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ABSTRACT

In the electrometallurgy of manganese alloys, viscosity has an important effect on the
production indicators from the physicochemical properties of slag. During the smelting of
manganese alloys, the main amount of heat spent on reduction reactions is released due to the
current passing through the liquid slag phase, since the resistance of the latter, depending on the
composition, affects the completeness of the reduction of manganese from melts. In the case of
refined ferromanganese by the silicothermic method, the vast majority of silicon of
silicomanganese is refined with higher manganese oxides or it is burned out due to oxygen in the
air. The paper presents the results of thermophysical properties of slags representing the FeO -
MnO - Ca0 - Al,Os - SiO2 system. Laboratory experiments were carried out on synthetic slags by
varying the slag basicity CaO / SiO; = 1.5 - 1.9 and the concentration of Al,03 = 5 - 15%. As a
result, graphs of the dependence of these properties on temperature values are constructed, the
activation energies of the viscous flow are calculated and the phase compositions of the
experimental slags are determined using a mathematical model of the diagram of the FeO - MnO
- CaO0 - Al;0s3 - SiO2 system. Thus, an increase in the concentration of aluminum oxide against its
usual level, changing the basicity of the slag, significantly affected the physicochemical
properties of the slag and thereby contributes to the adjustment of the parameters of the
electric melting process. At the same time, it is advisable to study the interaction of some
Physical chemical properties of slags on the melting conditions of manganese ferroalloys in
relation to the composition of slags.
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Introduction

In metallurgy, the final slags of manganese
refined
ferromanganese, represent the FeO — MnO — CaO —
Al,O3 - SiO; system. The reduction processes during
the smelting of refined grades of ferromanganese
pass through the slag phase, so the study of the
viscous properties of slags is obvious. As is known,
the viscosity of the slag in the desired limit should

alloys, namely for

contribute to the rapid runoff of metal droplets into
the alloy, the rapid mutual diffusion of oxides and
reducing agent, and consequently, the rapid flow of
the process, and, finally, allow optimal distribution
of the temperature gradient in the melt [1].

In some cases, the viscosity of the slag
determines the performance of metallurgical units,
such as the interaction of slag with refractory
materials, and metal losses with slag. Viscosity is
one of the main parameters characterizing the
physical properties of oxide melts. The viscosity of a
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liquid is related to its structure and is determined
by interparticle interaction, therefore, its study,
along with other physicochemical properties,
allows us to evaluate the structure of metal and
slag melts, the nature, and magnitude of the
interaction between their components.

The thermophysical properties of synthetic
slags of the FeO — MnO — Ca0 — Al,03 — SiO; system
were investigated.

Experimental part

To study the physical properties of slags
(viscosity and temperature of the beginning of
crystallization), pre-prepared synthetic mixtures
were used, since metal remains and foreign
impurities are present in industrial slags.

Slag samples for the study were prepared from
reagents of the brand purely for analysis by fusing
mixtures in a graphite crucible in a Tamman
resistance furnace.

Synthetic materials were calcined to a constant
weight at 800 — 850 C before fusion. The
suspension of powdered synthetic materials was
thoroughly mixed beforehand and then melted in a
furnace. After fusion, the resulting slags were
submitted for chemical analysis. As a result, the
composition of the resulting slags was close to the
industrial slags of the process of obtaining
manganese alloys (Table 1).

The studied slag samples were characterized by
a ratio of Ca0O/SiO; = 1.5; 1.7; 1.9 and different
content of Al,Os. Such dynamics of composition
variation made it possible to trace the influence of
alumina and magnesium oxide on the viscosity and
crystallization temperature of slags.

The viscosity of the slag was measured with an
electro vibration viscometer in molybdenum
crucibles with a current of purified argon. The
installation diagram is shown in Figure 1.

The high sensitivity of the vibrating viscometer
is due to the fact that it operates on resonant
vibrations. and the viscositv of the melt violates the
resonance conditions [[2], [31, [4]]. To determine
the thermophvsical properties of the slags of the
FeO — MnO - CaO - Al,0O; - SiO, system, a pre-
crushed slag weight (15-20 g) was immersed in a
molvbdenum crucible with an inner and outer
diameter of 17 mm and 30 mm. respectivelv, and a
height of 60 mm. After melting the slag sample
(1550-1650 ° C). the contents in the crucible were
mixed with molvbdenum rods to average the
composition. In the center of the crucible, a

molybdenum spindle with a diameter of 2 mm and
a length of 40 mm was introduced to a depth of 10
mm from the melt surface using a screw lift, then
cooling measurements were made at a speed of 3
degrees/min until complete crystallization. Then
the hardened slag was melted again to extract the
spindle of the viscometer and remove the slag from
the crucible by freezing on a molybdenum wire. The
temperature in the furnace was measured with a
tungsten-rhenium thermocouple TR 5/20, the hot
junction of which in a corundum cover was fed
through a recess to the bottom of the crucible. The
viscosity was recorded by the value of the
electromotive force (mV) on a digital
millivoltmeter.

=
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Figure 1 - Diagram of an electro vibration

viscometer
1 - crucible; 2 - vibrating rod; 3 - viscometer housing; 4 -
flat springs; 5 - ring magnet; 6 - measuring coil; 7 -
vibrator core; 8 - vibrator coil; 9 - vibrator armature; 10 -
shock-absorbing springs; 11 - auto generator; 12 - digital
voltmeters; 13 —lid; 14 - Tamman furnace; 15 - inert gas
supply tube; 16 —thermocouple
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Table 1 - Chemical composition of the slag

Composition, %

Ne Chemical Phase

FeO | MnO Cao SiO2 Al,03 | CaO/SiO2 F M M2S CAS C.S CA
1 8.9 | 19.65 | 39.01 | 25.92 | 6.52 1.51 8.90 7.79 16.86 17.53 | 48.92 -
2 4.86 | 16.07 | 40.35 | 26.89 | 11.83 1.50 4..86 3.62 17.70 31.80 | 42.00 -
3 2.68 | 15.48 | 39.32 | 26.2 | 16.32 1.50 2.68 3.36 17.24 43.87 | 32.84 -
4 8.65 | 15.68 | 44.42 | 26.19 | 5.06 1.70 8.65 10.05 8.00 13.6 59.69 -
5 428 | 14.72 | 44.66 | 26.42 | 9.94 1.69 4.28 8.85 8.34 26.72 | 51.82 -
6 391 | 15.22 | 42.45 | 24.96 | 13.46 1.70 3.91 10.00 7.42 36.18 | 42.48 -
7 5.56 | 15.28 | 47.12 | 24.79 | 7.25 1.90 5.56 15.28 15.22 61.45 - 2.48
8 3.36 | 13.66 | 46.45 | 24.43 | 12.12 1.90 3.36 13.65 28.33 52.17 - 2.48
9 1.77 | 1436 | 44.01 | 23.12 | 16.74 1.90 1.77 14.36 40.77 40.60 - 2.49

Discussions results

Experimental data on the viscosity of slags, the
compositions of which are given in Table 1, are
shown in Figure 2. The effect of Al,O3 concentration
on the viscosity of slag with basicity of 1.5; 1.7; 1.9
is shown here.

According to experimental data, the
crystallization temperature of the slags was also
calculated. It can be determined based on the
known exponential dependence of viscosity on
temperature [[5], [6]]:

E
n=A-e RrT (2)
where n - the viscosity coefficient; E - the

activation energy; T - the absolute temperature; R -
the universal gas constant; A - the pre-exponential
multiplier. Logarithmic form of expression (1):

lnn=lnA+£-% (2)

where Inn - the segment cut off on the ordinate
axis; E/R - the angular coefficient of the straight
line.

Figure 3 shows the dependence of the
logarithm of viscosity (Inn) on the inverse
temperature (1/T). As can be seen, an increase in
the CaO/SiO; ratio in slags affects an increase in the
crystallization temperature.

As practice shows, for a homogeneous
structural state of slag, the graphical dependence in
the coordinate’s In n - 1/T must be rectilinear at a
certain constant value of E,. The deviation from the
straight line of the dependence of Inn from 1/T
indicates the appearance of structural
changes in the melt during its cooling. With the
development of the crystallization process, a
fracture is observed on the graph in the
coordinate’s Inn - 1/T, followed by an increase in
viscosity. With the development of the

crystallization process, a fracture is observed on the
graph in the coordinate’s Inn - 1/T, followed by an
increase in viscosity.

The temperature corresponding to the fracture
point determines the crystallization temperature of
the studied oxide melt. It can be found from the
graph or by solving the equations of the lines
together before and after the fracture. In general,
they can be written as follows:

Ya = ¢ + ax — for a straight line to a fracture (3)

Vb = C1+ar-X — for a straight line after a fracture (4)

where In is denoted by «y» Inn, 1/T is denoted by
«x», and «c» and «a» represent the free term (InA)
and the angular coefficient (E/R) of equation (2).

The coordinates of the intersection point of
two straight lines are as follows (Figure 3):

c;, —C
x=—-—1
a—a, (5)
c-a —¢-a
Y=

a—a, (6)

Table 2 shows the above-mentioned equations
calculated by processing experimental data using
the least-squares method, showing the
crystallization temperatures (te."C) and the
activation energies of the viscous flow of the
studied slags (T).

Increasing the concentration of aluminum oxide
reduces the viscosity and crystallization
temperature of slags in the entire range of the
studied basicity. However, the nature of the
influence and the absolute values of the decrease
in these values, depending on the basicity of the
slags, are different, and this is primarily due to the
processes of phase formation.

— 4) ——
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Table 2 - Crystallization temperature and activation energy of viscous flow

Ca0/SiO; Slags Equations Tkr.,"C E, kJ/mol
Ina=-200.97+36.271/T 3015.68
1 1534
Inb=-109.30+19.709/T 1638.67
Ina=-106.86+19.05/T 1583.87
1.5 2 1515
Inb=-83.13+14.807/T 1231.10
Ina=-192.67+33.39/T 2776.14
3 1468
Inb=-123.73+21.39/T 1778.43
4 Ina=-112.38+20.311 1588 1688.72
Inb=-105.91+19.107 1588.61
Ina=-114.22+20.023 1664.77
1.7 5 1524
Inb=-95.422+16.644 1383.83
Ina=-123.41+21.162 1759.47
6 1473
Inb=-111.13+19.018 1581.21
Ina=-101.03+18.593 1545.88
7 1610
Inb=-73.306+13.373 1111,87
Ina=-161.74+28.987 2410,07
1.9 8 1568
Inb=-105.12+18.562 1543.30
Ina=-70.124+12.341 1026.07
9 1517
Inb=-35.36+6.117 508.59
6 - 6
5 5
4
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Figure 2 - Dependence of slag viscosity on the temperature at basicities, a- 1.5; b -1.7;c- 1.9
(figures in the picture of slag numbers according to Table 1)
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Figure 3 - Dependence of the logarithm of viscosity on the inverse temperature

The phase composition of the experimental
slags was estimated using a mathematical model of
the diagram of the FeO - MnO - CaO - Al,O; - SiO;
system [[7], [8]].

It was found that the slags presented in Table 1
numbered 1-6 have the following phase
composition: iron oxide - FeO (indicated in the table
as F), manganese oxide - MnO (M), tephroite -
2MnQO-SiO, (MzS), gelenite - 2Ca0-Al;05:Si0; (CzAS),
bicalcium silicate - 2Ca0-Si02 (C,S) and their
normative composition is described by the
following expressions:

F=+1F,
M = -2,367-5+1,268-C+1-M,
M,S= +3,367-5-1,805-C,
CoAS= +2,688-A,

C,S= -1,688-A+1,536-C.

The calculation shows that with an increase in
the basicity of slags due to the CaO additive, there
is a decrease in the content of tephroite in them. As
a result of the reaction, free manganese oxide and
bicalcium silicate are formed [[9], [10]]:

2Mn0O-Si0,+ 2Ca0 = 2Mn0O + 2Ca0-Si0,

When the basicity increases to 1.9, the slag
composition moves to the pentatope F-M-C,AS-C,S-
CA, i.e. tephroite is replaced by calcium aluminate
(T=1604 °C) [11]. To calculate the phase
composition of slags in this pentatope, it is
necessary to use the following equations:

F=+1-F,
M = +1-M,

C,AS = +9,172-5+2,694-A-4,917C,
C,S = -2,890-5-1,694-A+3,085-C,
CA =-5,282-5+2,831-C.

Conclusions

By tracking the dynamics of changes in the
phase composition, it can be seen that an increase
in basicity contributes to the release of MnO in free
form from tephroite and thereby contributes to
improving the conditions for the reduction of
manganese. It is also possible to note an increase in
the concentration of Al,Os3 in the melt, where the
temperature range of the beginning of
crystallization of the studied slags expands, forming
aluminosilicate  compounds  (Ca,AlLSiO; and
CaAl,04), the melting point of which is 1550 ° C and

— ) ——
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1604 ° C, respectively. At the same time, in order to
form a high fluidity of the ore-calcareous melt, it is
necessary to ensure a ratio CaO/SiO, = 1.5 - 1.7 in
the slag and an Al,O; content of at least 10%.
Further, with an increase in the CaO/SiO; ratio of
more than 1.7, the content of the refractory phase
(larnite — 2Ca0-Si0,) having a temperature of 2130
°C will increase, thereby worsening the slag regime
of the smelting process of refined ferromanganese.
With an increase in the basicity and content of
alumina, aluminum atoms are rearranged from gear
coordination into anionic complexes of the
(AIZSIO;")gtype.

Thus, alumina as a slag-forming component
does not worsen the performance of the
technology of smelting manganese ferroalloys, in
particular for the production of refined
ferromanganese. For the technology of smelting
refined ferromanganese, the slag region turned out
to be optimal in viscosity: M,S-C,S-C,AS with a ratio
of Ca0O/Si0, = 1.5 - 1.7. In any other region,
properties  very undesirable for smelting
ferromanganese are the manifested-a high melting
point of slags. This contributes to the intensive
reduction of silicon from tephroite and may cause

an increase in the silicon content in the resulting
ferromanganese.

By doing so, we can conclude that it is
necessary to correct the slag regime of current
production towards high-alumina slags, which allow
for higher technical and economic indicators of the
production of refined ferromanganese.

Al,0O5 additives can be produced using alumina-
containing materials (bauxite agglomerates) as part
of charge materials or aluminum together with
siliceous alloys used in metallothermy. However, as
practice shows, the latter option is unacceptable
due to the high cost and high carbon monoxide of
free aluminum.

In this case, the most optimal option for
smelting refined grades of ferromanganese is the
use of a complex aluminum-manganese-silicon alloy
(AISiMn) in the form of a reducing agent containing
up to 15% aluminum along with silicon (50%). With
such an aluminum content in the reducing agent,
the amount of Al,0; in the slag will fluctuate
between 10 -15%.
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FeO — MnO - Ca0 — Al;03 — SiO; )KyMeciHaeri CUHTETUKANbIK KOXKADbIH,

TepmoPuU3nMKanbiK Kacmerti

'Ecenranues [A.A., *baiicaHos A.C., 3locekeHos M.C., *KenamaHos B.C., *Aama6ekos .M.

1K.Xyb6aHoB atbiHaafbl AKTebe eHipaik yHuBepcuteTi, AkTebe, KasakcraH
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3 «ERG-AiH, FbIIbIMU-3EPTTEY }KaHE UHKMHUPUHT opTanblifbl» MLLIC

TYRIHAEME
MapraHeu,
KacueTTepiHeH

KOPbITNanapbiHbIH,
TYTKbIPAbIKTbIH,

SN1IEKTPOMETaNNyprmacbliHAA KOXAblH ¢M3MK3-XMMMﬂﬂbIK

eHAipic  KepceTKiwTepiHe acepi MaHpI3abl. MapraHey,

KOpbITNanapblH BanKbITy KesiHAe KblNyAblH HEri3ri meswwepi TOTbIKCbI3AaHY peaKuuanapbiHa
JKYMCanagbl, ON CyWblK WNAK pa3acbiHaH OTETIH TOK ecebiHeH Kypeai, 8UTKEHI COHFbICHIHbIH,
Kepeprici KoX KypambliHa 6aliNaHbICTbl MapraHeLTiH, 6ankbiManapaaH TONbIK TOTbIKCbI3AaHYbIHA
Makana kengij: 23 kaymap 2022 acep etesi. TazapTbinfaH deppomapraHeLTi CUIMKOTEPMUANDIK dAicimeH BanKbITy KafaanbiHAA
CapantamagaH eTTi: 25 Haypsi3 2022 CUIMKOMapraHeL, KpeMHWIiHIH, 6acbim 6eniri mapraHeuTiH }Kofapbl TOTbIKTapbIMEH Ta3apTbliaabl
Kabbinganapl: 29 cayip 2022 Hemece ayaHblH, oTTeri ecebiHeH Kyiin keteai. ymbicta FeO — MnO — Ca0 — Al,O3 — SiO; xyiieci
HerisiHaeri KoXAapAblH TePMODU3NKANDIK KAaCUETTEPiHIH, HOTUKeNepi KeNTipinreH. 3epTxaHanblK,
TaXipmbenep CUMHTETUKANbIK KOXAbI KONAAHY apKblabl KO Herizginiri Ca0/Si02 = 1,5 - 1,9 xaHe

Ko aarbl Al,Os KoHUeHTpauuacbl 5-15% apanbifblHAa Kyprisingi. HatueciHae kepceTinreH
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KacueTTepaiH, TemnepaTypanblk Lamanapfa Tayendinik rpaduri canbiHAbl, TYTKbIP afblHHbIH,
aKTUBTEHY 3HepruAcbl ecentengi kaHe FeO — MnO — CaO — ALOs — SiO: KyieciHgeri
AMarpaMmacbliHblH, MaTeMaTWKaiblK MOAENIH KONAaHa OTbipbin, TaXipnbenik KoxaapablH,
basanblk Kypambl aHbiKTanabl. Ocblnaniua, KOXKAbIH HEri3ainirii esrepte OTbipbIn, antlOMUHUIA
OKCWAiHIH, aeTTeri geHreliHeH KOHLEHTPALMACBIHbIH, }KOFapaaybl apKbl/bl KOXKAApAbIH GU3MKa-
XMMUANBIK KacueTTepiHe aluTap/bikTali acep eTTi, by e3 KeseriHae 371eKTp 6anKpITy NPOLLECiHiH,
napameTpnepiH TyseTyre biknan etegi. COHbIMEH KaTap, KOMAapAblH Kenbip dusmkanbik
XMMUANBIK KacueTTepiHiH, mapraHel, ¢eppoKkopbiTnanapbiH 6ankpITy »KafaanapbiHa acep eTyi
KOXAAPAbIH KypambiMmeH 6aiNaHbICTbl 3epTTeNyi KaxKeT.

TyiliiH  ce30ep: TYTKbIp/AbIK, MapraHewl, KOPbITNaNapbiHbIH  KOXAApbl,  KpuUCTangaHy
TemnepaTypachl, akTUBTEHAIPY aHepruschl, Gasanblk Kypambl.
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AHHOTALMUA

Mpy aneKkTpomeTannyprum MapraHueBbIX CMaBOB Ha MOKasaTe/NM Npou3BOACTBA U3 GU3MKO-
XMMMUYECKMX CBOWMCTB LU/IaKa BaKHOE 3HAaYeHWe OKa3blBAeT BA3KOCTb. [1OCKO/IbKY Mpu BbiniaBke
MapraHLUeBbIX CMIaBOB OCHOBHOE KOMYECTBO Tenaa, 3aTpayMBaeTcA Ha BOCCTAHOBUTE/IbHblE
peaKkuuu, BblAENAETCA 33 CYET TOKA, MPOXOAALLEro Yepes KUAKYI Waakosyto $asy, NOCKONbKY
COMpOTUB/IEHME MOCNeAHel B 3aBUCMMOCTU OT COCTaBa BAMAET HA MNOJIHOTY BOCCTAHOB/IEHWA
MapraHua 13 pacnsiasoB. B cnyyae paduHupoBaHHOro dpeppomapraHua CUAUKOTEPMUYECKUM
cnocobom NoAaBAAOWANA YacTb KPEMHUA CUAMKOMApraHua paduHMPYeTCa BbICLIMM OKCUAAMMU
MapraHua Wau Ke BbIropaeT 3a cyeT Kucnopoga Bosgyxa. B paboTte npuBeaeHbl pesynbTaTbl
TepModU3MYECKMX CBOMCTB LWNAKOB npeacTasasaowyto cuctemy FeO — MnO — CaO — Al,O; —
SiO,. JlabopaTopHble OMbITbl NMPOBOAMIUCE HA CUHTETUYECKMUX LWNAKax, NyTeM BapbUpOBaHUsA
OCHOBHOCTM wWnaka Ca0/Si0; = 1,5-1,9 u KoHueHTpauum Al,Os B Wnake B npegenax 5-15%. B
pesynbTaTte NocTpoeHbl rpadrKM 3aBUCUMOCTU YKa3aHHbIX CBOMCTB OT TEMMEPATYPHbIX BEIUYMH,
paccuMTaHbl SHEPTUM aKTUBALMKU BA3KOIO TeyeHusa U onpeaeneHbl $a3oBble COCTaBbl OMbITHLIX
LLINIAKOB C UCMNONb30BAHMEM MaTeEMATUYECKOW Moaenu auarpammbl cuctemsl FeO — MnO — CaO —
Al;03 — SiO2. TakMm 06pa3oM, MOBbIWEHME KOHLEHTPAUMWM OKCMAA aNtOMUHWUA NPOTUB €ro
06bI4YHOTO YPOBHA, MEHAN OCHOBHOCTb LUAAKa, CYLLECTBEHHO NOBAUANO HA GU3MKO-XMMUYECKME
CBOWCTBA LUMAKOB, M Tem CamMbiM CNocobCTBYET KOPPEKTUMPOBKM NapameTpoB npouecca
3NEeKTPONNaBKK. MNpu 3Tom B3aMMOAENCTBME HEKOTOPbIX PUBUKO-XMMUYECKUX CBOWMCTB LUAKOB
Ha YCN0BUA MNaBKM MapraHLueBbix ¢peppocnnaBoB LesecoobpasHo n3yyaTb BO B3aMMOCBA3U C
COCTaBOM LU/IAKOB.

KntoueBble cnoBa: BA3KOCTb, WIAKM MapraHLeBblx CNAaBoB, TeMnepaTypa KpUcTanansaumm,

3Heprvs akTMeaumuu, Gasosblit COCTaB.
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