effect of ferroniobium inclusions on
the early stages of its dissolution during steel micro-

alloying was examined. The study identified a mechanism
for the formation of Al1-O and Al-Ti—Nb-O inclusions
in steel. According to the authors, Ti—O inclusions trans-
form into heterogeneous inclusions consisting of a Ti—O
core surrounded by an outer Nb—Ti—O shell.

[ ConcLusions

The review underscores the need to account for
the structure and phase composition of ferroalloys,
as well as the potential to modify both the alloys and
the treated metal by transforming the ferroalloy’s struc-
tural and phase characteristics.

Accordingly, further research should focus on
the effects of the cooling rate and time—temperature
parameters on the phase-structure evolution in ferro-
alloys, and broaden the range of alloys investigated.
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DEPENDENCE OF STRUCTURE AND PROPERTIES OF VT23 ALLOY
ON LASER DEPOSITION PARAMETERS
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Abstract. The study analyzes the effect of laser power and velocity on the structural phase state and properties of complex-alloyed titanium alloy
VT23 (Ti-Al-V-Mo-Cr-Fe) obtained by direct laser deposition. VT23 titanium alloy has a unique combination of strength, corrosion resistance,
and biocompatibility, which makes it in demand in the aerospace and medical industries. However, traditional manufacturing methods (casting,
stamping) often fail to provide the required accuracy and quality of complex parts. In this work, X-ray phase analysis and optical metallog-
raphy revealed that the deposited samples consist of a- and -phases (~20 % B-phase) with a typical “basket weave” structure. In macrostructure
of the obtained samples, thermal bands and interlayer boundaries were recorded, the formation of which is associated with the peculiarities
of crystallization process during direct laser deposition. The results of optical metallography showed that microstructure of the deposited mate-
rial combines large columnar crystals in the overlap areas of two adjacent layers, as well as small equiaxed grains. Despite this distribution
of structural components, the microhardness (~488 HV ,,) remains homogeneous throughout the deposited samples in both the laser scanning and
sample deposition directions. The results confirm that direct laser deposition can be used to produce VT23 titanium alloy parts with a controlled
microstructure. Optimization of the process parameters of direct laser deposition minimizes the probability of defect formation and provides stable
mechanical properties, which opens prospects for application of the technology in the production of critical parts.
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3ABUCUMOCTb CTPYKTYPbl U CBOUCTB CNNABA BT23
OT MNAPAMETPOB NNA3EPHOTIO BbIPALLUBAHUA
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AHHOmMayusA. B 1aHHOM MCCIEIOBAaHUU NPOBEJICH aHAJIM3 BIMSIHUS MOIIHOCTH Ja3epa U CKOPOCTH €ro NnepeMelieHHs Ha CTPYKTypHO-(ha3oBoe
COCTOSTHHE 1 CBOMCTBA CIIOKHOJIETMPOBAHHOTO THTAHOBOTO crtaBa BT23, moxy4eHHOro METo/10M MPSIMOTO JIa3€PHOTO BEIPAIUBAHUSA. THUTaHOBBII
crutaB BT23 o0naaeT yHUKaIbHBIM COYETaHHEM MPOYHOCTH, KOPPO3HOHHOW CTOWKOCTH ¥ OMOCOBMECTHMOCTH, YTO JIETACT €ro BOCTPEOOBAHHBIM
B a3POKOCMHMYECKOW M MEIUIUHCKON oTpacisix. OfHAKO TPaaUIMOHHBIE METOIbI IPOU3BOJACTBA (JINThE, MITAMIIOBKA) YaCTO HE 00CCHEUUBAIOT
HEOOXOAMMOM TOYHOCTH M KauecTBa CIOXKHBIX Jeraneil. B nanHoit pabote MeToaMu peHTreHO(ha30BOro aHajln3a M ONTHYECKOW MeTaitorpaduu
YCTaHOBJICHO, YTO BBIpAILlCHHBIE 00pasibl COCTOAT U3 o- U B-(a3z (~20 % PB-dasel) ¢ XapaKTepHOH CTPYKTYpOH «KOP3MHOYHOTO ILICTCHHUS.
B MakpocTpyKType Mmosiy4eHHbIX 00pa3IoB 3aMKCHPOBAHBI TOJIOCHI TEPMUYECKOTO BO3ICHCTBHUSI M MEXKCIIOEBbIE I'PAHHIIbI, 00Pa30BaHUE KOTOPBIX
CBSI3aHO ¢ OCOOCHHOCTSIMU IPOLIECCa KPUCTAIUIN3ALNH TIPH TPSIMOM JIa3ePHOM BBIpAI[MBaHUH. Pe3yabTaThl ONTHYECKO MeTayuiorpaduu moka-
3aJI1, YTO MHUKPOCTPYKTYpa BBIPAILIEHHOTO MaTepHaja coueTaeT B cede KpynHbIe CTOI0YaThie KPUCTAIUIBI B MECTaX MEePEeKPBITHS ABYX COCEIHUX
CIIOEB, a TAKXKe MEIKHe PaBHOOCHBIC 3epHa. HecMoTps Ha Takoe paclnpeselieHie CTPYKTYPHBIX COCTABIIOINX MHKPOTBEPIOCTE (~488 HV ;)
0CTaeTcs OIHOPOHOM 110 BceMy 00beMy HaredaTaHHbIX 0Opas3lloB Kak B HANpPaBICHHH CKAaHUPOBAHUS Jla3epa, TaK U B HANPABICHUM BBIPAIIU-
BaHMA 0Opasna. Pe3ynbraTsl HOATBEPIKAAIOT, YTO MPSAMOE JIa3ePHOE BEIPAIIMBAHHUE MTO3BOJISIET MOTydYaTh 3aTOTOBKM U3 TUTAHOBOTO ciuiaBa BT23
¢ KOHTPOJIMPYEMOI MHKPOCTPYKTYpoi. ONTHMHU3AIMS TapaMeTPOB MpoLecca MPSIMOro JIa3epHOrO BBIPAIMBAHNUS MUHUMU3UPYET BEPOSITHOCTD
obpa3oBaHusi Ie(eKTOB M 00ECIeynBaeT CTAOMIbHbIE MEXaHHMYECKHE CBOWCTBA, YTO OTKPHIBACT MEPCIEKTUBBI JJIS MPUMEHEHHS TEXHOJIOTHH
B IIPOM3BOJCTBE OTBETCTBEHHBIX JICTANICH.

482 © D. E. Safarova, K. 0. Bazaleeva, Yu. Yu. Ponkratova, A. V. Alekseev, 2025


https://doi.org/10.17073/0368-0797-2025-5-482-487
mailto:safarova_de@pfur.ru
mailto:safarova_de@pfur.ru
https://fermet.misis.ru/index.php/jour/search/?subject=additive technologies
https://fermet.misis.ru/index.php/jour/search/?subject=direct laser deposition
https://fermet.misis.ru/index.php/jour/search/?subject=titanium alloys
https://fermet.misis.ru/index.php/jour/search/?subject=complex alloys
https://fermet.misis.ru/index.php/jour/search/?subject=microstructure
https://fermet.misis.ru/index.php/jour/search/?subject=phase composition
https://fermet.misis.ru/index.php/jour/search/?subject=mechanical properties
https://doi.org/10.17073/0368-0797-2025-5-482-487
mailto:safarova_de%40pfur.ru?subject=
mailto:safarova_de%40pfur.ru?subject=

I1ZVESTIYA. FERROUS METALLURGY. 2025;68(5):482-487.
Safarova D.E., Bazaleeva K.0., and etc. Dependence of structure and properties of VT23 alloy on laser deposition parameters

Katoueevie caoea: ANAUTUBHBIC TEXHOJIOTUH, MPSAMOEC JIa3€PHOC BbIpAIIMBAHUEC, TUTAHOBBIC CIUIaBbI, CJIOXKHBIC CILIaBbl, MUKPOCTPYKTYpa, (I)aSOBBIf/'I

COCTaB, MEXaHUYCCKUEC CBOMCTBa

BaazodapHocmu: Pabora BeinonHeHa B pamkax mpoekta HHAP Ne 202514-0-000 CrcteMbl TpaHTOBOI ITOANEPKKI HAyqHEIX MpoekToB PY/IH.

Jas yumupoeanus: Cadaposa J1.0., bazaneesa K.O., [Tonkparosa }0.10., AnekceeB A.B. 3aBucumMocTbh CTPYKTYphI M CBOMCTB crutaBa BT23 or
rapamMeTpoB JIa3ePHOTO BhIpAIUBaHUs. M36ecmus 6y306. Yepnas memannypeus. 2025;68(5):482—487.

https://doi.org/10.17073/0368-0797-2025-5-482-487

- INTRODUCTION

Titanium alloys are widely known for their exceptional
combination of high strength-to-weight ratio, excellent
corrosion resistance, and biocompatibility, which makes
them indispensable in aerospace, biomedical, and high-
performance engineering applications [1 —6]. Among
these alloys, VT23 (Ti—Al-V—Mo—-Cr—Fe) is par-
ticularly valued for its superior thermal stability, creep
resistance, and weldability — properties that are critically
important for aerospace components such as airframe
structures, engine parts, and rocket housings [2 — 3].
Moreover, its biocompatibility and mechanical compa-
tibility with human bone have promoted its use in medi-
cal implants, including orthopedic and dental prosthe-
ses [4 — 6]. However, traditional manufacturing methods
such as casting and stamping often face challenges asso-
ciated with the high reactivity, low thermal conductivity,
and significant deformation resistance of titanium alloys,
which complicate the production of complex geometries
free of defects [4].

Additive manufacturing (AM) has emerged as a trans-
formative approach to overcoming these limitations, with
direct laser deposition (DLD) — one of the most promi-
sing directed energy deposition (DED) technologies —
attracting particular attention. DLD offers unprecedented
advantages such as near-net-shape fabrication, minimal
material waste, and the ability to produce complex geo-
metries that are difficult or even impossible to achieve by
conventional means. Unlike powder bed fusion technolo-
gies such as selective laser melting (SLM), DLD enables
the fabrication of large-scale parts, in-situ alloying, and
hybrid manufacturing (e.g., repair or coating of existing
components). However, the unique thermal cycles and
rapid solidification inherent to DLD can lead to micro-
structural heterogeneity, residual stresses, and anisotro-
pic mechanical properties that must be carefully managed
to ensure optimal performance [4 — 10].

A critical issue in DLD of titanium alloys is the for-
mation of large columnar grains and strong crystal-
lographic textures along the build direction, which can
adversely affect ductility and fatigue strength [4 — 15].
Furthermore, improper selection of process parameters
may result in process-induced defects such as porosity,
unmelted particles, and thermal cracking. Recent studies
on similar titanium alloys (e.g., Ti-6Al-4V and TA15)
produced by DLD have shown that laser power, scanning

velocity, hatch spacing, and layer thickness have a pro-
nounce [4—7; 9—10]. For instance, excessive energy
input may cause porosity formation, while insufficient
energy leads to lack of fusion. In addition, high cooling
rates typical of DLD often promote the formation of aci-
cular o'-martensite, which increases strength but reduces
ductility compared with conventional a + B microstruc-
tures [4 — 7].

Considering these issues, the main objective
of the present study is to systematically investigate
the effect of direct laser deposition process parameters —
including laser power, scanning velocity, and hatch
spacing — on the microstructural evolution, phase com-
position, and mechanical properties of the VT23 alloy.
By correlating the process—structure—property relation-
ship, this study aims to establish optimized DLD para-
meters that minimize defects while achieving a balanced
combination of strength and ductility.

] MATERIALS AND METHODS

In this work, VT23 titanium alloy samples were fab-
ricated by direct laser deposition (DLD). The chemical
composition of the alloy is presented in the Table.

Wall samples measuring 50x90x90 mm were fabri-
cated by DLD method on a VT1-0 titanium alloy sub-
strate. Deposition parameters were as follows: laser power
of 1000 and 1100 W; scanning velocity of 1 m/min; and
overlap between adjacent tracks equal to 0.7 of the track
width.

Favorable process parameters were first screened on
single tracks and then on monolayers.

The quality of a single track was evaluated according
to the following criteria:

— track shape factor f (f = h/L, where h is the bead
height above the substrate; L is the single track width,
Fig. 1, a)) should be within the range [0.20; 0.33];

Chemical composition of VT23 powder

Xumuueckuii cocras nopomka BT23

Mass fraction, wt. %
Ti Al | V |[Mo| Cr | Fe | O H N C
Base | 48 | 45|26 | 12|04 ]0.12]0.004{0.018| 0.03

483


https://fermet.misis.ru/index.php/jour/search/?subject=аддитивные технологии
https://fermet.misis.ru/index.php/jour/search/?subject=прямое лазерное выращивание
https://fermet.misis.ru/index.php/jour/search/?subject=титановые сплавы
https://fermet.misis.ru/index.php/jour/search/?subject=сложные сплавы
https://fermet.misis.ru/index.php/jour/search/?subject=микроструктура
https://fermet.misis.ru/index.php/jour/search/?subject=фазовый состав
https://fermet.misis.ru/index.php/jour/search/?subject=фазовый состав
https://fermet.misis.ru/index.php/jour/search/?subject=механические свойства
https://doi.org/10.17073/0368-0797-2025-5-482-487

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(5):482-487.
Cagpaposa /].3., Basaseesa K.O. u dp. 3aBUCUMOCTb CTPYKTYPhI U CBOWCTB crsiaBa BT23 oT mapamMeTpoB Jia3epHOTo BbIpaliBaHUs

— penetration coefficient d should be within the range
[0.1; 0.4]
S

P

S,+S,’

where Sp and S, are the bead areas below and above
the substrate surface, respectively;

—track width L should be within 1.7 — 3.0 mm for
a laser spot diameter of 1.8 mm;

—base angle of the bead 6 should be less than
90° [11 - 17].

Another important quality criterion was the absence
of cracks.

The parameters of the monolayers had to satisfy
the following conditions:

— height variation of the monolayer (%,/h,) did not
exceed 30 % of its maximum height;

— penetration depth was less than two-thirds

of the layer height (Fig. 1, b) [12; 17].

To study the structure, two sections were examined —
along the deposition direction (XZ), and — along the laser
scanning direction (XY) (Fig. 2).

Metallographic studies were performed on micro-
sections prepared using standard procedures: grinding
on abrasive paper and polishing with diamond suspen-
sions (down to 1 pm). Etching to reveal structural fea-
tures was carried out in a solution containing 3 mL HF,
15 mL HNO,, and 82 mL H,0.

Structural examinations were conducted using an
Olympus GX-51 inverted optical microscope at magnifi-
cations ranging from 50 to 500™.

L
5, = 0
HAZ
Sibstrate
a

Substrate

b

Fig. 1. Scheme of shapes:
a — single track; b — monolayer

Puc. 1. Cxema ¢opm:
a — eIMHUYHBINA TPeK; b — MOHOCIION
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Sample deposition direction

Section along the laser
scanning direction (XY)

e Section along the sample
’ deposition direction (XZ)

Fig. 2. Sample cutting scheme

Puc. 2. Cxema BbIpe3KH 00pa3noB

For the analysis of the phase composition, samples
were prepared for X-ray diffraction analysis. The pre-
paration included grinding and electrolytic polishing
using a Struers LectroPol-5 unit in A2 electrolyte
(78 mL HCIO,, 90 mL distilled water, 730 mL C,H/O,
100 mL C,H,,0,) for 15 min at 10 V.

X-ray diffraction patterns were obtained on a Bruker
D8 Advance diffractometer with Bragg—Brentano focus-
ing geometry, using CuK  radiation over a 20 range
of 30-100° with a step size A20 = 0.07° and an exposure
time of 2 s per point. The tube voltage and current were
40 kV and 35 mA, respectively. A semiconductor mul-
tichannel detector and the following slit system were
used: a 2 mm divergence slit on the tube, and Soller slits
(2.5 mm plate spacing) on both the tube and detector
sides. During data acquisition, the samples were rotated
at 60 rpm. The diffraction spectra were processed using
Diffrac.Eva and Diffrac.Topas software packages.

Microhardness of the material was measured using
a Pruftechnik KB50 SR microhardness tester by the reco-
vered-imprint method under a 200 g (1.9 N) load.

[ RESULTS AND DISCUSSION

X-ray diffraction analysis revealed that the deposited
material consists of the characteristic a- and B-phases,
with HCP and BCC lattices, respectively (Fig. 3). Since
the diffraction peaks of o'-martensite coincide with
those of the a-phase, its presence in the structure can-
not be unambiguously confirmed from the diffraction pat-
tern. The amount of B-phase was found to be approxi-
mately 20 %.

Optical metallography of the bulk samples revealed
no macroscopic defects. After direct laser deposition,
the a-phase appears as regions of basket-weave mor-
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Fig. 3. X-ray pattern of VT23 alloy obtained by direct laser deposition

Puc. 3. Judpaxrorpamma ciurasa BT23, nomydennoro
MPSIMBIM JIA3€PHBIM BBIPAIBAHHEM

phology and as a network along the boundaries of pri-
mary P-grains — features typical of this alloy both in
the quenched state and after deposition [1 — 3; 8; 18 — 20].
In the scanning plane, large (~100 um) equiaxed regions
of primary B were observed.

Fig. 4 shows two types of bands distinguished by their
etching contrast. According to the literature, the wide
dark regions correspond to thermal-affected bands,
while the narrow lines indicated by arrows are interlayer
bands [18 —20]. The thermally affected bands form in
overlap zones of adjacent layers, where repeated thermal
exposure during successive passes induces reheating and
recrystallization, producing the observed etching cont-
rast. The interlayer bands are regularly spaced and trace
the boundaries of individual melt pools.

As noted in [19], the formation of interlayer bands
depends on the degree of alloying and the rate of diffu-
sion processes in titanium alloys.

The grain morphology of the obtained material also
deserves attention. During deposition, non-uniform
nucleation occurs on partially melted powder particles
within the melt pool, resulting in the formation of fine
equiaxed grains. Subsequently, epitaxial growth deve-
lops: grains grow from the bottom of the melt pool,
inheriting the structure of the underlying layer, which
produces large columnar grains. The final grain morpho-
logy is therefore determined by the competition between
these two mechanisms [20].

Structural examinations revealed heterogeneity in
the size of structural constituents, as the material consists
of a combination of large columnar and small equiaxed
grains. This heterogeneity might suggest a non-uniform
distribution of microhardness throughout the volume.
However, the measurements showed that the microhard-
ness of the deposited material is homogeneous through-
out the deposited samples.

Fig. 4. Microstructure of V23 alloy after direct laser deposition:
a — laser scanning direction; b — sample deposition direction

Puc. 4. Mukpoctpykrypa cmiasa BT23 mocie npsimoro
JIa3epHOTO BBIPAIINBAHUS:
a — HanpaBJIeHHe CKAHUPOBAHMS Ja3epa;
b — HanpaBiienue pocra odpasua

Additionally, the microhardness of the VT23 titanium
alloy produced by direct laser deposition varied slightly
with build direction and averaged 485+ 5 HV , along
the laser scanning direction (XY) and 490 =20 HV ,
along the sample deposition direction (XZ).

- CONCLUSIONS

The direct laser deposition (DLD) technology enables
the fabrication of defect-free V23 titanium alloy samples.

X-ray diffraction analysis confirmed that the deposited
alloy consists of a- and B-phases; however, differentiation
between the a- and o'-phases is difficult due to the simi-
larity of their crystal lattices.

The structure of the obtained alloy exhibits regions
of different etching contrast, which most likely indicates
recrystallization during deposition. The microstructure is
represented by a basket-weave arrangement composed
of randomly oriented a-phase plates.

The average microhardness of the material does not
vary from the substrate to the top surface and remains
at approximately 488 + 10 HV , both along the laser scan-
ning direction and along the sample deposition direction.
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FEATURES OF APPLICATION OF BORON-CONTAINING SLAGS
IN STAINLESS STEEL SMELTING

A. A. Babenko, R. R. Shartdinov®, D. A. Lobanov,
A. N. Smetannikov, A. G. Upolovnikova, V. S. Gulyakov
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620016, Russian Federation)
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Abstract. Traditionally, for stainless steel smelting in the process of argon-oxygen decarburization, fluorspar is used to liquefy the slag and ensure
the normal course of the refining and reduction of chromium oxide. Fluospar is characterized by high volatility at high temperatures of the steel-
making process, while the resulting compounds are toxic and hazardous to the environment. For this reason, the paper considers the replacement
of fluorspar with boron oxide, which is also capable of forming low-melting eutectics with the main components of slag, at the final stage of steel
processing during the argon-oxygen decarburization process — during the desulfurization period. It was found that, despite an increase in the degree
of slag polymerization as a result of the introduction of boron oxide to 6 %, due to its ability to form low-melting compounds, an increase in its
content has a beneficial effect on the fluidity of slags of the studied CaO—-SiO,-B,0,-2 % Cr,0,-3 % Al,0,-8 % MgO system at a basicity
of Ca0O/SiO, of 1.0 and 2.5. The content of 6 % B,0; in slag with a high basicity of 2.5 makes it possible to achieve viscosity values of 0.3 Pa-s,
which are favorable for sulfur removal. In this case, the equilibrium sulfur content in the metal can reach 0.003 % according to the thermodynamic
modeling. As a result of the experimental studies, the minimum sulfur content was 0.006 %, which is close to the equilibrium concentration. During
the treatment of steel samples with slags, direct steel microalloying with boron in the amount of 0.002 — 0.003 % occurred. A small amount of boron
transferred to steel during direct microalloying, according to literary data, has a beneficial effect on the ductility and corrosion resistance of the metal
product.

Keywords: argon-oxygen decarburization, desulfurization period, viscosity, crystallization onset temperature, slag, structure, stainless steel
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OCOBEHHOCTU NPUMEHEHUA BOPCOAEPXALLUX LLUJIAKOB
MPU BbINJIABKE HEP)KABEIOI.I.l,Eﬁ CTANU

A. A. Ba6eHKo, P. P. lllaptanHoB ©, /. A. /lo6aHOB,

A. H. CMeTaHHUKOB, A. I. Y10o/10BHMKOBAQ, B. C. I'y/11k0B

HMHcrutyT MeTautyprun umMenu akajgemuka H.A. Baroimna Ypaabsckoro otaenenuss PAH (Poccus, 620016, ExatrepunOypr,
yi. AMyHzceHa, 101)

&) rrshartdinov@gmail.com

AnHomayus. TpaMIMOHHO /sl BBIIIABKYA HEPIKABEIOLICH CTalM B MPOLECCE aprOHOKUCIOPOAHOrO padMHUPOBAHMS UL PA3KMIKCHUS IIUIaKa
n obecreyeHnst HOPMaIbHOTO TeYEHHsI TPOLECCOB pahUHUPOBAHKS U BOCCTAHOBJICHUSI OKCHA XPOMa IIPUMEHSSTCS IUIABUKOBBIN LIIIAT, OTIMYAI0-
IIMACST BBICOKOH JIETYYECTHIO IPH BBICOKHMX TEMIIEpaTypax CTaleIlIaBHIbHOrO mepesnena. OOpasyromuecs MpH 3TOM COCTUHEHHS SJOBUTHI
1 OIACHbI JUlsl OKpy»Katowel cpensl. [1o 910l mpuuuHe B paboTe paccMOTpeHa 3aMeHa IUIABUKOBOTO ILNATa OKCHAOM 0opa, KOTOPbIH TakKe
crocoOeH 00pa30BBIBATh JICTKOIUIABKUE BTEKTHKNA C OCHOBHBIMU KOMIIOHEHTAaMHM IITAKAa B MOMCHT 3aKJIIOYUTEIBHOTO 3Tara 00padOTKH CTall
B XOJI€ MpoLecca aproHOKUCIOPOAHOTO padhMHUPOBAHUS — B IIEPUOJ eCyIbpypalii. YCTaHOBICHO, YTO HECMOTPSI Ha POCT CTEIICHH MOJINMEpPH-
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3alMM IJ1aKka B pesyisTare Beoza 10 6 % B,0;, 3a cyer crnocobHocTn okcuaa 60pa 00pa3oBbIBaTh JIETKOIUIABKHE COEIMHEHHs POCT €ro cozep-
aHHsl OJIaTONPHATHO CKa3bIBAETCS HA KUJIKOTIOIBIKHOCTH 1LJIaKoB u3ydaemoil cuctembl CaO—-Si0,—B,0,-2 % Cr,0,-3 % Al,0,-8 % MgO
npu ocHosroctu (CaO/Si0O,) 1,0 u 2,5. Conepxanune 6 % B,0, B 1mu1aKe BHICOKOH OCHOBHOCTH 2,5 TIO3BOJISIET IOCTHYb ONArONPUATHBIX IS
ynaneHust cepsl 3HadeHuit Baskoctu 0,3 Ia-c. B 1anHOM ciyuae paBHOBECHOE COJepKaHHE cephl B MeTasie MoxkeT gocturarsh 0,003 % cornacHo
TEPMOANHAMHYECKOMY MOJEIMPOBAHNUIO. B pesynbrare sKkcriepuMeHTaIbHbIX UCCIIEN0BAaHNI MUHUMAIIbHOE cojiepikanue cepbl coctasmiio 0,006 %,
9TO MPUOIIDKAETCs K PABHOBECHOH KOHIICHTPAIUH. B Xomne 06paboTku 06pa31oB CTaI! IUIAKaMH IPOUCXOIMIO IPSIMOE MUKPOJICTHPOBAHHE CTalIH
6opom B konmmuectse 0,002 — 0,003 %. HebGonpioe konuuectBo 60pa, HEepere/ero B cTaib B IPOLECCe NPSIMOTro MUKPOJIETUPOBAHUS, COTIACHO
JUTEPaTypHBIM JaHHBIM OJIATONPHATHO CKA3bIBACTCS HA IITACTHYHOCTH M KOPPO3HOHHOH CTOMKOCTH METaJUIONPONYKTA.

Kaloyesvle c/108a: aproHOKHCIOpoRHOE pahHHUPOBAHKE, IEPHO AeCYIb(ypalii, BI3KOCTh, TEMIICpaTypa Hadala KpUCTAIUTH3AIMH, CTPYKTYpa, IIIaK,

HEpKaBCroIas CTajib

BaazodapHocmu: Pabora Brinosnena o [ocynapereennomy 3ananuto UMET YpO PAH c ucnons3oBanuem obopynosanust LIKIT «CocraB Bemiectsay

HBT? VpO PAH.

st yumuposanus: babenko A.A., aptaunos P.P., Jlobanos /I.A., CmeranunkoB A.H., Yionosuukosa A.I", I'ynsikoB B.C. OcobenHocTn npume-
HeHHs1 00pCcoepIKaIINX IIITAKOB TPH BBITUIABKE HepIKaBerolen cranu. Mzsecmus ¢y306. Yepnas memannypeus. 2025,68(5):488—494.
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[ INTRODUCTION

At present, the argon—oxygen decarburization (AOD)
process [1; 2] is widely used in the smelting of low-car-
bon stainless steels. The process proceeds in two stages:
the oxidation and reduction periods. During the first stage,
carbon is oxidized; during the second, chromium, which
has been oxidized in the first period, is reduced. When
deep desulfurization is required at the end of the reduc-
tion period, most of the existing slag is skimmed, and
a new highly basic slag with a low chromium oxide con-
tent is introduced [1]. The desulfurization reaction is
limited by mass transfer in the slag; therefore, the slag
is traditionally liquefied with environmentally hazardous
fluorspar [1; 3; 4]. As a replacement for fluorspar, boron
oxide can be used, as it is also capable of forming low-
melting eutectics with calcium oxide [5 — 7].

In this work, four slags of the CaO-SiO,-B,0,—
-2 % Cr,0,-3 % Al,0,-8 % MgO system, close in
composition to slags of the desulfurization period, were
prepared. Experimental studies of the viscosity, crystal-
lization onset temperature, and structure of these slags
were performed, as well as thermodynamic modeling and
experimental investigation of the desulfurization of metal
under slags of this oxide system.

[ MATERIALS AND METHODS

The physicochemical characteristics of four slags
were investigated in this work. Their compositions
are presented in Table 1. The basicity of the slags
(leag = Ca0/Si0,) was 1.0 and 2.5, and the boron oxide
content was 0 and 6 wt. % B,0,.

Synthetic slags were melted in molybdenum crucibles
from analytically pure grade oxides that had been pre-
calcined for 2 — 3 h at 800 °C (B,0O, at 105 °C) and tho-
roughly mixed. The obtained homogenized slag samples
were crushed to produce powder.

The viscosity of the slags was measured by the elect-
ro-vibrational viscometry method [8] in a resistance

furnace during gradual cooling of the melt contained in
molybdenum crucibles under an argon atmosphere. Tem-
perature was monitored with a tungsten—rhenium ther-
mocouple W-5%Re/W-20%Re (WR5/20). The crystal-
lization onset temperature (hereinafter, the crystallization
temperature, was determined from the break (kink) in
the viscosity polytherm plotted as Inn vs 1/7 [9].

Thermodynamic modeling of the phase composi-
tion and equilibrium sulfur content was performed
using the HSC Chemistry 6.12 software package [10].
The chemical compositions of the four slag samples
are presented in Table 1. The metal contained (wt. %):
16.5Cr, 0.02C, 0.6Si, 0.03S, 1.6 Mn, 8.4 Ni, and
0.006 Al The results of the calculated equilibrium sulfur
concentration in the metal ([S] ) at 1600 °C are summa-
rized in Table 1. The phases were conventionally grouped
by melting point into low-, medium-, and high-tempera-
ture categories, as presented in Table 2.

Experimentally, the desulfurization process and
the reduction behavior of boron were studied by holding
steel under pre-melted slags / — 4 (Table 1) in magnesia
crucibles for 10 — 60 min at 1600 °C in an Ar atmosphere.
Each experimental charge (sample) consisted of 80 g
of metal and 16 g of slag.

Table 1. Composition of experimental slags and results
of modeling metal desulfurization with them at 1600 °C

Ta6auya 1. CocTaB IKCIEPUMEHTAIBHBIX HIVIAKOB
H pe3yIbTaThl MOCJUPOBAHHUS Aecylb(ypalui MeTaLIa
nox Humu npu 1600 °C

Slag Slag composition, wt. % .

No. | ca0 | SiO, | ALO, | Cr,0, | MgO | B,O, | ™
1 43.50 | 43.50 | 3.00 | 2.00 | 8.00 0 1.0
2 62.14 | 24.86 | 3.00 | 2.00 | 8.00 0 2.5
3 57.86 | 23.14 | 3.00 | 2.00 | 8.00 | 6.00 | 2.5
4 40.50 | 40.50 | 3.00 | 2.00 | 8.00 | 6.00 | 1.0
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Table 2. Phase composition of the studied slags at 1600 °C

Tabauya 2. ®a30BbIi COCTAB HCCIIEAYeMBIX NIAKOB

npu 1600 °C
Phases islhing Slag No.
point, °C 1| 2] 3] 4
Low-temperature phases, %
CB 1130 0 0 0.1 3.7
2CB 1280 0 0 52 8.4
CM2S 1391 8.4 0.01 0.1 10.9
Total 8.4 0.01 5.4 23.0
Medium-temperature phases, %
2CM2S 1454 5.1 0.2 0.6 42
3CB 1460 0 0 12.6 0.9
3C28 1460 20.8 5.5 8.1 11.5
CMS 1503 8.6 4.0 6.8 7.9
CS 1540 21.5 2.2 3.6 20.9
CA2S 1553 2.6 |0.0001 | 0.002 | 4.1
MS 1557 3.6 0.1 0.2 5.1
3CM2S 1575 3.7 4.5 6.8 1.9
2CAS 1593 1.4 0.9 1.6 1.0
CA 1600 0.5 3.6 3.1 0.3
Total 67.8 | 21.0 | 434 | 57.8
High-temperature phases, %
S 1710 3.6 0.01 0.04 5.5
A 2040 0.8 0.2 0.4 1.0
2CS 2130 156 | 563 | 3938 9.6
CCr 2170 0.5 | 0.003 | 0.01 0.6
Cr 2435 0.5 ]0.0001| 0.001 | 0.9
C 2570 0.3 15.5 53 0.2
M 2852 1.0 6.4 5.3 1.1
Total 223 | 784 | 50.8 | 189
Note.CB-Ca0O'B,0,; 2CB - 2Ca0-B,0,; 3CB -
3Ca0-B,0,; CS - Ca0-Si0,; 2CS - 2Ca0-Si0,;
3C28 - 3Ca0-28i0,; C — CaO; CMS — CaO-MgO-SiO,;
M -MgO; A-ALO,; CA-Ca0-AlO;; S -SiO,;
MS - MgO-Si0,; CM2S — CaO-MgO-2Si0,

The structure of the experimental slag samples was
examined by Raman spectroscopy using a U 1000 Raman
micro-spectrometer with an excitation laser wavelength
of 532 nm.

[ RESULTS AND DISCUSSION

The results of viscosity measurements for the four
studied slags, presented in Fig. 1, confirmed the high
efficiency of boron oxide as a flux. The addition
of 6 wt. % B,0O, markedly reduced both the viscosity and
the crystallization onset temperature (7 ) at low and high
basicity.
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To clarify the mechanism of boron oxide action and
the processes occurring in the slag upon its addition,
the phase composition and structural features of the slags
were examined using thermodynamic modeling and
Raman spectroscopy.

The results showed that the presence of boron oxide
promotes the formation of a considerable amount of low-
melting compounds, primarily various calcium borates,
accompanied by a pronounced decrease in the content
of free CaO (Table 2).

To assess the influence of boron oxide on slag struc-
ture, Raman spectra were recorded for the slags, and
their deconvolution was performed using the Gaussian
method [11] in the silicate range of 800 — 1200 cm~'. This
approach made it possible to express the degree of slag
polymerization through the average number of bridging
oxygen (BO) (Fig. 2, Table 3):

BO=0-0g +1-0g +2-05 +3-05 +4- 05,

where O; denotes [SiO, ] tetrahedra with n bridging oxy-
gen (OY).

In Fig.2, peaks corresponding to [SiO,] tetra-
hedra with up to three (O°) appear in the wavenum-
ber range 850 — 1060 cm™ [12;13], peaks of [CrO,]
groups occur at 873 cm™! [14], and those of Qil ([AlO,])
at 780 cm™' [15]. Three-dimensional [BO, ] tetrahedra are
located in the range of 900 — 920 cm™' [16; 17] and over-
lap with the [SiO,] peaks.

When boron oxide is introduced into low-basicity
slags (B =1.0), the degree of polymerization increases
from 0.73 to 1.28 due to an increase in the fractions
Ok, Os and species and the formation of O species
at the expense of Q5 species (Table 3). Boron oxide acts
as a network former and complicates the slag structure.
Additional polymerization is also indicated by the appea-
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Fig. 1. Viscosity-temperature dependence of slags / — 4
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Fig. 2. Deconvoluted spectra of slag samples / — 4

Puc. 2. JIeKoHBOIMPOBAHHbIE CIIEKTPBI 00pa3LoB HuTaka / — 4

rance of [CrO,] and Qf\l peaks in spectrum 4, which are
absent in spectrum /.

An increase in basicity to 2.5 — and, consequently, in
the CaO content of the slag, which acts as a donor of free
oxygen ions (O%), inevitably breaks down the previously
formed silicate structures, so the degree of polymeriza-
tion (BO) decreases markedly to 0.26 (slag 2) and 0.38
(slag 3) for 0 and 6 wt. % B,O,, respectively. Under high
basicity and an increased concentration of (O?°) boron
oxide polymerizes the slag to a much lesser extent, pri-
marily through an increase in the fraction of Qy; species.

The high basicity of slags 2 and 3 (leag= 2.5) also
leads to higher viscosity, despite their simpler struc-
ture compared to slags of lower basicity (BO decreases
from 0.73 to 0.26 and from 1.28 to 0.38 for slags with-

Table 3. Decovolution results and polymerization
degree BO

Ta6auya 3. Pe3ynbTaThl IEKOBOJIIOLUH U CTENEHb
nojaumMepusauuu BO

Fraction of silicate structural
Slag No. elements in slags BO

O | O | O | O
0.56 | 0.15 | 029 | 0 | 0.73
075 | 024 001 | 0 | 026
062 | 038 | 0 0 | 038
022 | 030 | 038 | 0.06 | 128

N W N~

out and with 6 wt. % B,0,, respectively). The viscosity
of slag 3 (with 6 wt. % B,0,), although having a rela-
tively simple structure (BO =0.38), sharply increases
to 1.3 Pa's at 1500 °C, together with its crystallization
onset temperature of 1493 °C. This can be explained by
the much smaller fraction of low-melting phases (5.4 %)
and the increased proportion of high-melting ones (up
to 50.8 %), represented mainly by 2CaO-SiO, with a melt-
ing point of 2130 °C. The highly basic slag 2, which does
not contain boron oxide, is the most viscous and refrac-
tory in the system. Its crystallization onset temperature is
1587 °C, and its viscosity, despite a relatively simple struc-
ture (BO = 0.26), reaches 0.75 Pa-s at 1600 °C. This beha-
vior is associated with the highest content of high-melting
compounds (78.4 %), mainly 2CaO-SiO, and free CaO.

Despite the high degree of polymerization (BO = 1.28),
slag 4 (B = 1.0, 6 Wt. % B,0,) shows low viscosity
due to its highest content of low-melting phases (23 %).
The viscosity ranges from 0.40 to 0.25 Pa-s within
1400 — 1500 °C, and its crystallization onset temperature
is 1265 °C.

Slag I with the same basicity but without boron oxide
has a much simpler structure (BO = 0.73), but its viscosity
is higher — 0.9 — 0.4 Pa-s in the 1400 — 1500 °C range —
and its crystallization onset temperature rises to 1402 °C.
This can be attributed to the reduction in the fraction
of low-melting phases to 8.4 %. In the absence of cal-
cium borates, the low-melting phases are represented
exclusively by CaO-MgO-2Si0, with a melting point
of 1391 °C.

491



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(5):488-494.
Babenko A.A., lllapmduros PPu dp. Oco6eHHOCTH MpUMeHeHus1 60pCco/ieprKalliX IIJIAKOB TPH BbINJIABKE HEPXKaBEIOLeH CTalIu

From the above results, it can be concluded that
the effect of the balance between the phase composition
and structure of the slags on their viscosity is clearly pro-
nounced.

It is well established that higher basicity enhances
desulfurization. However, the effectiveness of desul-
furization is governed not only by the chemical activity
of the oxide system but also by diffusion within the slag,
which is limited by viscosity. Therefore, previous experi-
ments involving holding the metal beneath a slag cover
were carried out to confirm the influence of the kinetic
factor [18]. Experiments involving the treatment of metal
with boron-containing slags of basicity 1.0 and 2.5, with
a maximum boron oxide content of 6 wt. %, showed
rather high desulfurization efficiency (Table 4). Accord-
ing to thermodynamic modeling performed using the HSC
Chemistry software package, the equilibrium sulfur
content, [S]_, , can reach 0.002 —0.003 %. The experi-
mentally obtained sulfur contents, [S].,,- after holding
the metal under the studied slags were close to equilib-
rium and amounted to 0.006 and 0.017 % for slags 3
and 4, respectively. The role of viscosity becomes evident
when comparing the highly basic slags. In slag 3, the rela-
tively low viscosity enabled the experimental sulfur level
to approach the equilibrium value after 60 min of holding.
This effect was not observed with the much more viscous
slag 2, confirming diffusion-controlled nature of the pro-
cess under those conditions.

A moderate reduction of boron by silicon (present
in the metal at 0.3 wt. %) was also observed. The boron

Table 4. Sulfur and boron content in metal
depending on time of slag treatment at 1600 °C
(initial sulfur content in metal — 0.03 %)

Ta6auya 4. Conep:xanue cepbl 1 fopa B MeTaJLIe
B 32aBHCHMOCTH OT BPeMEHH BbIIEP:KKH MO/ IIIAKOM
npu 1600 °C (ucxonHoe cogep:xxanue cepsl B Metasuie 0,03 %)

SBENG. | i | %2 | | o5 | pas
10 0.015

1 20 0.015 | 0.011 - 0.20
30 0.014
10 0.015

2 30 0.010 | 0.002 - 0.75
60 0.011
10 0.015
20 0.013

3 0.003 | ~0.002 0.30
40 0.008
60 0.006
10 0.016

4 20 0.017 | 0.014 |~0.003 0.20
30 0.017
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content in the metal, [B]exp, after the holding period was
0.002 — 0.003 % (Table 4). According to the literature,
such a boron level in austenitic stainless steel improves
both corrosion resistance and ductility [19; 20].

- CONCLUSIONS

It was established that the addition of up to 6 wt. % B,0,
to the slag, although increasing the degree of structural
polymerization (BO) from 0.73 to 1.28 at low basicity and
from 0.26 to 0.38 at high basicity, ensures sufficiently high
melt fluidity within the studied basicity range. This effect
results from the tendency of boron oxide to form low-melt-
ing eutectics with the main slag components. The resul-
ting highly basic slags, with a viscosity of about 0.3 Pa-s,
a basicity of 2.5, and a B,O, content of 6 wt. %, enable
deep desulfurization of the metal, providing an equilibrium
sulfur content of approximately 0.003 % according to ther-
modynamic modeling. Under desulfurization tempera-
tures, these slags remain in the homogeneous liquid region
and exhibit a crystallization onset temperature well below
1600 °C. Holding the metal beneath a slag cover reduced
the sulfur content to about 0.006 %. During this treatment,
0.002 — 0.003 % boron was taken up by the steel. Published
data indicate that this direct-microalloying level enhances
both ductility and corrosion resistance.
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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 %.

Keywords: siderites, metallization, separation melting, colemanite, boron, distribution
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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
8.0 . 40
=X = 2 11+t
i -y <
g 60 g 30 S 1.0
= g 0
3 3 = 09+
S 40 o 20 = ¢
[0} =} Q
[ E o 0.8 F
2.0 1.0 q
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 SiO,/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
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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, %:
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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):
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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.

500

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:
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Puc. 8. 3aBucumocTs conepxkanus B okcuanoi dase FeO (a), MnO (b), B,O, (¢) u cootnomenns SiO,/MgO (d)
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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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Fig. 9. Dependence of the system total enthalpy on temperature for slag systems calculated at SiO,/MgO = 0.75
and not containing colemanite, with a change in carbon proportion, %:
a—-0;b-5,¢-10

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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FORMATION OF IRON-CARBON MELTS
AND TECHNOLOGICAL ASPECTS OF CARBURIZATION
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Abstract. Based on the results of viscometric studies of the patterns of precision iron-carbon melts formation, the need to take into account the structural
state of the initial iron melt and the carbon material when developing the optimal carburization technology is substantiated. Considering the kinematic
viscosity value and stability of the values of this structure-sensitive property as indicators of the non-equilibrium degree of the iron-carbon melt struc-
tural state, it is shown that the optimal solution should be considered to be the carburization of liquid iron with a predominantly fec-like short-range
order structure, which can be facilitated by introducing carbon into the charge composition, forced heating and melting with the formation of a melt
with significant overheating above the liquidus temperature. Using the data of X-ray structural analysis, it was experimentally established that when
using carbon materials subjected to graphitization for carburization, it is advisable to reduce the proportion of the amorphous phase, increase the size
of crystallites and the graphitization degree, and improve the structural homogeneity. The experimentally determined difference in the nature of melt
formation during carburization of pure iron and in the case of simultaneous deoxidation and carburization of highly oxidized metal is associated with
the process of deactivation of the carbon material surface by oxygen, the development degree of which depends on reactivity of the carbon material
and decreases with an increase in the degree of its graphitization and a decrease in the defectiveness of the crystal structure. During the simultaneous
deoxidation and carburization of highly oxidized iron, a significant role of the deoxidizer type was established, which is associated with the different
partial influence of the materials used on structural state of the iron melt and with the different neutralization degree of the effect of oxygen on deacti-
vation of the surface of carburizer particles.

Keywords: iron-carbon melt, structural state, carburization, structure of carbon material, type of deoxidizer
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AHHomayus. Ha ocHOBE pe3ynbTaToB BHCKO3UMETPUUECKHX HCCIEIOBAHMN 3aKOHOMEPHOCTEH (hOPMHPOBAHMS MPELU3HOHHBIX IKEJIE30yIIIepPOIn-
CTBIX PacIulaBOB 0OOCHOBaHA HEOOXOAMMOCTb Y4eTa CTPYKTYPHOI'O COCTOSIHUSI MCXOJHOTO JK€JIE3HOr0 paciulaBa U yIJIEpOAHOIo Marepualla Ipu
pa3paboTke ONTUMAIBLHOM TEXHOJIOTHH HAYIIIEpOKMBaHUs. PaccMaTpuBasi BEIMUMHY KHHEMAaTHYECKOH BSI3KOCTH M CTa0MIIBHOCTD 3HAYEHHI 9TOrO
CTPYKTYPHO-UYBCTBHTEIIBHOTO CBOMCTBA KaK [10KA3aTeIN CTENIEHH HEPAaBHOBECHOCTH CTPYKTYPHOI'O COCTOSIHHS XKEJI€30yIIIEPOUCTOrO PacIljiaBa,
aBTOPBI MOKA3bIBAIOT, YTO ONTUMAJIBHBIM PEIICHUEM CIEAyeT CUNTATh HAyIJIePOKMBAHUE JKHUIKOTO JKenesa ¢ npeumyiiectBenHo ['TIK-nono0Hoii
CTPYKTYpOI1 OJIMKHETO TopsiKa. DTOMY MOXKET CIIOCOOCTBOBAThH BBOJ| YIVIEPO/IA B COCTAB IUXTHI, )OPCHPOBAHHBIN HATPEB U IUIaBICHUE C (hOPMU-
pOBaHMEM pacIljiaBa MpH 3HAYUTEIBHOM IeEperpeBe Haja TemrmepaTypoil nukBuayc. C MpUBIEUCHNEM JAaHHBIX PEHTIEHOCTPYKTYPHOTO aHalIn3a
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9KCIEPUMEHTAIBHO YCTAHOBIIEHO, YTO P MCIIOIb30BAHUH JUISl HAYIVIEPOXKUBAHHS YITIEPOAHBIX MaT€PHAIIOB, HOIBEPIHY THIX IpadUTALUH, 1IEIeCO-
00pa3HO CHIDKEHHE JONH aMOpGHOII (a3bl, yBenHUCHHE pa3sMepa KPUCTAUINTOB M CTCHEHM rpadUTalUy, IOBBIIICHHE CTPYKTYPHOH OXHOPOX-
HOCTH. DKCIIEPUMEHTAJILHO YCTAaHOBJICHHOE Pa3InyuKe XapakTepoB (hOpMUPOBaHMs paciiaBa IpU HayIJIEPOKUBAHUN YHCTOIO JKejIe3a U B CIydyae
OZIHOBPEMEHHOT'0 PACKHCIIEHUS M HAyITIEPOKUBAHUS BBICOKOOKHMCIIEHHOTO METaJlla CBA3aHO C MPOIECCOM JI€3aKTHBALMM HOBEPXHOCTH YITIEPO-
HOTO MaTepuaja KUCIOPOIOM, CTENeHb Pa3BUTUS KOTOPOTO 3aBUCHUT OT PEAKIMOHHOH COCOOHOCTH YIIIEPOJHOIO MaTepHaa M CHUKAETCS TIpU
YBEIIMYICHUH CTETICHH €0 IPaUTAINK U YMEHbIICHUH 1e()eKTHOCTU KPHCTAILTMYECKOH CTPYKTYpBL. [Ipi oMHOBpEeMEHHOM PACKUCICHUH U HAyTIIe-
POKMBAaHUH BBICOKOOKHCIICHHOTI'O )KeJe3a YCTaHOBJIEHA 3HAUYUTEIIbHAS POJIb TUIIA PACKUCIIHUTEIIS, YTO CBA3aHO C Pa3HBIM MaplUaIbHBIM BIUSHUEM
HCTIONB3YEMBIX MaTEPHAIOB Ha CTPYKTYPHOE COCTOSIHHE PACIIIaBa JKeJle3a U C Pa3HON CTENEHbI0 HEHTpann3aluy BAMSHUSA KUCIOPOIa Ha TIPOLIece

JAC3aKTHUBALIUU MTOBEPXHOCTU YACTULl HAYTJICPOXKUBATCIIS.

Katoyesbvle cn08a: xene30yrepoaucThiil paciias, CTPYKTYPHOE COCTOSHUE, HAyIIIEPOXKUBAHNE, CTPYKTYPa YIIIEPOIHOTO MaTeprana, THIT PACKUCIHTENs

BaazodapHocmu: ABTopsl BeIpaxaroT OnaromapHocts Myp3uny A.B. 3a ieHHbIC 3aMeuaHust IPH 00CYKICHHN PaOOThI.

/s yumupoeanus: T'ynos A.I., Bypmacos C.I1., CmupsoB JI.A. HccnenoBanue HhopMUPOBaHUsI KEIE30yIICPOAUCTHIX PACIUIABOB U TEXHOJIOTH-
YEeCKHe acleKThl HayIIIepOXKUBaHU. M3secmus 6y306. Yepnaa memannypeus. 2025;68(5):506-516.
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[ INTRODUCTION

Carburization has become an integral element in
steel production using modern high-intensity technolo-
gies. This increases the relevance of studying the pat-
terns of iron—carbon melt formation, since the establish-
ment of an equilibrium structural state of the melt prior
to crystallization is a prerequisite for achieving the maxi-
mum level of service properties of the metal [1 — 4]. Dif-
ferent degrees of completion of the relaxation process
of the non-equilibrium structural state of the melt caused
by carburization lead to an increase in the heterogeneity
of the metal and the instability of its properties [5; 6].
Insufficient attention to this factor may explain why
the use of modern technological schemes for steel pro-
duction, despite their enhanced ability to refine the metal
from undesirable impurities, does not guarantee the sta-
bility of high service properties of steel products [7].

Modern methods for assessing the degree of non-
equilibrium of the structural state of iron melts are based
on the study of structure-sensitive properties of melts, in
particular on viscometric studies. In most cases, a higher
degree of equilibrium of the melt’s structural state
at a fixed composition corresponds to higher kinematic
viscosity values and greater stability of this structure-
sensitive property [1 — 4].

As shown in the authors’ previous studies [8], iron
melts can exist within a spectrum of similar structural
states, and the stability of one of these states increases
when a solution with carbon is formed. To further elu-
cidate the regularities of iron carburization, the authors
continued viscometric studies on the formation of pre-
cision iron—carbon melts. The experiments were car-
ried out in a vacuum high-temperature viscometer under
an atmosphere of ultra-pure helium (>99.9999 %),
using the torsional oscillation method of a crucible
containing the metal to determine the kinematic visco-
sity of the melt. This method minimizes the perturbing
influence on the structural state of the melt. The results
obtained at this stage make it possible to identify a num-

ber of factors that must be considered when developing
the parameters of the optimal carburization technology
for iron.

[ INFLUENCE OF STRUCTURAL STATE OF THE INITIAL
IRON MELT

Fig. 1 presents the results of a viscometric study
of the formation of a pure iron melt at 1873 K obtained
through a multistage hydrogen refining process of car-
bonyl iron. Two heating modes up to 1873 K were used:

—mode /: isothermal holding for 900 s at 1473 K
(within the thermodynamic stability region of y-Fe), fol-
lowed by forced heating to 1873 K within 120 s;

—mode 2: holding for 1200 s near the melting point
(within the thermodynamic stability region of §-Fe),
nearly equilibrium slow melting for 8400 s with minimal

7
1
“g 2
~_" 6 -
=
BN
5 1 1 1
0 5 10 15 20
Time 103, S

Fig. 1. Results of the viscometric study of dynamics of pure iron melt
formation in the case of different heating and melting modes:
1 —mode /; 2—mode 2 (crucible material — BeO)

Puc. 1. Pe3ynbrarsl HCCIEIOBAHHS METOOM BHCKO3HMETPHI
JIMHAMUKH (GOPMHUPOBAHHMS pacIuiaBa YHCTOTO JKee3a
B CJIydae Pa3HbIX PeKUMOB HAarpeBa M IUIABICHHS:
1 —pexum 1; 2 — pexxum 2 (Marepuan turist — BeO)
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overheating above the melting temperature, and subse-
quent heating to 1873 K at an average rate of 2 K/min.

The obtained data indicate a significant influence
of the heating and melting mode on the structural state
of the resulting iron melt. According to the authors,
the difference in the structural states of the melt may be
associated with the “inheritance” of different short-range
order structures from the initial solid metal. In the first
case, the increased kinematic viscosity values after melt-
ing can be attributed to a more densely packed structure
with a predominantly FCC-like atomic coordination.
In the second case, a BCC-like configuration of atomic
micro-groupings is inherited. It is worth noting that, under
the thermodynamic conditions implemented for pure iron
melts, the structural state with a predominantly FCC-like
atomic coordination is relatively unstable. During isother-
mal holding at 1873 K, a transition occurs to a structural
state with predominantly BCC-like atomic coordination.
The pronounced high-frequency oscillations of kine-
matic viscosity observed in the case of forced heating
may be attributed to significant micro-inhomogeneity
of the forming structural state of the melt, caused by par-
tial transformation of y-Fe to 3-Fe as a result of the over-
lap of two phase transitions and the coexistence of FCC-
and BCC-like atomic groupings.

The implementation of carburization under the above
heating and melting modes can therefore be associated
with the formation of a carbon solution in different struc-
tural states of the initial iron melt. As shown in Fig. 2, a,
the formation of an iron—carbon melt under the first heat-
ing and melting mode leads to the development of a struc-
tural state with a markedly higher kinematic viscosity,

which, according to currently accepted views, corres-
ponds to a more equilibrium structural state of the melt.
This is further supported by an analysis of the stabi-
lity of the realized structural states of the iron—carbon
melt: for the state with lower kinematic viscosity, there
is a clear tendency to transform into a state with higher
viscosity, both under isothermal holding at 1873 K and
during subsequent cooling from 1873 K to crystallization
(Fig. 2, b).

The above results suggest that, during carburization
of iron, the optimal process should be considered the car-
burization of liquid iron possessing a predominantly
FCC-like short-range order structure. However, it is also
possible that the instability and non-equilibrium character
of the initial structural state — enhanced by the strongly
non-equilibrium melting mode — play a substantial, if not
decisive, role in this process.

- INFLUENCE OF THE CARBON MATERIAL STRUCTURE

From the standpoint of differences in carburizer qua-
lity, current research mainly focuses on its chemical com-
position — primarily the carbon content (or ash content)
and nitrogen concentration. According to the authors,
attention should also be paid to the structure of the car-
bon material itself. It is the structure, above all, that may
determine the influence of the carbon material type on
the nature of melt-formation behavior and the resulting
structural state after iron carburization (Fig. 3).

Based on X-ray diffraction (XRD) analysis (Table 1),
comparing carbon materials subjected to graphitization
(graphites of different grades, e.g., GMZ and GII-A,

8.5
b
1

7.5 1 L
2
g
E
ES

6.5 - o 2

2
55 1 1 1 1 1 1 1 1
0 5 10 15 20 1880 1860 1840 1820 1800 1780 1760
Time 103, S Temperature, K

Fig. 2. Results of the viscometric study of dynamics of the Fe — 0.1 % C melt formation in the case of different heating and melting modes:
1 —mode /; 2—mode 2 (crucible material — BeO, carburizer — diamond powder);
a — isothermal holding at 1873 K; b — subsequent stepwise cooling to crystallization with isothermal holding at each temperature for 600 s

Puc. 2. Pe3ynbrarhl HCCIIEI0BaHUS METOJOM BUCKO3UMETPUH AMHAMUKH (popmupoBanus paciuiasa Fe — 0,1 % C
B CJIydae Pa3HBIX PEKMMOB HAarpeBa U IUIABIICHHSA:
1 —pexum [; 2 — pexxum 2 (Marepuan turis — BeO, HayrepoxxuBaTelb — aJIMa3HbIH IOPOILOK);
a — n3otepmudeckas Boiiepxkka npu 1873 K; b — mocnenyroriee ctyneH4yaToe OXJIaKaeHHE 10 KPUCTAJUTU3AINN
C U30TEPMHUYECKOM BBIIEPIKKOMN 1pu Kaxaoii remneparype 600 ¢
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and electrode scrap), the data indicate that a decrease
in the kinematic viscosity of the resulting iron—carbon
melt — and, in line with current understanding, a corres-
ponding increase in the degree of structural non-equilib-
rium — is associated with a higher amorphous-phase frac-
tion (likely due to a non-graphitizing binder or its partial
graphitization), a smaller crystallite (coherent domain)
size, and a lower degree of graphitization (three-dimen-
sional ordering within crystallites) [9].

The results shown in Fig. 4, obtained from carburi-
zation tests in which the same pure converter iron was
carburized using graphite of GII-A grade supplied by
three different manufacturers, also indicate that it is not
the graphite type itself but its structure that plays the deci-
sive role. Along with confirming the previously described
effect of the graphite structural parameters (Table 2)
on the viscosity level of the iron—carbon melt, these data
demonstrate a substantial influence of the initial gra-
phite structural heterogeneity on both the relaxation time
ofthe melt’s structural-state non-equilibrium after graphite
addition and the amplitude of the high-frequency oscil-
latory component of kinematic viscosity changes, which
can be associated with the degree of micro-inhomoge-
neity of the melt. The maximum structural heterogeneity
of graphite — characterized by a combination of a rela-

tively low-defect crystalline phase and a large amorphous
phase fraction (Fig. 4, b) — leads to the greatest micro-
inhomogeneity and instability of the structural state
of the iron—carbon melt. Reducing the graphite heteroge-
neity, either by increasing the defectiveness of the crys-
talline phase (Fig. 4, a) or by decreasing the amorphous
phase fraction (Fig. 4, ¢), reduces both the amplitude
of the high-frequency component and the stabilization
time of kinematic viscosity values, although at different
levels of this structure-sensitive property, corresponding
to different degrees of non-equilibrium structural state
of the melt. The behavior of the subsequent polytherms
indicates a higher degree of structural non-equilibrium,
characterized by lower kinematic viscosity values.

The mechanism of carbon transfer from the carburizer
into liquid iron is one of the key aspects of the physi-
cochemical nature of the carburization process. Accor-
ding to A.A. Vertman and A.M. Samarin [10], based on
the relatively low activation energy of graphite disso-
lution and the specific features of its crystal structure,
the dissolution of graphite in liquid iron proceeds in
at least two stages: (1) detachment of flat graphite layers
from the surface of the solid particle and (2) dissolution
of these detached layers.

Table 1. Results of X-ray structural analysis of carbon materials

Ta6auya 1. Pe3ys1bTaTbl PpEeHTT€HOCTPYKTYPHOIO MCC/IeJ0BAHUS YIVIePOACOAePKALUX MATePUAIOB

o e Phase Compound Quantity, Coherclant Lattice Degree of
carbon . . Space group scattering parameters, e
. No. (mineralogical name) % . graphitization
material region, nm nm
. a=0.2459;
1 Graphite-2H P6,/mmc 47.13 29 o= 0.6789 0.53
GII-A
. . a=0.2456;
graphite 2 Graphite-3R R-3m 25.72 21 o= 1.0300 0.08
3 AmopdHas daza - 27.15 - - -
GMZ . a=10.2460;
graphite 1 Graphite P6,/mmc 100.00 87 c=06731 0.87
. a=0.2200;
. 1 Graphite-2H P6,/mmc 16.36 2.04 = 06952 —
Anthracite 0.2474
. a=0. ;
2 Graphite-3R R-3m 83.64 1.62 o= 12035 -
. a=0.2127,
Glassy 1 Graphite-2H P6,/mmc 60.53 1.45 c=0.7471 -
carbon . a=0.2438;
2 Graphite-3R R-3m 39.47 3.24 ¢ =1.0310 0.04
. a=0.2463;
1 Graphite-2H P6./mmc 18.00 2000 ’ 0.97
Electrode P 3 c=0.6714
scrap . a=0.2438,;
2 Graphite-2H P6,/mmc 82.00 2000 = 0.6757 0.72
Diamond Diamond Fd3m 97.72 1260 a=0.3567 -
powder 2 Diamond-n R3 2.28 45 a=0.3610 -
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Fig. 4. Results of the viscometric study of dynamics of the melt formation during isothermal holding at 1873 K and changes
during subsequent heating to 2023 K (red marker) and cooling to 1873 K (blue marker) during alloying of pure converter iron
with carbon (based on obtaining 0.4 % C in the metal) using graphite of GII-A grade from different manufacturers:

a, a'- manufacturer /; 6, 6' — manufacturer 2; 6, 6' — manufacturer 3 (crucible material — ZrO,)

Puc. 4. Pe3ynbraThl HCCIIEI0BAHUS METOJIOM BUCKO3UMETPUH AMHAMUKY (DOPMHUPOBAHMS PACILIIABA B XOJ€ H30TEPMUUESCKOH BBIACPKKU
npu 1873 K u uzmenenuii B npouecce nociueayomero narpesa 10 2023 K (kpacHblil Mapkep) 1 oxnaxxaenus 1o 1873 K (romy6oit mapkep) npu
nerupoBanuu yriepogom JXKUK (u3 pacuera nonydenus B meraie 0,4% C) npu ucnons3zoBanuu rpadura mapku ['MU-A pa3HbIX pou3BoUTEINCH:
a, a' — pou3BouTENb /; 0, 6' — IPOU3BONUTEND 2; 6, 6’ — IPOU3BOAUTEND 3 (MaTepua T — Zr0, )

Accordingly, in addition to crystallite defectiveness stacks. For different graphites, researchers agree that
and the character and degree of ordering of the carbon the interlayer bonds — whether van der Waals, metallic, or
hexagonal layers, another significant factor is the type weakened covalent [11] — are relatively weak yet stable.
of bonding between the hexagonal networks and their The low strength of the bonds between carbon hexagons

Table 2. Results of X-ray structural analysis of graphite of GII-A grade from different manufacturers

Tabauya 2. Pe3yabTaThl PEHTIeHOCTPYKTYPHOIO UccienoBanus rpagpura mapku I'MU-A pa3HbIX npousBoauTeiei

Manufac- | Phase Compound Space orou Quantity, SCCZEZ?;H a;a;:;(;:rs Degree of
turer No. | No. (mineralogical name) pace group % . & p ’ | graphitization
region, nm nm
. a=0.2456;
1 Graphite-2H P6./mmc 64.92 10 c=06719 0.91
1 . a=0.2522;
2 Graphite-3R R-3m 4.07 25 ©=3.0889 0.09
3 Amorphous phase - 31.01 - - -
. a =0.2456;
1 Graphite-2H P6,/mmc 69.63 700 c=06721 0.90
2 . a=0.2522;
2 Graphite-3R R-3m 3.92 25 =3 0889 0.09
3 Amorphous phase - 26.45 - - -
. a=0.2456;
1 Graphite-2H P6,/mmc 80.01 1000 = 06716 0.93
3 . a=0.2522;
2 Graphite-3R R-3m 4.05 25 =3 .0889 0.09
3 Amorphous phase - 15.94 - — -
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(in the form of short hydrocarbon chains [12]) and their
partial rupture upon heating facilitate the dissolution
of carbon into pure iron when using anthracite, thereby
promoting the formation of the most equilibrium struc-
tural state, as indicated by the highest kinematic viscosity
values. In contrast, when glassy carbon is used, the strong
and diverse bonds between hexagonal stacks — including
oxygen bridges and triple conjugated (—C=C-) or double
cumulated (=C=C=) C—C bonds [9] — significantly hin-
der melt formation, increasing the micro-inhomogeneity
and instability of its structural state. The even stronger
bonding of carbon hexagons in carbon nanotubes may
account for the greatest difficulty in melt formation when
this material is used as a carburizer.

The use of another allotropic form of carbon — dia-
mond — for carburization of pure iron promotes the for-
mation of a melt structural state with relatively high kine-
matic viscosity. The noticeable oscillatory component
of viscosity variation during melt formation also indicates
its micro-inhomogeneity. This behavior may be explained
by two factors. First, the spatial configuration of carbon
atoms in diamond is similar to that in austenite, allowing
carbon to enter the iron lattice as a complete diamond
cluster, forming a hybrid of interstitial and substitutional
solid solutions [13], which likely facilitates the forma-
tion of an fcc-like structural state of the melt. Second,
when heated above 1273 K, diamond tends to transform
spontaneously into graphite, forming at 1873 K an inter-
mediate carbon structure — a crystalline hybrid of cubic
(diamond) and hexagonal (graphite) lattices [14]. There-
fore, the observed melt-formation behavior may result
from the superposition of graphite dissolution and partial
diamond-to-graphite transformation, which undoubtedly
enhances the micro-inhomogeneity of the melt’s struc-
tural state.

- SIMULTANEOUS CARBURIZATION AND DEOXIDATION
OF METAL

Previously, experiments demonstrated that dissolved
oxygen prolongs the time required for the melt to reach
structural equilibrium during iron carburization, provid-
ing the rationale for treating deoxidation and carburization
as concurrent operations [15]. Accordingly, experiments
were conducted on simultaneous deoxidation and carbu-
rization of iron (Fig. 5). Carbonyl iron with an oxidation
level of 870 ppm was used as the base metal. Deoxidation
was performed with aluminum to obtain a residual con-
centration of 0.03 %.

Analysis of the data shows that the previously
described influence of the structural parameters of gra-
phitized carbon materials on the degree of structural non-
equilibrium of the melt generally persists under these
conditions. In particular, using graphite of GMZ grade
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yields a more equilibrium structural state of the melt
than using graphite of GII-A grade. At the same time,
melt-formation behavior changes fundamentally when
anthracite is used for carburization: the relaxation time
becomes the longest, while the kinematic viscosity is
the lowest. According to A.A. Vertman [16], dissolved
oxygen increases the stability of carbon layer stacks by
forming C O -type oxide films on their surfaces. Under
the present conditions, this process is likely most pro-
nounced for natural carbon materials such as anthracite.
By contrast, with graphitized materials, oxygen-induced
surface deactivation is mitigated because graphitization
lowers reactivity and reduces crystal-structure defective-
ness [14].

It should be noted separately that the established regu-
larities are consistent with previously obtained experi-
mental data under industrial conditions [3 — 5].

[ TYPE OF DEOXIDIZER

Under simultaneous deoxidation and carburization,
the choice of deoxidizer — in addition to the carbon mate-
rial — also affects melt-formation behavior. As shown in
Fig. 6, deoxidizing carbonyl iron with aluminum and
with calcium produces fundamentally different struc-
tural states of the melt. With aluminum, the melt shifts
to a state with significantly lower kinematic viscosity
than that of the starting carbonyl iron. In contrast, cal-
cium deoxidation drives structural changes that increase
kinematic viscosity. This response is consistent with
a calcium-induced perturbation of the melt’s structural
state that drives it toward a higher degree of structural
equilibrium [17].

Experimental results presented in Fig. 7 show that this
deoxidizer-specific effect on the melt’s structural state
persists under simultaneous deoxidation and carburiza-
tion. Calcium yields a structural state with substantially
higher kinematic viscosity than aluminum, indicating
a more nearly equilibrium structure. Moreover, when
anthracite is used for carburization, the relaxation time
of the introduced non-equilibrium is considerably shorter.
The established difference, apart from the distinct effects
of the deoxidizers on the structural state of the iron melt,
may also be related to the fact that calcium, as a stron-
ger deoxidizer, more effectively neutralizes the influence
of oxygen on the deactivation process of the carburizer
particle surface.

Overall, the findings show that, during simultaneous
deoxidation and carburization, calcium favors the for-
mation of an optimal melt structural state. Therefore, in
choosing a deoxidizer, partial or full replacement of alu-
minum with calcium-containing agents (e.g., calcium car-
bide) should be considered, particularly for carbide treat-
ment operations.
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Fig. 5. Results of the viscometric study of dynamics of the Fe — 0.1 % C melt formation with simultaneous deoxidation
with aluminum (residual concentration 0.03 %) and carburization during isothermal holding at 1873 K and changes during subsequent cooling
to crystallization in comparison with the data for the initial carbonyl iron (red marker) using different types of carburizers:
a, a' — anthracite; b, b’ — graphite of GMZ grade; ¢, ¢’ — graphite of GII-A grade (crucible material — BeO)

Puc. 5. Pe3ynbraThl HCCIICI0BAHUS METOIOM BHCKO3UMETPUH AWHaMHUKH (GopmupoBanus paciuiasa Fe — 0,1 % C npu oHOBpeMEHHOM
packucieHuu anoMuHneM (ocratoynas konuenTpauus 0,03 %) n HayrepoXUBaHUH B XOJIe M30TepPMUUECKOi Beiaepkku mpu 1873 K
¥ M3MEHEHUI B XOJI€ MOCIICAYIOIIETO OXIAX/ICHNS 10 KPUCTAJUIN3ALNH B CONIOCTABICHUH C JAHHBIMH JJIS1 ICXOTHOTO
KapOOHUIILHOTO JKelie3a (KPaCHBI MapKep) MPH UCIIOJIB30BAHUU Pa3HBIX TUIIOB HAYIIEPOXKUBATEICH:

a, a' — aurpanurt; b, b' — rpadut mapku ['M3; ¢, ¢’ — rpapur mapku 'MU-A (marepuan turist — BeO)

- CONCLUSIONS

When forming an iron—carbon melt, the optimal
route is carburization of liquid iron with a predomi-
nantly FCC-like short-range order. This can be achieved
by introducing carbon into the charge, applying forced
heating, and melting with substantial superheating
above the liquidus.

The structural state of the melt during iron carburi-
zation is strongly governed by the structure of the car-
bon material. With graphitized carbons, it is advisable
to reduce the amorphous-phase fraction, increase crys-
tallite size and degree of graphitization, and improve
structural homogeneity. Other significant factors include
the type of bonding between hexagonal layers and their
stacks and the allotropic form of carbon.

The choice of carburizer depends critically on the ther-
modynamic conditions of melt formation: for pure iron,
anthracite gives the most favorable result, whereas for
highly oxidized metal, graphitized materials are more
effective.

Under simultaneous deoxidation and carburization,
an optimal structural state of the iron—carbon melt is pro-
moted by partially or fully substituting aluminum with
calcium-containing agents, such as calcium carbide.
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Fig. 6. Results of the viscometric study of dynamics of the melt
formation during deoxidation of carbonyl iron by aluminum (/)
based on a residual concentration of 0.03 % and calcium (2)
based on a residual concentration of 0.01 % in comparison
with the melt formation dynamics of the initial carbonyl iron (3)
(crucible material — ZrO,)

Puc. 6. Pe3ynbratsl HccaeI0BaHUSI METOJIOM BHCKO3UMETPHH JHHAMUKU
(hopMHpOBaHHUS pacIlyIaBa IPH PACKUCICHUH KapOOHUIIBHOTO JKele3a
amoMuHueM (/) n3 pacuera ocrarouHoi konnentparuu 0,03 %

u KanbnueM (2) u3 pacyera ocratouHoi koHueHTpanuu 0,01 %

B CPaBHEHHU € IMHAMUKON (JOPMHUPOBAHUS paciuiaBa HCXOAHOTO
KapOOHMIIBHOTO Kene3a (3) (marepuan turs — ZrO,)
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Fig. 7. Results of the viscometric study of dynamics of the melt formation with simultaneous carburization (0.1 % C) and deoxidation
of carbonyl iron with aluminum (/) based on a residual concentration of 0.03 % and calcium (2)
based on a residual concentration of 0.01 % using different types of carbon materials:
a — anthracite; b — diamond powder (crucible material — ZrO, )

Puc. 7. Pe3ynbraThl HCCIIEI0BAHUS METOIOM BUCKO3UMETPUH AUHAMMKH (JOPMHUPOBAHMS pacijiaBa npH ofHOBpeMeHHoM HayriepoxuBanuu (0,1 % C)
U PACKHMCIIEHNH KapOOHMIILHOTO JKeje3a anoMuHueM (/) n3 pacuera ocrarouHoi konnentpauu 0,03 % u kanbiuem (2)
13 pacuyera octatouHoi koHenTpamu 0,01 % mpu uCcnonp30BaHNM PA3IUYHBIX THIIOB YITIEPOAHBIX MATEPHATIOB!
@ — auTpauuT; b — anmasHeli nopomok (Marepuan turis — Zr0, )
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VISCOSITY OF LIQUID ALLOYS OF COBALT WITH SILICON AND BORON:
EXPERIMENT AND CALCULATION
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Abstract. The temperature (up to 1700 °C) and concentration dependences of the viscosity of liquid binary alloys of cobalt with silicon and boron were
studied using an oscillating-cup method. The viscosity polytherms of liquid cobalt and its melts with silicon and boron (up to 54 at. % of the metalloid)
are monotonous character without any anomalies and are well described by the Arrhenius equation. Coincidence of the viscosity polytherms obtained
in the heating and cooling modes and linear dependence of the viscosity logarithm on the inverse absolute temperature in the supercooled region
indicate the preservation of the liquid alloy structure. Microheterogeneous structure of Co—Si and Co—B melts (up to 54 at. % metalloid), associated
with the formation of microgroups based on silicides and borides of cobalt with stronger internal bonds, leads to a complex form of concentration
dependences of their viscosity and activation energy of viscous flow. The prognostic capabilities of the Kozlov-Romanov-Petrov and Kaptay equations
for describing the concentration dependences of the viscosity of liquid metal-metalloid alloys are discussed. Features associated with the application
of these equations to the systems in which one of the alloy components (in this case, boron in the Co—B system) is in the solid state at the calculation
temperatures are considered. It is shown that the correct way to solve the problem is to use the viscosity value of liquid boron at its melting point
as an input parameter for calculating the viscosity isotherms of the Co—B melts. The Kozlov-Romanov-Petrov and Kaptay equations differ only
in the coefficients before the melt mixing enthalpy, the physical meaning of which is discussed in the paper. The Kozlov-Romanov-Petrov equation
can be recommended for predicting the concentration dependences of the viscosity of liquid alloys of cobalt with silicon and boron.

Keywords: melt, Co—B system, Co—Si system, viscosity, temperature dependence of viscosity, concentration dependence of viscosity, Arrhenius
equation, Kozlov-Romanov-Petrov equation, Kaptay equation
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BA3KOCTb XUAKUX CNNABOB KOBANIbTA C KPEMHUEM U BOPOM:
IKCNEPUMEHT U PACHET

H. B. Os1iaamnHa ©, A. JI. BesibTioKoB, B. H. JlagbsHOB

Yamyprekuii penepanbublii ncesienoBaTeabekuii HeHTp Ypaibekoro oraeaenust PAH (Poccus, 426067, Yamyprckas PecryOmu-
Ka, VbkeBck, yin. M. Tatesaer bapamsunoii, 34)

&) oljanina@mail.ru

AHHOomayus. MetoioM KpYTHIBHBIX KOJIEOaHWH MPOBEACHBI HccienoBanus temmeparypHbix (10 1700 °C) u KOHICHTPAIIMOHHBIX 3aBHCHMOCTEN
BSI3KOCTH JKUJIKUX OMHApPHBIX CIIABOB KOOaIbTa ¢ KpeMHUEM 1 6opom. TeMneparypHble 3aBHCUMOCTH BSI3KOCTH KHIKOTO KOOAIBTa U ero pacIijlaBoB
¢ KpeMHHeM 1 60poM (710 54 at. % Mmera/uionsia) UMEIT MOHOTOHHBIN Xapaktep 0e3 Kakux-JIH00 0COOEHHOCTEH U XOPOIIO ONMUCHIBAIOTCS ypaB-
HeHueM Appenuyca. CoBIaJieHUE TIOJIUTEPM BS3KOCTH, ITOJYYEHHBIX B PEKMME HAarpeBa M OXJIKICHUS, a TAKXKE JIMHEHHAsl 3aBUCUMOCTD JIOTa-
puMa BI3KOCTH OT 00paTHON abCONIOTHOI TeMIepaTypbl B IEPEOXJIKACHHON 001aCTH CBHAETEIBCTBYIOT O COXPAHEHUH CTPYKTYPBI JKHIKOTO
criaBa. MukpoHeonHopoaHoe crpoenne paciaBoB Co—Si u Co—B (10 54 at. % meramionsa), cBsi3aHHOE ¢ 00pa30BaHUEM MUKPOIPYIITHPOBOK
Ha OCHOBE CHJIMIIHJIOB ¥ 00pHI0B K0OaJIbTa ¢ HoJiee NPOYHBIMU BHYTPEHHUMH CBS3SMHU, IPUBOAUT K CJIOKHOMY BHJLy KOHIIEHTPAIIMOHHBIX 3aBUCH-
MOCTEH MX BSA3KOCTH ¥ DHEPI'HHU aKTHBAIMH BSI3KOTO TEUCHUS. B cTaThe aBTOPBI 00CYKIat0T MPOTHOCTHYECKHIE BO3MOKHOCTH ypaBHeHui Ko3znosa-
Pomanosa-IlerpoBa u Kaptay mist onricanusi KOHIEHTPAIIHOHHBIX 3aBHCUMOCTEN BS3KOCTH KHUJIKHUX CIIAaBOB THUIA MeTalI-MeTamtons. Paccmor-
PEHBI 0OCOOCHHOCTH, CBSI3aHHBIE C IPUMEHEHHEM ATUX YPaBHEHHH K CHCTEMaM, B KOTOPBIX OJMH W3 KOMIIOHEHTOB CIUIaBa (B JJaHHOM ciiy4ae 0op
B cucreme Co—B) npu temneparypax pacyera HaXOAUTCS B TBEPAOM cocTosHuU. [Toka3aHo, 4TO KOPPEKTHBIM CHOCOOOM PEIICHHUs] NPOOIEMBI
SIBJISICTCSI MCIIOIb30BAHNE 3HAYEHMS BSI3KOCTH XKUAKOTo Oopa IpU €ro TeMIeparype IUIaBIeHHs B KauecTBE BXOIHOIO Napamerpa Juls pacdera
HM30TEpM BsI3KOCTHU paciiaBoB cucteMsl Co—B. YpaBuenust Kosnosa-Pomanosa-Ilerposa n Kaptay oTiangarorcst ToJIbpK0 Ko3hPHIHEHTaMU TIepe,]
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SHTAJIBIIUEH CMEIICHHMS paciiiaBa, (PU3MUECKHI CMBICIT KOTOPBIX 00Cykaaercs B pabote. YpaBHeHne Kosnosa-PomanoBa-IleTpoBa Moxer OBITH
PEKOMEH/IOBAHO JUIsl TPOTHO3MPOBAHMUS KOHIICHTPAIIMOHHBIX 3aBUCHMOCTEH BSI3KOCTH JKHJIKHX CIIABOB KOOAJIBTa ¢ KPEMHHEM U OOPOM.

Kaiouesnle caoea: pacmnas, cucrema Co—B, cucrema Co—Si, BSI3KOCTB, TeMIepaTypHasi 3aBUCHMOCTb BS3KOCTH, KOHLCHTPALMOHHAS 3aBUCUMOCTh
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- INTRODUCTION

Viscosity is an important physical property of a liquid,
governed by interparticle interactions and linked to its
structure. It is therefore widely used to probe the struc-
ture of high-temperature metallic melts. This is especially
relevant for metal-metalloid systems, for which direct
diffraction studies have been performed only for indivi-
dual alloys [1] or at small superheatings above the liqui-
dus line [2]; moreover, the coexistence of metallic and
covalent bonding makes the use of modeling methods for
these systems a persistent challenge [3; 4].

Accurate viscosity values are needed for many metal-
lurgical processes involving the liquid state [5—7].
To predict the viscosity of multicomponent liquid alloys,
thermodynamic-based equations are used, in particular
the Kozlov—Romanov—Petrov equation [8] and the Kap-
tay equation [9]. The required input data for these equa-
tions are the viscosities of the pure liquid components that
form the melt and the melt mixing enthalpy. According
to [10], these equations predict the concentration depen-
dences of viscosity well across systems with different
phase diagrams. However, validation has mostly been
carried out for metal-metal systems. Many advanced
materials, by contrast, contain metalloids as well as
high-melting elements such as boron, tantalum, and nio-
bium. The presence of refractory elements complicates
the application of these equations, because calculations
are performed at temperatures at which these elements
are in the solid state.

In the present work, experimental measurements
of the viscosity of liquid alloys in the Co—Si and Co—B
systems are reported, and the applicability of the Kozlov—
Romanov—Petrov and Kaptay equations for predicting
their concentration dependence is analyzed.

[} MATERIALS AND METHODS

Co-Si and Co—B master alloys (54 at. % metal-
loid) were produced in a vacuum resistance furnace by
alloying cobalt powder grade PK-1u per GOST 9721-79
(cobalt content >99.35 wt. %; principal impurities,
wt. %: <0.2 Fe; 0.4 Ni; 0.02 Si and C; 0.04 Cu) with
single-crystal silicon (99.9999 wt. % Si) or amorphous
boron per TU 113-12-132-83 (94 wt. % B; principal
impurities, wt. %: 0.23 Fe; 0.1 Si) in a corundum cru-
cible at a pressure of 1072 Pa, a temperature of 1550 °C,
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and a 20-min hold. Samples of the required composi-
tion were then obtained by alloying cobalt grade KO per
GOST 123-2008 (cobalt content >99.98 wt. %; prin-
cipal impurities, wt. %: <0.003 Fe; <0.005 Ni and C;
up to 0.001 Si, Cu, Mg, Zn, and Al) with the Co—Si or
Co—B master alloys in the viscometer furnace immedi-
ately prior to viscosity measurements.

The kinematic viscosity (v) of the liquid alloys was
measured on an automated setup [11] using the oscilla-
ting-cup method in the Shvidkovsky modification [12].
Experiments were carried out in a protective helium atmo-
sphere (grade A) after evacuating the chamber to a pres-
sure of 1072 Pa. Viscosity was measured on heating and
subsequent cooling, with stepwise temperature incre-
ments of 20 — 30 °C following 10-min isothermal holds
at each temperature step. Measurements were carried out
in cylindrical Al,O, crucibles with two opposing end-face
friction surfaces (the crucible bottom and a lid resting
on the melt surface). To create the second end-face sur-
face, a lid with an outer diameter 0.5 — 0.8 mm smaller
than the crucible’s inner diameter was placed on the sam-
ple. The lid design [13; 14] allows free translation along
the crucible’s vertical axis and co-oscillation with the cru-
cible during torsional oscillations of the suspension sys-
tem. Using two end-face friction surfaces helps account
for uncertainties in viscosity calculations arising from
potential oxide-film formation on the melt surface [13; 15]
and from wetting of the crucible walls by the liquid metal
(meniscus effects) [16; 17]. Prior to viscosity measure-
ments, the samples were remelted at 1680 °C for 10 min
to eliminate irreversible processes associated with alloy-
ing of the initial charge materials. The total error of vis-
cosity determination at the 0.95 confidence level does not
exceed 4 %, with a single-measurement error of 1.5 %;
error analysis followed the procedure in [11].

Dynamic viscosity (1) was obtained using literature
density data [18 — 20].

- EQUATIONS FOR CALCULATING VISCOSITY

The Kozlov—Romanov—Petrov equation [8] was de-
rived within the framework of the theory of oscillatory
liquids by relating atomic vibrational motions to the free
energy of the solution using the Einstein approximation,
and has the following form:

lnnlelnn1+x2lnn2—%, (1)
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where 1 and 1, are the dynamic viscosity of the melt
and of its pure components (i = 1, 2), respectively; x; is
the mole fraction of component i in the alloy; AH is
the integral mixing enthalpy of the melt; R is the univer-
sal gas constant; 7 is the absolute temperature.

The Kaptay equation [9] is a modification of Eyring’s
equation [21] for multicomponent alloys and has the fol-
lowing form:

i(x AG)) -
exp| = RT ’

hN,

n=- (2)
2

i=1

xV)+V*

where V. is the molar volume of pure component i in
the liquid state (V,= M,/p,, where p,is the density
of pure component i in the liquid state, M, is the molar
mass of component i in the alloy); V% is the excess
molar volume upon alloy formation, which is neglected
for simplicity; a=0.155+0.015 is a parameter
obtained from the ratio of the activation energy of vis-
cous flow of pure liquid metals to their cohesive energy
at the melting temperature; AG, is the free energy of acti-
vation of viscous flow of pure component i in the liquid
state, which is calculated from the measured viscosity
of the pure component at a given temperature by the fol-
lowing expression:

AG; = ern(“f—Vf].
hN
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[ RESULTS AND DISCUSSION

The kinematic viscosity of melts in the Co-B
(37 compositions) and Co—Si (24 compositions) systems
was investigated over the range from 0 to 54 at. % metal-
loid. Typical viscosity polytherms are shown in Figs. 1
and 2. The viscosity polytherms exhibit no anomalies and
are well approximated by the Arrhenius equation:

i)

RT

V= Aexp[ 3)

where 4 is a constant; £_is the activation energy of viscous
flow. In repeated experiments, the measured data are repro-
duced within the measurement error (Fig. 2). The absence
of differences between viscosities obtained on heating and
on cooling, together with the linear dependence of Inv
on the inverse absolute temperature in the supercooled
region, indicates preservation of the liquid alloy structure
over the temperature range studied.

Based on the obtained viscosity polytherms, the con-
centration dependences for the liquid alloys of the Co—Si
and Co—B systems were calculated (Figs. 3, 4). The iso-
therms of viscosity and of the activation energy of viscous
flow for cobalt—silicon and cobalt—boron melts are non-
monotonic and dome-shaped, providing indirect evidence
of structural rearrangements in the melt as the metalloid
content varies. The maximum in the viscosity—composi-
tion curve is attributed to the formation of atomic micro-
groups composed of unlike atoms, presumably ordered in
the manner of intermetallic compounds [22].
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Fig. 1. Viscosity polytherms in Inv — 7! coordinates of the Co—B (at. %) melts in heating (@)
and subsequent cooling (O) mode. The graph shows the error of a single experiment of 1.5 %

Puc. 1. TlonurepMsbl BA3KOCTH B KoopauHarax Inv — 7! pacruiasos cuctembl Co—B (ar. %) B pexkume Harpesa (@)
u nocaexyontero oxiaxaerHus (O). Ha rpaduke npuseneHa norpenHocTs eJMHIYHOTO 3KcrepuMenTa 1,5 %
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Fig. 2. Viscosity polytherms in Inv — 7! coordinates of the Co—Si (at. %) melts in heating (@, )
and subsequent cooling (O, [[]) mode, where @, O is the first sample, and [ll, [] is the second sample. The graph shows a total error of 4 %

Puc. 2. TlonutepMbl BA3KOCTH B KoopauHarax Inv — 7! pacrasos cuctemsl Co—Si (at. %) B pexume Harpesa (@, H)
u nocnenytoiero oxaaxaenus (O, []), rae @, O — nepssiit oopasery; [ll, (] — Bropoit oopaser. Ha rpaduke npusenena odmas norpemHocts 4 %

Because the maximum on the viscosity isotherm
ofthe Co—Sisystem coincides with the presence of Co,Si
on the phase diagram, melts containing 30 — 35 at. % Si
are likely to exhibit Co,Si-type ordering. At silicon con-
tents below 30 at. % and above 35 at. %, the melts are
microheterogeneous: below 30 at. % Si they contain, in
addition to Co,Si-type microgroups, regions dominated
by cobalt atoms, whereas above 35 at. % Si they con-
tain silicon-richer microgroups, for example of the CoSi

type.

In the Co—B system, the viscosity changes little over
0 —20 at. % B, which likely reflects short-range order
consistent with a solid-solution—like arrangement in
the melt. At boron contents above 20 at. %, both v and £,
increase, attributable to the formation of atomic micro-
groups of unlike atoms, presumably ordered in the manner
of a compound. However, in this system no correlation is
observed between the maxima of the viscosity isotherms
and the stoichiometries of compounds on the phase dia-
gram.

v, 107 m’/s

44
40
36
32
28

E . kJ/mol

1500
1400
1300
1200

t,°C

1100
100

Si, at. %

Fig. 3. Concentration dependences of kinematic viscosity and activation energy of viscous flow of the Co—Si melts.
A part of the phase diagram of the Co—Si system is given according to the data from [23]

Puc. 3. KoHLIIeHTpaI[HOHHBIE 3aBHCHMOCTH KHHEMAaTHYECKOU BA3KOCTU U SHEPIHH aKTHBALIMH BSI3KOTO TEUCHHS PacILIaBoB cucTeMbl Co—Si.
IpuBenen GpparmMeHT quarpamMmsl coctosaus cucteMbl Co—Si 1o aaHHbIM padoThl [23]
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Fig. 4. Concentration dependences of a kinematic viscosity and activation energy of viscous flow of the Co—B melts.
The parts of the phase diagram of the Co—B system is given according to the data from [24] (===) and [25] (===)

Puc. 4. KoHIIEHTpallMOHHBIE 3aBUCUMOCTH KHHEMATHYECKON BSI3KOCTU M SHEPIMU aKTUBALMH BSI3KOTO TEUEHHs pacmiiaBoB cuctemMsl Co—B.
[IpuBenens! pparMeHTh! AnarpaMmel coctosiHus cucteMsl Co—B 1o nanneiv pabor [24] (=) u [25] (===)

The monotonic, exponential character of the viscosity
polytherms without hysteresis, together with retention
of the viscosity-isotherm shape on heating, indicates that
no substantial structural changes occur during heating.
This suggests that microgroups of cobalt silicides and
borides persist throughout the temperature range inves-
tigated.

Fig. 5 presents the results of calculating the con-
centration dependence of viscosity for Co—Si melts.
The required data on the mixing enthalpy of the melt and
the viscosity of liquid silicon were taken from [26; 27].
As seen in Fig. 5, the Kozlov—Romanov—Petrov equation
predicts not only viscosity values close to the experimen-
tal data but also the observed dome-shaped concentration
behavior. The maximum deviation of the calculated from
the experimental values is +11 %.

Equation (2) was recast into the following form by
using the expansion In¥, = ¥, — 1 and setting V'* = 0.

(0.155+0.015)AH

Inn=xInn, +x,Inn, - 3RT

(4)

Neglect of the excess molar volume upon alloy forma-
tion was also employed in [8] when deriving the Kozlov—
Romanov—Petrov equation. Thus, the Kozlov—Romanov—
Petrov and Kaptay equations have similar forms and
differ only in the coefficient before AH. In deriving Equa-
tion (1), it was assumed, to first approximation, that atomic
motion in a metallic melt is dominated by simple three-
dimensional vibrations; hence the coefficient in front
of AH equals 1/3. In the Kaptay equation the coefficient
is 1/6.5, which follows if, in addition to three vibrational
degrees of freedom, three rotational degrees of freedom
of a nonlinear molecule are considered. In the deriva-
tion of Equation (2), only a small fraction of the cohesive

energy (enthalpy) was assumed to be expended during
viscous flow; therefore, o = AZ/Z, where AZ is the num-
ber of broken bonds during viscous flow and Z is the ave-
rage coordination number of the melt. Accordingly,
AZ/Z =1/3 for the Kozlov—Romanov—Petrov model and
AZ/Z =1/6.5 for the Kaptay model. Reference [28] con-
cluded that in a close-packed liquid (Z = 12) three bonds
are broken during flow, i.e., AZ/Z = 3/12 = 1/4. This coef-

n, 10° Pa-s

40
Si, at. %

60 80 100

Fig. 5. Calculation results for concentration dependence of dynamic
viscosity (1) of the Co—Si melts at 1600 °C obtained using equations:
1 — Kozlov-Romanov-Petrov (eq. 1);

2 —Kaptay (eq. 4);

3 — additive dependence of viscosity (n,,, = x M, +x,1,);

@ — our experimental data; [l — experimental data for pure silicon [27]

Puc. 5. Pe3ynbrarsl pacyera KOHICHTPAIMOHHON 3aBHCHMOCTH
JMHAMHYECKOH Bsi3KOCTH (1)) pacmiaBo cuctembl Co—Si ipu 1600 °C
10 YPaBHCHHUSIM:

1 — Kosnosa-Pomanosa-Ilerposa (ypaBaenue (1));

2 — Kaptay (ypaBHeHue (4));

3 — ayIMTHBHAS 3aBUCUMOCTb BA3KOCTH (1), = XN, +X,M,);

@ — >xcriepuMenTanbhble AaHHbie; [ll — SKcrieprMeHTaNbHbIC TaHHBIC
JUISL YUCTOTO KPEMHHUSI 10 IaHHBIM paboTh [27]
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ficient is close to that implied by the Kozlov—Romanov—
Petrov equation, which indeed provides the best predic-
tion of the concentration dependence of viscosity for
Co—Si melts (Fig. 5). These findings are also consistent
with diffraction data [2] indicating that liquid cobalt and
Co—Si melts (up to 40 at. % Si) possess a close-packed
atomic structure.

When calculating the concentration dependence of vis-
cosity for the Co—B system, two issues arise due to the very
high melting temperature (¢ = 2075 °C) of the second
pure component, boron, relative to the calculation temper-
ature. The first concerns the choice of the dynamic viscos-
ity (n) and density (p ) of pure boron required to compute
the molar volume of the melt. Two approaches are pos-
sible: assign to n; and p, the values for liquid boron at its
melting point, namely n, = (2.6 £ 0.3)-10 Pa-s [29] and
pg =2170 £ 43 kg/m* [30]; or extrapolate the visco-
sity polytherm of liquid boron using Equation (3) [29]
and extrapolate the density polytherm linearly [30]
to 1627 °C, the temperature at which the binary iso-
therm is calculated (supercooled liquid boron), yield-
ing Ny =(10+1)-10%Pa's and p,=2285 =46 kg/m°.
The second issue is the choice of the concentration depen-
dence of the mixing enthalpy (AH) for Co—B melts with
the standard states taken as either “crystalline boron —
liquid cobalt” [31] or “liquid supercooled boron — liquid
cobalt” [32].

The effects of varying the dynamic viscosity of boron
and the mixing enthalpy on the predictive capability
of the equations are shown in Fig. 6. Using properties
of supercooled liquid boron at 1627 °C in the viscosity-
isotherm calculations yields an incorrect additive (ideal
solution) trend for the viscosity of the Co—B system
(Fig. 6, ¢, d). Because Co—B melts exhibit strong unlike-
atom interactions [33], a positive deviation of the visco-
sity isotherm from the additive dependence expected for
an ideal solution is anticipated. In contrast, using the vis-
cosity of liquid boron at its melting point as an input
yields an additive trend consistent with the experimen-
tally determined isotherm (Fig. 6, a, b). This approach
should also be useful for systems whose components
have markedly different melting temperatures.

As seen in Fig. 6, the closest agreement between
calculated and experimental viscosity isotherms is
obtained when the viscosity of liquid boron at its melt-
ing point is combined with the mixing enthalpy refe-
renced to the standard states “crystalline boron — liquid
cobalt” [31] (Fig. 6, a). Under these conditions, the Kap-
tay equation reproduces the dataup to 20 at. % B, whereas
the Kozlov—Romanov—Petrov equation performs better in
the 40 — 54 at. % B range. The deviations from experi-
ment are —16 % for the Kaptay equation and +17 % for
the Kozlov—Romanov—Petrov equation.

Despite the difficulties in choosing parameter values
for calculating the concentration dependences of viscosity
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in the Co—B system, both the Kozlov—Romanov—Petrov
and Kaptay equations predict physically reasonable vis-
cosity values. Given their simple form and the availabi-
lity of the required parameters in standard data sources,
these equations are recommended for predicting viscosity
isotherms of liquid systems.

12

20 40 60 80 100
B, at. %

2
0 20 40 60 80 100 0
B, at. %

Fig. 6. Calculation results for concentration dependence
of dynamic viscosity (1) of the Co—B melts at 1627 °C
obtained using equations:

1 — Kozlov-Romanov-Petrov (eq. 1);

2 — Kaptay (eq. 4);

3 —additive dependence of viscosity (n,,, = x M, +X,N,);
@ — our experimental data;

[l — experimental data for pure boron.

The following input data were used for calculation:
a—AH from [31] and n, = (2.6 £ 0.3)-107 Pa-s;
b—AH from [32] and n, = (2.6 £ 0.3)-107 Pa-s;
¢—AH from [31] and ng, = (10 £ 1)-107 Pa-s;
d—AH from [32] and n, = (10 £ 1) 103 Pa's

Puc. 6. Pe3ynbrarsl pacuera KOHIIEHTPAIIMOHHON 3aBUCHMOCTH
JTUHAMUYECKOH BSI3KOCTH paciiaBoB cucteMsl Co—B npu 1627 °C
0 YpaBHCHHUSIM:

1 — Kosnosa-Pomanoga-Ilerposa (ypaBuenue (1));

2 — Kaptay (ypaBHenue (4));

3 — anIMTHBHAS 3aBUCUMOCTD BA3KOCTH (1), = XN, +X,1,);
@ — DKCIIEpPUMEHTAIIHBIC JJAHHBIC;

[l - >xcriepuMeHTaNbHbIC AaHHbIE ISl YHCTOTO Oopa.

Jlist pacyeTa MCHoJIb30BaINCh CICAYIOLINE BXOIHbIC TaHHbIC:
a—AHwus [31]un, = (2,6 +0,3)- 107 Ia-c;
b—AHwu3 [32]un,=(2,6+0,3) 10" a-c;
c—AHwu3 [31]un,=(10+1)-107 Ma-c;
d—AHwu3 [32]un,=(10+1)-107 ITa-c
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- CONCLUSIONS

The kinematic viscosity of liquid cobalt and its binary
melts with silicon and boron was measured by the oscil-
lating-cup method over wide temperature (up to 1700 °C)
and composition (0 — 54 at. % metalloid) ranges.

The resulting viscosity polytherms, obtained on heat-
ing and on cooling, coincide (no hysteresis), are mono-
tonic, and are well described by the Arrhenius equa-
tion. Their exponential character indicates preservation
of the liquid alloy structure in both liquid and super-
cooled states.

The concentration dependences of viscosity and
of the activation energy of viscous flow for Co—Si and
Co—B melts are nonmonotonic and dome-shaped, with
maxima at 35 at. % Siand 40 at. % B, respectively — signa-
tures of composition-driven structural changes in the melt.

For the first time, concentration dependences of vis-
cosity of high-temperature metal-metalloid melts were
calculated using thermodynamic-based equations.
The Kozlov—Romanov—Petrov equation provides the best
overall prediction for the Co—Si and Co—B systems, with
maximum deviations from experiment of 11 and 17 %,
respectively. A practical procedure is proposed for pre-
dicting viscosity isotherms in liquid systems whose com-
ponents have substantially different melting temperatures.
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Abstract. The paper presents the experimental data on the effect of amphoteric oxides content (Al,O, and Fe,0;) in slags on the metallurgical slags

properties. It is noted that the parameters of the electric arc valve effect, such as the constant component of the arc voltage or the constant component
of the electrode current, can act as a criterion for assessing the slag basicity. Up to a slag content of 18 wt. %, aluminum oxide exhibits mainly basic
properties, and above that, acidic properties. For Fe,0,, the threshold value is the content of 20 wt. %. The data obtained make it possible to more
reasonably adjust the smelting slag mode. In particular, for the current trend on metallurgical enterprises to replace fluorspar in the out-of-furnace steel
processing with other slag liquefiers, these data allow to determine the limit of aluminum oxide content at which the conditions of metal refining from
sulfur will not be degraded. For arc steelmaking furnaces, this technique is one of the options for non-contact operational assessment of the metal bath
state, the foaming slag quality to cover the arcs, and the metal oxidation degree at the melting end and its readiness for tapping. The use of constant
components of the arc voltage and current in the electrode for operational control of the tendency of amphoteric oxides to basic or acidic properties
during melting in industrial conditions is not possible due to a large number and multidirectional influence of the slag components. Nevertheless, this
technique will be useful in control of steelmaking technological process with digital twin models and their accompanying databases.

Keywords: steel, slag, oxidation, basicity, amphotericity, electric arc, component of constant voltage, electric arc furnace, slag mode
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AnHomayus. TlpuBenenbl SKCIEPUMEHTANBHBIE JaHHBIE MO BIMAHMIO comepxkanus amporepubix okcunos AL O, u Fe,O; B Merammyprudeckux

LIJJAKaX Ha MX cBoicTBAa. OTMEUEHO, YTO B POJIM KPUTEPHUS OLIEHKM OCHOBHOCTH IIJaKa MOTYT BBICTYNATh MapaMeTpbl BEHTHILHOTO 3(hdekra
IEKTPUUECKOH JTyTH — IIOCTOSTHHASI COCTABIISIONIAS HAITPSDKSHUS TYTH WK ITOCTOSTHHAS COCTABIIAIONIast TOKa 31eKTposa. [lokazaHo, 9to 10 conep-
JKaHus B 1utake 18 mac. % OKCHI almOMUHHUS IPOABISIET PEUMYIIECTBEHHO OCHOBHBIE CBOKCTBA, a CBbIlIE — KUCIO0THBIE. [l Fe O, Takum nopo-
TOBBIM 3HaYCHUEM CIYXUT coziepxanue 20 mac. %. [lomydeHHbIe TaHHBIE TO3BOJIAIOT 60Jiee 000CHOBAHHO NMPOBOUTH KOPPEKTHPOBKY IILTAKOBOTO
pexuMa IaBoK. B 4acTHOCTH, 1 MMEIOIIEHCs Ha MeTaJTypruuekuX MPEANpHATHAX TeHICHINH 110 3aMEHE IUIABMKOBOTO IIAaTa MPH BHEIEUHOMH
00paboTKe CTaay HAa MHbBIC Pa3KIDKUTENN IIJIaKa STH JaHHBIC TIO3BOJISIIOT ONPEACIUTD TPe/ell COIEPKAHMS OKCHIA aJlFOMUHHS, IPH KOTOPOM He
OyIyT yXyALIaThCsl YCIOBUS paGMHUPOBAHMS METAJIa OT cepbl. I JyroBbIX CTaEIUIABUIBHBIX Medell JaHHas METOJMKA BBICTYIACT OJHUM U3
BapHaHTOB HEKOHTAKTHOH ONEpaTUBHOM OIEHKN COCTOSHHS BAHHBI METalIa, KAYeCTBA BCIICHUBAHUS IIIJTAKA JUISL YKPBITHS YT U CTCIICHH OKUCIICH-
HOCTH METaJlla B KOHIIE IUIABKH M TOTOBHOCTH €r0 K BBIITYCKY. [IpMeHeHne MOCTOSHHBIX COCTABIISIONINX HANPSDKEHUS IyTH M TOKA B 2JIEKTPOJIE
JUISL OTIEPATHBHOTO KOHTPOJISI CKIIOHHOCTH aM(OTEpPHBIX OKCHIOB K OCHOBHBIM WIIH KHCJIIOTHBIM CBOMCTBaM IO XOJy IUIABKH B MPOMBIIIICHHBIX
YCJIOBHSIX HE MPEJCTAaBISAETCS BO3MOKHBIM HM3-3a 0OJIBILIOrO KOJMYECTBA M Pa3HOHAINPABICHHOIO BIUSHHUS COCTABISIOMIMX LIJIAK KOMIIOHEHTOB.
Tem He MeHee TaHHas METOAMKA OyJeT IOJIe3Ha MPU €€ MCIONB30BAHUY B IIEJISIX YIPABICHUS TEXHOJIOTHYECKHM IPOLECCOM BBIIUIABKHU CTalIl
B MOJEJIAX LU(PPOBBIX JIBOHHUKOB M COIyTCTBYIOIMM UM 0a3aM JaHHBIX.

Kawueswle cao8a: CTallb, HIJIaK, OKHUCICHHOCTh, OCHOBHOCTb, aM(bOTepHOCTI), DJIEKTPUYCCKas Ayra, MOCTOSTHHAA COCTABJIAIONIAsA HANPSHKECHUA, AyroBas
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[ INTRODUCTION

Improving steel quality is one of the key objectives
of electric steelmaking. The parameters of the slag
mode — composition, viscosity, quantity, and rate of slag
formation — have a significant effect on metal quality,
process yield, refractory lining durability, and other tech-
nological factors. This issue becomes particularly rele-
vant given the continuous decline in scrap quality and
the corresponding increase in harmful impurities, most
of which are sulfur and phosphorus. Low-quality charge
materials lead to higher energy and material losses and
cause a considerable decrease in the technical and eco-
nomic performance indicators of the smelt. In particular,
melting time, energy consumption, and the use of ferro-
alloys and slag-forming materials increase, while furnace
productivity decreases.

Modern steelmaking technologies involve the use
of electric arc furnaces (EAFs) and basic oxygen conver-
ters (BOFs) as the main units for producing unalloyed,
non-deoxidized iron—carbon melts using scrap, pig iron,

and metallized feedstock as charge materials [1 —3].
The iron—carbon melt is transferred in ladles to secon-
dary metallurgy units — ladle furnaces (LF) and vacuum
treatment units — where the melt composition is adjusted
to meet the requirements of specific steel grades and ope-
rations are carried out to improve steel quality by remo-
ving oxygen, sulfur, and nonmetallic inclusions' [4; 5].
Without secondary metallurgy units, a resource- and
energy-efficient technology for liquid steel production is
not feasible.

Steel production in EAFs accounts for a significant
share of global output, second only to the BOF process.
This process is associated with high energy consump-
tion, which makes energy and technological optimiza-
tion of great importance. However, optimization efforts
often focus not on technological aspects but on the cost

' Dyudkin DA, Kisilenko VV. New technological solutions for out-
of-furnace steel treatment using cored wires [Internet]. Available from:
https://uas.su/conferences/2010/may/03/00003.php  (accessed 2025
May 12).
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of the main resource — electric power [6] — or on auxiliary
operations that are not directly related to melting [7].

Unlike BOF, EAF is a unit with a large number
of adjustable parameters and process control tools that
can operate directly within the working zone — even
during arcing operation. However, due to the presence
of molten metal and slag, burning arcs, and high cur-
rents, the working zone is highly aggressive and difficult
to access for direct measurements and process control.
Therefore, mathematical modeling plays a major role in
effective process control [8 — 10], both in general-purpose
studies and when accounting for the specific features of a
particular unit — for example, when using hot-briquetted
iron or various off-gas post-combustion modes [11; 12].
On the other hand, the measurement of EAF electrical
characteristics, which eliminates the difficulties associa-
ted with the aggressive working environment, faces prob-
lems of signal filtering and processing of the recorded
signals under circuit-break events, short circuits, short-
arc and long-arc operation, and changes in the chemical
composition of the arc plasma [13].

Steelmaking slags are mainly composed of calcium
and silicon oxides, which together typically account
for 85 —90 wt. % of the total oxide content. Their ratio
(Ca0/Si0,) is used as a proxy measure of an important
technological parameter — the slag basicity. A more accu-
rate assessment accounts for the contents of other acidic
and basic oxides, such as those of iron, magnesium, and
manganese.

At the same time, the oxides of many metals — par-
ticularly aluminum, titanium, vanadium, iron, and chro-
mium — are amphoteric, meaning that at certain contents
they can exhibit either acidic or basic behavior. These
oxides have been extensively studied in blast furnace
ironmaking [14]. In blast furnaces, any adjustments
to ironmaking process or charging process are associated
with significant process dead time, i.e., a delayed pro-
cess response to control interventions. Therefore, resear-
chers model blast furnace slags and investigate the effects
of individual components — including aluminum and tita-
nium oxides — on slag viscosity, structure, and refining
properties [15]. These oxides can have highly diverse
effects: formation of nitrides and refractory spinels in
high-temperature zones can extend campaign life, whereas
their formation in other zones can decrease the effec-
tive working volume and disrupt furnace operation.
At the same time, increasingly comprehensive theories
are being developed to describe the behavior of ampho-
teric oxides based on slag structure data [16 — 18].

Interest in amphoteric oxides is driven by the fact that
many metallurgical plants, seeking substitutes for fluor-
spar — a traditional slag liquefier — have begun to use
alumina-containing materials composed primarily of alu-
minum oxides. Consequently, in out-of-furnace slags,
the content of this oxide can reach 40 wt. %. It serves
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not only as a slag liquefier but also stabilizes the solidi-
fied slag, preventing its self-disintegration during cool-
ing. However, the primary goal of out-of-furnace metal
processing is sulfur removal, the rate and extent of which
are determined by the refining ability of the slag.

To absorb substantial amounts of sulfur, the slag
must be highly basic. Because basic oxides donate free
oxygen anions that mediate sulfur transfer from metal
to slag, their content must exceed that of acidic oxides.
Yet, the behavior of amphoteric oxides — able to act as
either donors or acceptors of these anions — remains dif-
ficult to predict. Accordingly, determining the range
of aluminum oxide contents in refining slags that does not
impede desulfurization — where Al,O, acts predominantly
as a donor of free oxygen anions — represents the second
reason for the interest in amphoteric oxides.

The third reason concerns assessing the applicability
of this approach to the smelting of alloyed steel grades,
in which components forming amphoteric oxides may
be present in considerable amounts in both the slag and
the metal. During arcing, partial evaporation of com-
ponents from the metal-slag melt surface occurs; these
components enter the ionized gaseous phase forming
the arc column, which may affect the electrical con-
ductivity of the arc gap in different ways. This aspect
is a subject of further research and is not considered in
the present study.

- METHODS

Numerous studies in the scientific literature are based
on experimental investigations of the influence of slag
composition on the magnitude of the constant compo-
nent of arc voltage (CCAV) [19 —21]. In AC circuits
with an electric arc this component most often arises due
to the difference in electron work function between mate-
rials of different nature. Thus, in EAF, the work function
of electrons from graphite exceeds that from iron, and as
a result, a positively directed constant component of arc
voltage appears across the arc gap. This phenomenon is
known as the electric arc valve effect.

The current density of thermionic emission is
described by the Richardson—Dushman equation

(= AT exp| —2e |, 1
B w

where 4 is the Richardson constant; 7 is the temperature;
@, is the electron work function; & is the Boltzmann cons-
tant.

The current emission density is strongly affected by
both temperature and the chemical factor — the elect-
ron work function. While the current emission density
from the graphite electrode remains nearly constant, for
the second electrode — the molten material — this parame-



1ZVESTIYA. FERROUS METALLURGY. 2025;68(5):532-533.
Sivtsov A.V, Sheshukov 0.Yu., and etc. Influence of amphoteric oxides content on valve effect characteristics of electric arc

ter depends significantly on the chemical composition
of the melt. Therefore, the difference between the emis-
sion currents, which determines the CCAV magnitude, is
governed by this composition.

There are data indicating a close relationship between
CCAV and the oxygen content in the metal melt of an
EAF during the refining stage [22]. In many respects,
this relationship resembles the dependence of the elect-
rode potential in an electrolytic cell on oxygen activity
(ionic concentration), as described by the Nernst equa-
tion (2). This relationship underlies the operation prin-
ciple of Celox sensors used in industrial practice to mea-
sure the oxidation potential of metal and slag:

E=E, + 8| fox | )
nk' ared

where E is the electrode potential; E|, is the standard
electrode potential; R is the universal gas constant;
T is the absolute temperature; # is the number of elect-
rons involved in the process; F' is the Faraday constant;
a, and a_, are the activities of the oxidizing and reducing
agents, respectively.

To process the initial electrical signals, Fourier series
decomposition was used, and the CCAV was determined
as the zero term of the series. However, for the analy-
sis of experimental data, not the CCAV but the constant
component of electrode current (CCEC) was used, since
its determination does not require any additional trans-
formation of the initial voltage signal. For correct deter-
mination of the CCAV, the voltage drop across the elect-
rode itself and the current leads must be subtracted from
the constant component (CC) of the measured voltage
signal. The authors have previously developed a proce-
dure for calculating this voltage drop; however, a simpler
approach involves determining the constant component
of current from the derivative of the electrode current sig-
nal, obtained using a Rogowski coil [23].

The key technological parameters of steelmaking in
the electric arc furnace — the slag basicity and the metal
oxidation degree — are closely related to the CCAV.
An increase in slag basicity (i.e., the predominance
of basic oxides over acidic oxides) causes a decrease in
the CCAV, whereas a rise in oxygen activity (its content)
in the metal melt leads to its increase. These relationships
were previously observed by the authors in laboratory
EAF experiments.

The experimental setup was a single-phase arc fur-
nace lined with magnesia and equipped with an observa-
tion window at the level of the arc gap. Electric power
was supplied from a welding transformer through two
graphite electrodes 30 mm in diameter. The transformer’s
input voltage was 380 V, and the open-circuit voltage on
the secondary side was 80 V.

A graphite crucible containing the material to be
melted was placed on the lower electrode. The arc length
was controlled by micrometer screws. Three electri-
cal signals were recorded during the process: voltage
across the electrodes u(¢), arc current i(¢), and the cur-
rent derivative di/dt. The voltage was scaled to a level
suitable for analog-to-digital conversion using a voltage
divider. The current signal was measured as the vol-
tage drop across a calibrated 0.3 Q resistor installed in
the secondary circuit of the transformer. The voltage
proportional to the current derivative was taken from
the output of the Rogowski coil. These analog signals
were digitized at a sampling frequency of 100 kHz using
a 12-bit Advantech PCI-1713 analog-to-digital con-
verter (ADC).

[ RESULTS AND DISCUSSION

As an example, previously obtained results are pre-
sented for experiments investigating the influence of slag
basicity (CaO/SiO,) on the parameters of the electric
arc valve effect, particularly on the constant component
of electrode current (Fig. 1). The experiments were per-
formed as follows: the metallic sample was melted, and
a solidified binary fused slag containing CaO and SiO,
at the specified ratio was added to the surface of the mol-
ten metal. After each addition, sufficient time was
allowed for the slag to melt, dissolve, and reach equi-
librium. The experiments were conducted separately for
slags with basicity ratios of 0.25, 0.33, 1, 2, 3, and 4.
The results confirmed that an increase in slag basicity
leads to a decrease in the constant component of elect-
rode current.

Considering this finding, an additional experiment
was performed to evaluate the effect of the acidic oxide
content in slag on its basicity and on the characteristics
of the arc valve effect. A steel sample weighing 161 g
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Fig. 1. Constant components of the electrode current
at variations in slag basicity

Puc. 1. ITocTossHHBIE COCTABIISIONINE TOKA dIEKTPOIA
IIPY BapHalMy OCHOBHOCTH IILIaKa
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was melted, and a slag consisting of dicalcium silicate
with a 5 wt. % FeO addition was introduced onto the melt
surface. After melting the metal, three successive por-
tions of slag were charged into the furnace, totaling 51 g.
Following the addition and dissolution of the slag, fur-
ther FeO portions were added in amounts of 6.5, 8, and
10 g, respectively. The experimental results are shown
in Fig. 2. It is evident that additions of an acidic oxide
decrease slag basicity and, accordingly, increase its oxi-
dizing capacity and the CCEC.

In general, the amphoteric properties of metal oxides
are determined by their ability to accept or donate valence
electrons [24]. It is therefore reasonable to assume
that additions of Al,O, and Fe,O, to the slag affect its
chemical properties and the parameters of the electric
arc valve effect depending on their content in the slag.
Consequently, one may expect nonmonotonic behavior in
the dependence of the CCEC.

Experiments to assess the effect of Fe,O, content on
slag properties were carried out using a similar proce-
dure. As shown in Fig. 3, a minimum in the CCEC was
observed at an Fe,O, concentration of about 20 wt. %.
Thus, up to 20 wt. %, Fe,O, behaves as a basic oxide,
promoting an increase in slag basicity, whereas at con-
tents above 20 wt. %, it exhibits acidic properties, reduc-
ing basicity. In practice, it is not possible to determine
the individual contents of iron oxides (FeO, Fe,O,,
or Fe,O,) in slag. It is also unlikely that the proposed
method of assessing them via the constant component
of voltage or current would provide sufficient accuracy.
Nevertheless, experimental studies in this direction
can be extremely useful for addressing general tasks in
the control and optimization of steelmaking technologi-
cal processes in electric arc furnaces.

Among metal oxides, aluminum oxide most clearly
exhibits amphoteric behavior. Experiments similar
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to those described above were conducted using the labo-
ratory arc furnace. According to the data presented in
Fig. 4, additions of AL,O; up to about 18 wt. % lead
to a decrease in the CCEC, whereas at contents above
20 wt. %, it increases, indicating the predominance
of acidic properties of this oxide. The approximate Al,O,
content at which a sharp transition from basic to acidic
behavior occurs is about 30 wt. %. Therefore, increas-
ing the AL, O, content in refining slags up to 18 wt. % has
a beneficial effect on arc stability and on refining pro-
perties such as viscosity, interfacial tension, and desulfu-
rizing ability.

From a practical standpoint, it should be noted that
Al O, additions below 20 wt. % do not provide mechani-
cal stability to refining slags without the use of additional
stabilizing components, making them prone to sponta-
neous disintegration into fine powder. Increasing
the Al,O, content from 18 to 30 wt. % has only a minor
adverse effect on arc operation but allows the stabiliza-
tion of refining slags without additional methods. Howe-
ver, introducing larger amounts of Al,O, deteriorates not
only the refining characteristics of the slag but also its
electrical parameters, adversely affecting both the arc
stability and the electrical characteristics of the melting
process.
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- CONCLUSIONS

Laboratory studies of the effects of Fe,O, and Al O,
contents in slag on the CCEC showed that these oxides
exhibit basic behavior at contents below 20 and 18 wt. %,
respectively, and acidic behavior at higher contents. This
provides a stronger basis for defining the limiting alu-
minum oxide content in refining slags, considering both
refining performance and slag stabilization.

Further investigation of other amphoteric oxides and
their impact on arc characteristics (CCEC and CCAV)
using the proposed approach may face several challenges.
Metals forming these oxides tend to undergo reduction
(chromium, vanadium), carbide formation (chromium,
titanium), or nitride formation (chromium, vanadium,
titanium). In addition, the laboratory tests used graphite
crucibles, which, for other oxides, can substantially affect
the slag phase composition, the accuracy of recorded sig-
nals, and the reliability of their interpretation.

Using the CCAV and CCEC for real-time control
of an oxide’s tendency toward basic or acidic behavior
during industrial heats is not feasible because of the large
number of slag constituents and their complex, often
opposing effects. Even so, the method is well suited for
process control in digital twin models [25 —27] and in
associated databases. In particular, given the current
trend at metallurgical plants to replace fluorspar with
other slag liquefiers during out-of-furnace steel process-
ing, these data help define the upper aluminum oxide
content that does not impair sulfur removal from metal.
For electric arc furnaces, the method also offers a non-
contact, real-time means of assessing the metal bath
condition, the quality of slag foaming for arc shielding,
and the metal oxidation degree at the end of melting and
the heat’s readiness for tapping.
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PHYSICO-CHEMICAL ANALYSIS OF 12KH18NO9TL STEEL MELTS
FOR QUALITY CONTROL OF CAST PRODUCTS
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Abstract. The authors studied the behavior of slag inclusions in four samples taken during casting of austenitic corrosion-resistant steel grade 12Kh18N9TL.
The samples for the study were taken under production conditions after melting the charge (1), introducing Ti and FeMn, slag induction and additional
loading (2), re-introducing Ti, slag induction (3), slag induction (4). The elemental composition and temperature of the melt were determined under
production conditions. The physicochemical properties of the melts obtained from the selected samples were measured under laboratory conditions:
surface tension and kinematic viscosity. The measurements were carried out in the temperature range from 1370 to 1760 °C in the mode of heating
and subsequent cooling of the sample. When observing the sample during the measurement of surface tension, the release of slag inclusions from
the volume of the drop occurs in the heating mode. During subsequent cooling of the formed drop of liquid steel, slag particles flow from the slag bath
under the action of the Marangoni force. Analysis of the dependence of the slag particle ascent rate on its size showed that only particles up to 10 um
in size can remain in the melt volume, while larger particles have time to float to the surface of the liquid bath. It was found that slag particles
up to 4 mm in size can flow onto the surface of the sample under the action of the Marangoni force. The volume fraction of slag inclusions was
determined, and a correlation was established between it and the element composition of the sample. The authors made a conclusion about the effect
of Ti additives in the melt as the cause of increase in the volume fraction of slag inclusions in the casting.

Keywords: corrosion-resistant steel, slag inclusions, volume fraction, kinematic viscosity, surface tension, melt preparation, Marangoni effect
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PU3UKO-XUMUYECKUE UCCNEAOBAHMUA
PACNNABOB CTANN 12X18HITN
ANA YNPABNEHUA KAYECTBOM NIUTbIX U3AENUNA
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AHHOmMayus1. ABTOpBI N3y4HIIH ITOBEACHHE [ITAKOBBIX BKIFOYEHHUHN B UETHIpEX 00pa3Iax, OTOOPAaHHBIX B IIPOLIECCE PA3IMBKH ayCTEHUTHON KOPPO3HOH-
HocToikoi ctamu Mapku 12X 18HI9TJL. OOpasis! st vcclieqoBaHus OTOUPATH B IPOM3BOJICTBEHHBIX YCIOBHUSIX TOCIIE pacIlIaBIeHUs UXTHI (1),
Beenenns Ti u FeMn, HaBeenust nutaka u go3arpysku (2), mosropuoro Beenenus Ti, HaBeneHus nutaka (3), HaBeqeHus nuiaka (4). DJIeMEeHTHbIH
COCTaB M TeMIepaTypa paciuiaBa ObUTH OIpeesIeHbl B TIPOM3BOICTBEHHBIX yCIOBUIX. DUBMKO-XUMHYECKHE CBOMCTBA PACIIIIABOB, MOJYYEHHBIX M3
0TOOpaHHBIX 00pa3LOB, TaKHe KaK IIOBEPXHOCTHOE HATSHKCHHE M KMHEMATH4YeCKas BA3KOCTh ObIIM M3MEpEHBI B JJAOOpaTOPHBIX ycioBusx. M3me-
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peHHUs IPOBOAMIIUCH B narna3oHe temmeparyp ot 1370 mo 1760 °C B pesxumMe HarpeBa  MOCIEAYOLIEro oxJiakaeHus oopasiua. [Ipu HabironeHnn
3a 00pa3IoM BO BPEeMsI H3MEPEHHUS TIOBEPXHOCTHOTO HATSDKCHHS B PEKIME HarpeBa oOHAPYKEHO BBIICJICHHE NMITAKOBBIX BKITFOUCHHH M3 0ObeMa
karutd. TIpu mocseayrommeM oXJIakIeHUH CHOPMUPOBAHHOMN KaIlIX JKH/IKON CTaJIH IIUIAKOBBIC YaCTHIIBI HATEKAIOT M3 IIITAKOBOW BaHHBI 11O ACHCT-
BHEM CHITBI MapaHTOHH. AHAIN3 3aBICHMOCTH CKOPOCTH BCIUTBIBAHMS IIITAKOBOW YaCTHIIBI OT €€ pa3Mepa IoKasal, 9To B 00beMe paciiiaBa MOTYT
0CTaThCSI TOJBKO YaCTHUIIBI pazMepoM 110 10 MM, Gosiee KpyIHbIe YaCTHIIbI YCIIEBAIOT BCILIBITH HA TIOBEPXHOCTH XKUAKOH BaHHBI. OOHAPYKEHO, YTO
O[] IeiCTBHEM CHITBI MapaHTOHH Ha TOBEPXHOCTH 00pa3iia MOTYT HATEKaTh YaCTHIIBI IILTaka pa3mMepoM 10 4 MM. Bbita orpeeieHa o6beMHast T0Ist
IIJTAKOBBIX BKJIIOYEHUH M YCTAHOBJICHA KOPPEISLHMS MEXIy 0ObEeMHOM JI0JeH IUIAKOBBIX BKIIFOYEHHUI U DIIEMEHTHOM COCTaBe 00pasia. ABTOpBI
CIIeTTAITH BBIBOJ O BJIMSIHHH JOOABKU THTAHa B PACILIAB KaK IPHYMHE YBEIHUCHUSI OObEMHOM TONH IUTAKOBBIX BKIIOUCHHUIT B OTIIHBKE.
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- INTRODUCTION

Austenitic corrosion-resistant steel grade 12Kh18N9TL
exhibits high mechanical properties combined with
resistance to organic acid solutions [1]. The production
of castings from 12Kh18NI9TL steel is complicated by
its low casting properties. The castings are often char-
acterized by microstructural heterogeneity, susceptibility
to intergranular corrosion, and low resistance to crack-
ing. During foundry production, increased formation
of films, ingot porosity, shrinkage cavities, and a high
content of nonmetallic inclusions in the ingot structure
are observed [2].

Modern quality requirements for cast products made
of corrosion-resistant and heat-resistant steels such as
12Kh18N9TL are driven by their wide application in
the power industry, chemical engineering, and aircraft
manufacturing. Experimental and exploratory studies are
carried out to improve the mechanical properties of cast
products by stabilizing the austenitic structure through
alloying and thermomechanical treatment [3 — 5]. In [6],
the authors suggest that alloying with copper, silicon,
titanium, and niobium favors achieving a combination
of high corrosion-electrochemical and mechanical pro-
perties in steel. In [7], it was shown that laser pulse sur-
face modification of stainless steel 12Kh18N10T pro-
duces iron oxide (Fe,0,) and chromium oxide (Cr,0;,),
with titanium dioxide (TiO,) also present [7]. The absence
of undesirable surface contaminants, a decrease in their
size and quantity, as well as an increase in the amount
of retained austenite, enhance the corrosion resistance
of austenitic steels [8]. It was established that in samp-
les of austenitic stainless steels grades 03Kh18N10 and
08Kh18N10T, clusters of titanium nitrides and oxides
of various dispersity are located around globular non-
metallic inclusions containing a secondary phase [9].
On the surface of cold-rolled sheet made of 08Kh18N10T
steel, coarse defects in the form of delaminations were
detected, consisting of titanium nitrides and a slag-form-
ing mixture. Nonmetallic inclusions were noted to play

a decisive role in degrading the mechanical properties
of castings [10].

The casting properties of steel have a direct effect
on obtaining castings and ingots with specified techno-
logical parameters. The most relevant physicochemical
properties of the melt for foundry production are viscos-
ity and surface tension. Slag induction during melting
reduces the oxidation loss of volatile components and
prevents the formation of oxide compounds. However,
during melt tapping from the furnace, the slag becomes
entrained in the melt, and slag inclusions may be pre-
sent in steel ingots. In tests measuring the surface ten-
sion of liquid 12Kh18NO9TL steel, the authors observed
the release of slag during sample heating. Conducting
systematic studies of the behavior of slag inclusions in
steel is the objective of this work.

At “Precision Casting Center” (LLC, Ekaterinburg),
castings of 12Kh18N9TL steel are produced as part
of the import substitution program, highlighting the need
to improve product quality at the melt preparation stage.
Defects in finished products have been linked to the pres-
ence of slag inclusions in the casting. The objective of this
study is to characterize the regularities of slag inclusion
behavior in castings to improve control over the quality
of 12Kh18NITL cast products.

[l MATERIALS AND METHODS

Samples of 12KhI18NOTL steel were taken from
an induction crucible furnace under production condi-
tions at “Precision Casting Center” (LLC, Ekaterinburg)
according to the technological scheme shown in Fig. 1.

The production process of cast products made
of 12Kh18NITL steel has the following specific fea-
tures. As the metal charge, returns of the same grade
from in-house production and B26-grade scrap are used.
The melting of the metal charge lasts about 3.5 h, with
heating of the melt to 1580 °C, at which point a sample is
taken for elemental composition analysis. The elemental
composition is determined using an MSA emission spect-
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Fig. 1. Technological scheme of 12Kh18N9TL steel smelting with indication of sampling points for research

Puc. 1. Texnonornueckas cxema BoituiaBku cranu 12X18HITJI ¢ ykazannem or6opa 00pa3LoB [UIsl HCCIIEIOBAHUS

rometer (model MSA II v5). After titanium introduction,
the melt surface was covered with the perlite-based slag
coagulator KShP-1. The holding time for titanium dis-
solution in the melt is 5 — 7 min, and the melt tapping
temperature into the ladle is 1650 — 1670 °C. Before melt
tapping, a 200 g portion of aluminum is placed at the bot-
tom of the ladle. The modifier INSTEEL 7 is introduced
into the melt stream at a rate of 500 g per 400 kg of metal.
After tapping the first portion of the melt into the ladle,
the residual melt in the furnace is additionally loaded with
12Kh18N9TL steel and then heated to 1580 °C for 1.5 h,
after which another sample is taken for elemental analy-
sis. An 8 kg portion of titanium is added based on the ele-
mental analysis results to achieve the required elemen-
tal composition. Before tapping the melt into the second
and third ladles, slag induction on the melt surface is
repeated, followed by heating to 1650 — 1670 °C. A300 g
portion of aluminum is also placed at the bottom of each
ladle. During melt tapping, the modifier INSTEEL 7 is
again introduced into the melt stream at a rate of 750 g
per 600 kg of metal.

Thus, samples for the present study were taken under
production conditions in accordance with the technologi-
cal scheme shown in Fig. 1. Sample / was taken from
the furnace before titanium introduction at a melt tem-
perature of 1580 °C. Sample 2 was taken from the ladle
after titanium introduction. Samples 3 and 4 were taken
from the second and third ladles, respectively. The results
of the chemical analysis of 12Kh18N9TL steel samples
are presented in Table 1.

The kinematic viscosity (v) and surface tension (o)
of liquid 12Kh18N9TL steel were measured using
the equipment of the Research Center of Physics of Metal-
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lic Liquids, Institute of Physics of Metals (UrFU, Russia).
The kinematic viscosity was measured by the oscilla-
ting-cup method [11; 12]. The tests were carried out in
an atmosphere of high-purity helium under a pressure
of 10° Pa. The temperature was measured with a BP-5/20
thermocouple, the readings of which were transmitted
to a Termodat-14E2 controller. Kinematic viscosity was
measured in 30 — 40 °C increments during heating and
subsequent cooling. At each temperature, at least ten con-
secutive readings were acquired. Values were considered
stabilized when the root-mean-square (RMS) deviation
did not exceed the random measurement error. The oscil-
lation parameters were recorded optically throughout
the tests. The systematic error of the viscosity measure-
ment was 3 %, and the random error governing within-
test scatter did not exceed 1.5 % at the 95 % confidence
level (p = 0.95).

The surface tension of liquid 12Kh18NI9TL steel was
measured by the sessile-drop method during heating
to 1750 °C, followed by sample cooling. The working

Table 1. Chemical composition
of 12Kh18N9TL steel samples, wt. %

Tabauya 1. XuMu4ecKHuii cocTaB nmpood
cragu 12X18HI9TJI, mac. %

Sﬁfle C | Si |Mn| Ni | C | Ti | Fe
I |0.059]0423|1.174 9373 | 17.49 | 0.022 | 70.31
2 100600563 | 1.196 | 9.298 | 17.41 | 0.503 | 69.80
3 ]0.065]0.558 | 1.113 |9.549 | 17.50 | 0.595 | 69.48
4 00640655 1.0449.430]17.43 ] 0.401 | 70.31
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chamber was evacuated to 0.001 Pa and then backfilled
with helium to approximately 103 Pa. Samples were
held in the inert-gas chamber for 5 — 8 min at the melt-
ing temperature, then heated to 1750 °C in 30 — 40 °C
increments. The isothermal hold at each setpoint was
at least 15 min. The drop profile was recorded with a
digital camera, and the images were processed on a
computer. The geometric parameters of the drop pro-
file were determined using SIAMS 700 image-analysis
software with an accuracy of 0.3 — 0.6°. No melt evapo-
ration or drop volume loss was observed. The measure-
ment error for density and surface tension did not exceed
7 %, and the random error governing within-test scat-
ter did not exceed 1.5 % at the 95 % confidence level
(» =0.95)[13 — 16]. The method and apparatus for deter-
mining the density and surface tension of metallic melts
are described in [17 — 19].

[ RESULTS AND DISCUSSION

During observation of the sample with a digital camera
in the course of surface tension measurements, slag
release was detected during sample heating (Fig. 2, a),
which made it impossible to perform measurements in
the heating mode. When the maximum temperature was
reached, the contour of the liquid drop was formed as
the slag drained from the drop surface into the slag bath
(Fig. 2, b). Upon subsequent cooling, slag flowed from
the formed slag bath onto the sample surface (Fig. 2, ¢).

grad(c)

a b c

Fig. 2. Formation and evolution of slag inclusions on the sample surface
during experiments on measuring the surface tension of liquid steel
12Kh18NOTL using the sessile-drop method

Puc. 2. ®opmupoBaHHe U SBOJIOLHUS MITAKOBBIX BKIIOUEHUH
HAa MMOBEPXHOCTH 00pa3iia B OMbITAX M0 U3MEPEHUIO TIOBEPXHOCTHOTO
HaTsHKeHUs skuakon ctanu 12X 18HI9TII MmeTomoM cusIei Karim

These observations confirmed the presence of slag inclu-
sions within the sample volume.

The volume fraction of slag in the sample was deter-
mined according to the procedure described in [20]. Fig. 3
shows the temperature dependence of the volume frac-
tion of slag inclusions m (%) in the 12Kh18N9TL steel
samples. A progressive increase in the volume fraction
of slag inclusions from sample / to sample 3 is observed,
whereas the lowest value was recorded for sample 4.
The volume fractions of slag inclusions at the melting
temperature of 12Kh18N9TL steel are given in Table 2.

The volume fraction of slag inclusions increases
from the first sample taken from the melt before titanium
introduction to the third sample taken from the second
ladle after furnace replenishment. In the fourth sample,
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Fig. 3. Temperature dependences of volume fraction of slag inclusions
in the samples of liquid steel12Kh18N9TL:
a—sample /; b — sample 2; ¢ — sample 3; d — sample 4
The dotted line shows the value of volume fraction of slag inclusions
at smelting temperature

Puc. 3. TemneparypHble 3aBUCUMOCTH 00BbEMHOI! TOJIH IIUTAKOBBIX
BKJIIOYCHUI B 00pa3max xuakon cramm 12X 18HITII:
a — obpasent /; b — obpasen 2; ¢ — obpasen 3; d — obpaser 4
ITyHKTHpHOM IMHEH 10Ka3aHO 3HAUYSHUE 00BEMHOMN JJOJIH IIAKOBBIX
BKJIIOUEHHI TIpU TeMIIepaType IJIaBKU

Table 2. Volume fraction of slag inclusions, surface tension and kinematic viscosity
of 12Kh18N9TL steel at smelting temperature (1670 °C)

Tabauya 2. O6beMHAas 10J151 NIJIAKOBBIX BKJIIOYEHU, TOBEPXHOCTHOE HATSIZKEHUE
U KHHeMaTU4ecKas BA3KoCTh cTajau 12X18HI9TJI npu temneparype niasku 1670 °C

Sample Volume fraction of Surface tension | Kinematic viscosity
No. slag inclusions m, % o, mJ/m? v-1077, m?/s
1 441 1930 6.20
2 5.39 1650 5.85
3 5.68 1850 5.67
4 4.12 1980 6.07
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taken from the third ladle according to the technological
scheme (Fig. 1), the volume fraction of slag inclusions
was minimal.

A slag particle of radius r; and density d
located in the melt of density d_ and dynamic visco-

. . 4
sity u, is affected by buoyancy force F), =§nr3dmg,

. 4
gravity F, :gn’”Sdﬂ g and the Stokes force F, = 6mruu.

Under the combined action of these forces, slag particles
rise to the surface of the melt because of the density dif-
ference between the slag and the liquid metal (Fig. 4).
When all three forces are balanced, a slag particle moves
through the melt volume at a constant velocity u.

F'A F,=F +F,
e IS gnﬁdmg :;nﬁdﬂg +6mnru
“CoooooTC N — 4
“oooooooQoooooooooo Gmvu=gmrg(d, —dy)
,,,,,,,, -

O R =2 rgldy—dy)

F; 9 n

Fig. 4. Nlustration of slag particles floating in the melt volume

Puc. 4. Inmroctpanus nporecca BCIUTBITUS IITAKOBBIX YaCTHUI]
B 00bEMe pacriiaBa

9
o~ - w) a
S
e’

5
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o = . - b
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T g
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Fig. 5. Temperature dependences of kinematic viscosity of liquid steel
12Kh18NI9TL obtained in heating mode with subsequent cooling:
a—sample /; b — sample 2; ¢ — sample 3; d — sample 4
@ — heating, @ — cooling
The dotted line shows the value of kinematic viscosity
at smelting temperature

Puc. 5. TemneparypHble 3aBUCHMOCTH KHHEMAaTHYECKOH BSI3KOCTH
skunkoit cramu 12X 18H9TII, nony4eHHbIe B pe:KUMe HarpeBa
C MOCIIEAYIOIINM OXJIAKACHUEM:
a — obpazen /; b — obpaszen 2; ¢ — odpazen 3; d — obpazer 4
@ — Harpes; @ — OXJIAXKACHHUE
ITyHKTHpHOI TMHEN NOKa3aHO 3HAYEHNE KHHEMATHUECKOM BA3KOCTH MPH
TEMIIEpaType IIaBKN
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The ascent rate u of a slag particle depends on its size
and can be expressed as

L _2g(d,—d,)
vd

m

; (1

where r is the particle radius; g is the acceleration due
to gravity; d_ is the density of the liquid metal; d is
the slag density; v is the kinematic viscosity of the liquid
metal.

Fig. 5 presents the temperature dependence of kine-
matic viscosity obtained during heating and subsequent
cooling. The absence of hysteresis between the heating
and cooling branches indicates the lack of irreversible
structural transformations in the melt, and consequently,
the stability of slag particles within the melt volume
up to 1740 °C. Therefore, slag particle removal from
the melt is possible only due to their ascent to the sur-
face.

Fig. 6 shows the dependence of slag particle velocity
in liquid 12Kh18N9TL steel on particle size, as calculated
from Equation (1). It follows from Fig. 6 that large par-
ticles rise rapidly to the surface, while particles smaller
than 10 um fail to reach the surface during the smelting
process and remain within the melt volume.

Fig. 7 displays the results of surface tension measure-
ments for liquid 12Kh18N9TL steel samples. In the tem-
perature dependences for samples 3 and 4, anomalies
were detected near 1600 °C, associated with the forma-
tion of a slag film on the sample surface due to slag flow
from the slag bath. Slag particles and liquid metal pos-
sess different surface tension values. The surface ten-
sion determines the force that pulls the drop toward an
ellipsoidal shape. A surface tension gradient (do/dr) in

80

60

40

u, cm/s

20

0 0.2 0.4 0.6 0.8 1.0

2r, mm

Fig. 6. Dependence of floating rate of slag particles in liquid steel
12Kh18N9TL on particle size, °C:
1—-1500; 2 —1600; 3 — 1700

Puc. 6. 3aBUCUMOCTb CKOPOCTH BCIUTBITHS IITAKOBBIX YaCTHIT
B kuaxoit cramu 12X18HI9TJI ot pazmepa npu temmneparype, °C:
1-1500; 2—-1600; 3 — 1700
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Fig. 7. Temperature dependences of surface tension of liquid steel
12Kh18NI9TL samples obtained in cooling mode:
a —sample /; b —sample 2; ¢ — sample 3; d — sample 4
The dotted line shows the value of surface tension of slag inclusions
at smelting temperature

Puc. 7. TeMneparypHble 3aBHCHMOCTH TIOBEPXHOCTHOTO HATSHKCHUSI
00pa3ioB xuakoi cranu 12X18HITJI, nonyyenHbie
B PEIKHME OXJIaXKICHHS:
a — obpasery /; b — obpaserr 2; ¢ — odpazen 3; d — obpazers 4
TIyHKTHUPHOI JIHEH MOKa3aHO 3HAUYCHUE TIOBEPXHOCTHOTO HATSHKCHUS
IIPU TEMIIEpaType IIaBKU

the vertical direction induces the Marangoni force, which
drives slag particles from the base of the drop toward its
apex; this force is counterbalanced by gravity (Fig. 8).
The Marangoni force was estimated from the surface ten-
sion gradient (do/dr) using expression [21]

, do

ZEG—T:FIH:mtr

F =4nr
or dr

)

Thus, a slag particle located on the surface of a liquid
12Kh18N9TL steel drop is subject to both gravity
Fe=p,8V, and the Marangoni force (2) (Fig. 8). The equi-
librium condition of these forces can be written as:

F,,

Slag

A Liquid
particle

metal
£y

Fig. 8. The Marangoni effect

Puc. 8. Dpdext Mapanronu

4 3 2 do
—nr =4mr° —,
3 pslg dl"

do

—_— = r.
dl" pslg

From this, the expression for Ac can be obtained
Idc = J.Ps1 grdr,

2
Ao=-PE (3)

In equation (3), Ac represents the difference between
the surface tension values of slag and metal, at which
the slag particle remains in equilibrium under the oppo-
sing actions of gravity and the Marangoni force. Fig. 9
shows the dependence of Ac on the slag particle radius
on the drop surface. When Ac =200 mJ/m?, slag par-
ticles larger than 4 mm can move upward from the base
toward the apex of the drop surface. The observed slag
flow phenomenon indicates that during slag bath forma-
tion at the base of the drop, the surface tension changes
to a value at which the Marangoni forces become domi-
nant.

Table 3 presents the chemical composition of the samp-
les and the corresponding volume fraction of slag inclu-
sions. Analysis of the data shows that the volume fraction
of slag inclusions increases with increasing titanium con-
tent, suggesting a decisive role of titanium additions in
the formation of slag inclusions.

- CONCLUSIONS

The behavior of slag inclusions was studied in samples
taken during the casting of austenitic corrosion-resistant
steel 12Kh18NI9TL. In surface tension tests of liquid steel
performed by the sessile-drop method using a digital
camera, slag release from the sample was observed upon
heating to 1760 °C. Slag drops flowed from the sample
surface, forming a slag bath at the base of the drop. Dur-

300
250 -

2

200 -
150

Ac, mJ/m

100
50 |-

Fig. 9. Dependence of Ao on the radius r of a slag particle
on the surface of liquid steel 12Kh18N9TL

Puc. 9. 3aBucuMocTb AG OT pajuyca » IUIAKOBOH YacTHIIEI
Ha MOBEPXHOCTH kuakon ctamu 12X18HITIL
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Table 3. Chemical composition of the samples, wt. % and volume fraction of inclusions

Tabauya 3. Xumuveckuii coctaB o0pa3uoB, Mac. % 1 00beMHast 10151 BKJIIOYEHHUI

S*}\Inzfle C Si | Mn | Ni Cr Ti Fe V"hi‘fﬁufsr;cfs";’o; slag
i 0.059 | 0423 | 1.174 | 9373 | 17.49 | 0.022 | 70.31 441
2 0.060 | 0.563 | 1.196 | 9.298 | 17.41 | 0.503 | 69.80 539
3 0.065 | 0.558 | 1.113 | 9.549 | 17.50 | 0.595 | 69.48 5.68
4 0.064 | 0.655 | 1.044 | 9.430 | 17.43 | 0.401 | 70.31 4.12

ing subsequent cooling of the liquid-steel drop, slag
particles were found to flow from the slag bath onto
the sample surface under the action of the Marangoni
force. The size dependence of the slag inclusion ascent
rate and the Marangoni force magnitude was evaluated.
Analysis of the relationship between slag particle ascent
rate and particle size showed that only particles smaller
than 10 um can remain in the melt volume, while larger
particles rise to the surface of the liquid bath. It was
established that slag particles up to 4 mm in size can flow
onto the sample surface under the action of the Maran-
goni force.

The physicochemical properties of liquid 12Kh18N9TL
steel relevant to foundry practice, namely surface ten-
sion and kinematic viscosity, were measured over a tem-
perature range of 1370 — 1760 °C. No hysteresis between
the heating and cooling branches of the kinematic-
viscosity curves was observed, indicating the absence
of irreversible structural transformations in the melt.
This suggests that slag particles remain stable in the melt
up to 1760 °C. In the temperature dependences of sur-
face tension for samples taken from the third and fourth
ladles during 12Kh18N9TL steel casting, anomalies were
detected near 1600 °C, corresponding to a sharp decrease
in surface tension. Such anomalous behavior is attri-
buted to slag particle flow from the formed slag bath onto
the drop surface under the influence of the Marangoni
force. The volume fraction of slag inclusions in the melt
was also evaluated. The lowest volume fractions were
recorded in the sample taken before titanium addition and
in the sample taken from the fourth ladle.

The volume fraction of slag inclusions in the melt
was also evaluated. The lowest volume fractions were
recorded in the sample taken before titanium addition
and in the sample taken from the fourth ladle. The reduc-
tion in slag inclusion volume fraction in the latter sample,
taken from the final ladle into which the residual liquid
metal was tapped from the furnace, is associated with
slag particle flotation to the liquid-metal surface during
steel smelting. A correlation was established between
the volume fraction of slag inclusions and the titanium
content in the samples. An increase in titanium concen-

540

tration was accompanied by a rise in the volume fraction
of'slag inclusions, indicating that titanium plays a decisive
role in the formation of slag inclusions. It was concluded
that titanium additions to the melt lead to an increase in
the volume fraction of slag inclusions in the casting.
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REMOVAL OF CHLORINE FROM ELECTRIC ARC FURNACE
DUST BY OXIDATIVE ROASTING

E. V. Grigor'ev @, Yu. E. Kapelyushin, A. Bil'genov,
D. V. Stepanoy, A. A. Khalikulov

I South Ural State University (76 Lenina Ave., Chelyabinsk 454080, Russian Federation)
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Abstract. The growth of steel production and consumption leads to the formation of a large amount of technogenic waste. One of the wastes is electric arc
furnace (EAF) dust. In the Russian Federation, about 0.7 million tons of dust are annually generated. The paper studies the dust of one of the metal-
lurgical enterprises, in which zinc is mainly contained in the form of ZnFe,O,, and also contains harmful compounds of Cl and Pb, which reduce
the quality of Waelz oxide during subsequent processing. The studied dust was subjected to high-temperature oxidative roasting in a muffle furnace.
The experiments were carried out in the temperature range of 300 — 1100 °C with roasting time of 1 h. In the temperature range of 900 — 1100 °C,
the roasting time varied within 3 — 9 h. The composition was determined using XRD phase analysis and micro-X-ray spectral method. It was found
that at temperature of 900 °C and roasting time of 9 h the degree of Cl removal reaches 78 %. At temperature of 1000 °C and roasting time of 9 h,
the degree of Cl removal reaches 99.4 % with Zn losses of 19.8 %. At temperature of 1100 °C and roasting time of 3 h the degree of Cl removal is
91.2 %, and Zn losses reach 37.8 %; thereby, carrying out the oxidative roasting at this temperature is impractical. Experimental studies have shown
that it is possible to effectively remove chlorine from EAF dust which predominantly contains zinc in the form of ZnFe,O, using high-temperature
oxidative roasting with relatively low zinc losses in the temperature range of 900 — 1000 °C.

Keywords: EAF dust, electric arc furnace steelmaking, recycling, chlorine, zinc, dechlorination, Waelz oxide, oxidative roasting
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YOAANEHUE X10PA U3 Nbln
AYroBoro CTANENNABUNbHOIO NPOU3IBOACTBA
OKUC/IUTENIbHbIM OBXUTOM
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AnHomayus. Poct ipou3Bo/ICTBa U OTPEOICHHS CTAJIN TPUBOAUT K 00Pa30BaHUIO OOJIBIIOTO KOJINYECTBA TEXHOI€HHBIX 0TX010B. OJJTHUM U3 OTX0JI0B
BBICTYIIAET MBLIb IEKTPOAYTOBOTO CTANCIIABUIILHOTO Tipon3BozcTBa. B Poccuiickoit denepannu exeronHo odpasyercst mopsiaka 0,7 MITH T [bUIH.
B pabote u3y4ena nbUIb 0JHOTO U3 METAJLIYPIrUYECKHX NPEIPUATUH, B KOTOPO# MHK MPEUMYILECTBEHHO CoaepkuTes B Buie ZnFe,O,, a Takke
MIPUCYTCTBYIOT BPEIHbIC COSIMHEHUS XJIOPA ¥ CBUHIIA, KOTOPbIE CHIKAIOT KaueCTBO BElbL-OKCH/IA ITPH Tocieayoeii nepepadorke. Mccnenyemas
IIBUTH MOJIBEPrajiach BEICOKOTEMIIEPATypHOMY OKHUCIUTEIBHOMY OOXHUTY B MYy(EIbHOM 1edn. DKCIEPUMEHTHI IIPOBOAMINCH B HHTEPBAJIE TEMIIC-
paryp 300 — 1100 °C npu Bpemenu Beiziepkku | 4. B uatepBane Temmeparyp 900 — 1100 °C Bpemst BEIIEPIKKH BapbHPOBATIOCH B Ipeaenax 3 — 9 .
@Da30Bblil COCTaB MBUIM ONPEIEIISUIN C IIOMOLIBI0 PEHTTeHO()A30BOr0 aHAJIN3a, XUMHYCCKHI COCTAB — MUKPOPEHTICHOCIIEKTPAIbHBIM METOIOM.
VYeranosneno, uro npu temuneparype 900 °C u BpeMeHH BBIICPKKH 9 4 CTeNeHb yaaneHus xjopa cocrasisier 78 %. [Ipu temneparype oOxura
1000 °C u BpeMeHH BBLICPKKH 9 4 CTENEHb yaajieHus xjaopa gocturaet 99,4 % npu norepsix uunaka 19,8 %. IIpu Temneparype ooxkura 1100 °C
¥ BPEMEHU BBIACPKKH 3 U CTETEHb yAaleHus xyuopa cocrasiseT 91,2 %, a morepu nuHKa gocturaror 37,8 %, mo3ToMy MpOBEICHNE OKUCIUTENb-
HOTO 00Hra IpU JaHHOI TeMIIepaType SIBISIETCS HelelIeco00pa3HbIM. JKCIIEPUMEHTANIbHBIC MCCIIEIOBAHMSI TOKA3AJIU, YTO U3 ITBUIH JICKTPOAY-
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[ INTRODUCTION

The continuous growth of steel production and con-
sumption inevitably leads to the generation of large
amounts of technogenic waste. On average, 25 — 30 kg
of electric arc furnace (EAF) dust is produced per ton
of steel. In the Russian Federation, approximately
0.7 million tons of this dust are generated every year. It is
typically stored in dumps, resulting in the loss of valuable
metals such as iron, zinc, and lead' [1; 2]. The accumula-
tion of such waste poses a potential hazard to both eco-
systems and human health [3]. The chemical composition
of EAF dust varies depending on the specific production
technology. The zinc content ranges from 2 to 25 %,
and in some cases reaches up to 40 %. Understanding
the physicochemical behavior of EAF dust components
with the aim of extracting zinc, lead, and iron, as well as
removing chlorine, is an important objective of modern
metallurgical production [4 — 6].

In industrial practice, EAF dust is most often treated
using pyrometallurgical methods. The Waelz process
remains the predominant technology, accounting for about
80 % of all processed dust [7]. EAF dust is composed
mainly (up to 90 %) of oxides, while the remaining por-
tion consists of ferrites, sulfates, and chlorides, including
sodium chloride (NaCl), potassium chloride (KCl), and
chlorides of zinc and lead [8]. One of the main challenges
in EAF dust recycling is its high chloride content. These
chlorides originate from chlorine-containing compounds
present in the steel scrap, such as polymer materials and
paint coatings.

Roasting is one of the approaches used to remove
contaminants from EAF dust. In studies [9; 10], oxida-
tive roasting was performed at 950 °C with additional air
supply. According to the results, about 98 % Pb and Cl
and 1 % Zn volatilized. Other studies [11 — 13] investi-
gated roasting in various gaseous atmospheres — air, CO,,
and SO,. The dust samples were heated to 200 — 600 °C
and held for 1 — 5 h. The authors selected low-tempera-
ture conditions to minimize zinc losses that occur at ele-
vated temperatures. The most effective atmospheres were

' World Steel in Figures. https://worldsteel.org/steel-by-topic/
statistics/world-steel-in-figures/ (Accessed 19.03.2025).
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CO, and SO,, whereas roasting in air showed the lowest
efficiency. Sulfatizing roasting reduced the chloride con-
tent by 83 % (from 70.2 to 12.1 mg/kg), while carbo-
nation roasting achieved an 81 % reduction (from 70.20
to 13.23 mg/kg). In another study [14], EAF dust was
roasted with CaO added to convert zinc ferrite into zinc
oxide. The experiments were conducted at 1100 °C for 3 h,
and it was found that approximately 98 % Cl and Pb were
removed from the initial dust. In [15], roasting was car-
ried out in a muffle furnace at temperatures ranging from
300 to 1150 °C. The results showed that heating the dust
to 1150 °C completely eliminated sodium and chlorine,
while potassium and lead contents decreased by 81 and
83.5 %, respectively. Zinc losses did not exceed 5 %.
Chlorine removal results by roasting were also reported
in [16]. Crucibles containing dust were heated at a rate
of 300 °C/h to 900, 1000, and 1100 °C with a roasting
time of 240 min. After roasting, the chlorine content in
the sinter decreased from 3.02 to 0.01 —0.02 %, corre-
sponding to a chlorine removal degree of 99.6 %. Howe-
ver, no data on zinc losses were provided.

Overall, published studies report inconsistent results
concerning the efficiency of oxidative roasting in air
atmosphere, especially with respect to zinc losses.
Therefore, the aim of this study was to further evaluate
the effectiveness of oxidative roasting in air atmosphere
for chlorine removal from EAF dust at high tempera-
tures.

- INITIAL DUST AND EXPERIMENTAL PROCEDURE

The study investigated electric arc furnace (EAF)
dust obtained from one of the metallurgical enterprises.
A representative sample for chemical and phase composi-
tion analysis was prepared by homogenizing the collected
dust. The phase composition of the dust was determined
by X-ray diffraction (XRD) using a Rigaku Ultima IV
diffractometer. The data were processed with the Match
software package. The main identified phases (%) were as
follows: ZnFe,0, — 69; ZnO - 6; CaCO, - 17, SiO, - 5;
and KCI - 3.

The elemental chemical composition of the researched

dust is presented in Tables 1 and 2. The composition
was determined by micro-X-ray spectral analysis using
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Fig. 1. Phase composition of the researched EAF dust

Puc. 1. ®a3oBbIii cocTaB HCCASTyeMON BLTH

a JEOL JSM-7001F scanning electron microscope. Statis-
tical errors were evaluated using mathematical methods.
To obtain statistically reliable data, nine samples (por-
tions of the homogenized EAF dust) were collected
from a well-mixed bulk container. For each sample, four
spectra were recorded (area analysis at 100* magnifica-
tion). Mean values of the analyzed elements were calcu-
lated from 36 spectra, and the confidence interval radius
was determined using the SPSS software. The resulting
data are shown in Table 1.

A series of oxidative roasting experiments was carried
out in a muffle furnace. Each 18 g dust sample was placed
in a corundum crucible and loaded into the furnace pre-
heated to the desired temperature. The experiments were
conducted in the temperature range of 300 — 1100 °C
with a roasting time of 60 min under an air atmosphere.

[ RESULTS AND DISCUSSION

Fig. 2 illustrates the effects of temperature and time
on the mass change of EAF dust samples during oxida-
tive roasting.

As seen in Fig. 2, an increase in temperature causes
slight mass variations of the samples (within 1 —3 %),
both upward and downward. These fluctuations are likely
associated with the decomposition of carbonates and
hydroxides, the volatilization of certain elements and
compounds, as well as the further oxidation of metals
to higher oxides.

After roasting, the dust samples were examined under
an electron microscope. The results are presented in
Table 3.

Mass loss, %

1 2 3 4 5 6 7 8 9

Roasting time, h

Fig. 2. Effects of time and temperature on mass change
of the EAF dust samples:
1-900 °C; 2-1000 °C; 3-1100 °C

Puc. 2. 3aBUCUMOCTb U3MEHEHHUSI MacChl 00pa3IoB
OT BPEMEHH U TEMIIEPaTyphI:
1-900°C; 2-1000 °C; 3 —1100 °C

Table 1. Composition of the researched EAF dust (statistical data, wt. %)

Ta6auya 1. CoctaB uccienyemoii nbliim /I (cratucrnyeckue navubie, mac. %)

Element O | Na | Mg | Si S |Cl| K |Ca|Cr | Mn| Fe | Cu|Zn | Pb
Mean value 27023082208 | 18| 17|39 ]| 05|45 /|402| 05129 1.0
0,
95 % confidence | 5 1 5 o1 | 01 01|01 |01 0200 01 07 01 0301
interval radius
Eﬁ’frconﬁdence 27928 | 1.0 | 23|09 |20 | 1.7 | 41 | 0.6 | 46 409 05 |13.1 L1
Lower confidence
limit 262119072108 |17 |16]|37|05]|44|395|04 126/ 0.8
Tabauya 2. Cpennuii coctas ucciaenyemoii nsLab I, mac. %
Table 2. Average composition of the researched EAF dust, wt. %
Element O | Na | Mg | Si S Cl | K| Ca|Cr |Mn| Fe |Cu| Zn | Pb | Total
Mean value 27012308 |22(08 | 18| 1.7]39]| 05| 45/[402| 0.5 |129| 1.0 | 100.0
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Table 3. Composition of the EAF dust after oxidative roasting at various temperatures, wt. %

TG6./IUL{CI 3. CocTaB NbLJIM MOCJI€ OKHCIUTEIHLHOI0 00KUTa NpH pa3sjiidHbIX TEMIIEpaTypax, Mmac. %

Element O | Mg | Al Si S Cl K | Ca| Cr | Mn | Fe | Zn | Total
EAF initial dust | 17.7| 1.0 | 04 | 28 | 09 | 1.7 | 1.8 | 42 | 0.5 | 5.6 | 49.3 | 142 | 100.0
300 °C 1581 15105 24|09 |19 |18 40| 05 | 53 |50.6|149| 100.0
400 °C 165 1.0 | 04 | 26 | 09 | 1.8 | 1.9 | 40 | 0.6 | 53 |49.5| 155 100.0
500 °C 176 | 1.2 | 03 | 27 | 08 | 1.9 | 1.7 | 44 | 0.8 | 53 |49.0| 144 | 100.0
600 °C 163 13 | 05|26 |07 |25| 18|54 |07 |50 482|152 100.0
700 °C 173109 | 04 | 25| 0.7 | 23 | 1.8 | 58 | 0.6 | 5.6 |48.8 | 13.5| 100.0
800 °C 1581 14 104 | 25|06 |22 |17 66| 06 | 53 |49.2|13.8]| 100.0
900 °C 158 1.1 | 03 |24 |08 |12 |12 64| 07|55 |51.2|134] 100.0
1000 °C 131107 | 04 |23 |06 | 16| 1.1 | 65|08 | 59 556|114 100.0
1100 °C 163 1504 3707|0906 71|09 |51 514|116/ 100.0

As shown in Table 3, an increase in temperature leads
to a decrease in the chlorine content of the EAF dust
samples. Based on these findings, additional high-tem-
perature oxidative roasting experiments were carried out
with varying roasting times to evaluate the effect of this
parameter on dust dechlorination. Dust samples weigh-
ing 10 g were placed in corundum crucibles and loaded
into a muffle furnace. The experiments were conducted
at temperatures ranging from 900 to 1100 °C, with roas-
ting times of 3, 6, and 9 h. After roasting, the samples
were analyzed using electron microscopy. The experi-
ments showed that the maximum degree of dechlori-
nation reached approximately 98.9 % at 1100 °C and
a roasting time of at least 6 h. At a roasting time of 9 h,
a similar dechlorination degree of 96.8 % was obtained.
The experimental results are shown in Fig. 3.

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

Chlorine content, wt. %

0

Roasting time, h

Fig. 3. Effects of time and temperature on Cl content in the EAF
dust samples during oxidative roasting in air atmosphere:
1-900 °C; 21000 °C; 3 - 1100 °C

Puc 3. 3aBucumocts cozepkanust xiopa B nsiiu O/IT ot Bpemenn
1 TEMIIEPATYPbl IPH OKHCIUTEIFHOM O0KHUTe Ha BO3AyXe:
1—-900 °C; 2-1000 °C; 3 - 1100 °C
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Further electron microscopy analysis revealed that oxi-
dative roasting at 1100 °C for more than 6 h is inefficient
because of increased zinc losses. At 1000 °C, zinc losses
reached approximately 24.8 %, whereas at 1100 °C they
increased to 38.5 %. These results are presented in Fig. 4.

The findings indicate that increasing temperature
and roasting time during oxidative roasting significantly
reduces the chlorine content in EAF dust, from 1.70
t0 0.04 — 0.10 %. Temperature is therefore one of the most
critical parameters influencing the efficiency of dechlori-
nation. According to the data in Table 3, the maximum
chlorine content (2.5 wt. %) was observed at 600 °C,
which can be attributed to minimal chlorine removal and
to the decomposition of calcium hydroxide Ca(OH), and
calcium carbonate CaCO,. This temperature range corres-
ponds to the decomposition temperatures of these com-

16

14.20

Zinc content, wt. %

0 1 2 3 4 5 6 7 8 9
Roasting time, h

Fig. 4. Effects of time and temperature on Zn content in the EAF
dust samples during oxidative roasting in air atmosphere:
1-900°C; 2—-1000 °C; 3 - 1100 °C

Puc 4. 3aBucumocts cozepkanust uHka B mbutd /1T ot BpemeHu
U TEMIIePaTy bl IIPH OKHCIUTEIFHOM OOKHTe Ha BO3IyXe:
1—-900 °C; 2-1000 °C; 3 - 1100 °C
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Table 4. Degree of chlorine removal and zinc loss at different temperatures and roasting time, %

Ta6auya 4. CteneHb ynajieHusi XJ10pa i NOTEPH UHKA MPH Pa3IMYHBbIX TeMIIEpaTypax
W BpeMeHHU BbIIeP:KKH, Yo

; Temperature, °C
Roasting 900 1000 1100
time, h
Cl removal Zn loss Cl removal Zn loss Cl removal Zn loss
1 5.8 5.6 353 19.7 47.0 18.3
3 18.8 24.6 73.5 20.8 91.1 37.8
6 40.0 20.7 78.2 23.6 99.4 40.1
9 77.6 23.0 97.6 19.8 99.4 374

pounds. A general increase in the concentrations of other
elements in the dust was also noted. However, to confirm
the relationship between these effects and the decompo-
sition of hydroxides and carbonates, additional studies
on phase transformations during heating are required.
In the temperature range of 700 — 1100 °C, the chlorine
content decreased from 2.5 to 0.9 wt. %, which agrees
with the data reported in [15; 17 — 19]. Additional experi-
ments were performed to assess the effect of roasting time
at 900 — 1100 °C, varying from 1 to 9 h with 3 h intervals.
As seen in Figs. 3 and 4, both chlorine and zinc losses
increase with longer roasting time. Table 4 summarizes
the obtained dechlorination degrees and zinc losses.

At a roasting temperature of 1000 °C and a roasting
time of 3 h, the degree of chlorine removal was 73.5 %,
while zinc losses remained within 20.8 %. Extend-
ing the roasting time to 9 h resulted in almost complete
chlorine removal (97.4 %) with zinc losses of 19.8 %.
At a roasting temperature of 1100 °C and a roasting time
of 3 h, the degree of chlorine removal reached 91.2 %,
but zinc losses increased significantly to 37.8 %. When
the roasting time was increased to 6 h, chlorine removal
was nearly complete (99.4 %), accompanied by similarly
high zinc losses of approximately 40.1 %.

[ ConcLusiONs

The literature provides conflicting information regar-
ding the practicality of high-temperature oxidative roasting,
mainly due to inconsistent data on zinc losses. However,
the present experimental study has shown that effective
chlorine removal from EAF dust — where zinc is predomi-
nantly present in the form of ZnFe,O, — can be achieved.
The main parameters influencing the efficiency of chlorine
removal are the roasting temperature and roasting time.
Maximum efficiency is reached at temperatures above
900 °C and roasting times longer than 3 h. At 1000 °C and
a roasting time of 9 h, almost complete chlorine removal
was achieved, while zinc losses reached about 20 wt. %.

Thus, high-temperature oxidative roasting at an opti-
mal temperature of 900 — 1000 °C (to avoid excessive

zinc losses) can be considered an effective method for
EAF dust dechlorination and can be integrated into exis-
ting metallurgical production processes.
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