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ABSTRACT. The present study deals with the problem of raising the efficiency of direct doping of
steel and intensification of processes of  direct carbothermal reduction of doping elements. Solving of the
task of concentration ratios of reacting elements and optimization of temperature limits of the reaction
is considered as a rational way for the resolution of the problem. Thermodynamic modelling of kinetics
of carbothermal reduction of metals is offered as a key to the problem solution. The problem is discussed
on the example of thermodynamic computer modelling of kinetics of carbothermal liquid phase reduction
reactions of the complex oxide system of chromium, manganese and silica Cr2O3-MnO-SiO2. It has been
substantiated as a result of the study that in the case of choosing and maintenance of rational temperatures
of the reaction zone at direct doping of steel it is possible to increase by 10-15% the efficiency of
reduction of chromium, manganese and silica and their uptake by the melt. It has been established that
maximum possible efficiency of direct doping of steel in conditions of distribution at stoichiometric
concentration is achieved at the following ratio of oxide components 20-25 wt% of Cr2O3 and 80-75wt%
of [2MnO+SiO2] and maintenance of temperature within 1800-1950 K range in the liquid-phase transition
layer of slag-metal. © 2013 Bull. Georg. Natl. Acad. Sci.
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According to the world statistics, consumption
of iron and manganese ore has increased by 60% and
that of chromium ores – half as much over the past
ten-year period. Based on the trends in the global
industry development experts make prognosis that
deficiency of chromium metal ore resources will be-
come noticeable already in 2024, and also the threat
of depletion of manganese resources will become real.

Accordingly, the issue of reduction of losses of chro-
mium-manganese resources becomes very urgent, that
would only be achieved by modifying the structure
of their consumption and development of new re-
source-saving technologies, which may provide a
reduction of redistributions during the overall tech-
nological cycle. It is necessary to reduce the number
of technological operations both in the cycle of crude
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ore enrichment and in the production of mass and
structural steel. The reduction in a number of tech-
nological operations at mass production of steel
and alloys at the first instance implies replacement
of application of manganese and chrome ferroalloys
by the technology of direct doping by chromium-
manganese oxide materials [1]. Ores and concen-
trates, as well as anthropogenic waste and second-
ary resources of mining industry can be attributed
to such materials.

Modern technology of direct doping refers to the
complex process of deoxidization, modification and
alloying of cast iron, steel and other iron-carbon al-
loys that is carried out using the materials, commonly
applied for the production of corresponding ferro-
alloys, basically - oxides or carbonates, and  materi-
als containing elements with a high affinity to oxy-
gen  can be used as reducers of oxide or carbonate
compounds of alloying metals. For example, direct
doping technology of steel with manganese in es-
sence, mostly implies the use of alloy addition in the
form of manganese agglomerate or briquettes and
the reducer in the form of aluminum [2-5]. In this case,
the process of doping in steel-melting or steel-pour-
ing installation is organized in such a way which en-
sures synchronization of melting of briquettes, ag-
glomerate or initial reactant pellets and the reduction
process itself. This synchronization is achieved by
strict technological methods with the use of initial
raw materials of the desired fraction. As a result the
process of manganese and chromium reduction is
limited by the time of components melting and the
rate of chemical reaction. The direct doping technol-
ogy is not accompanied by the formation of irretriev-
able losses, the degree of manganese and chromium
extraction may reach 95%, while the loss at the
outrunnig oxidation (burning) of aluminum does not
exceed 5%. But still, in mass and structure steel in-
dustry for the purpose of maximum possible resource
saving that implies minimization or complete exclu-
sion of use of aluminum, the task of application of a
cheaper solid carbon as a reducer arises.

Discussion

 In [6] it is proved that, together with aluminum also
solid carbon could be applied a reducer. The works
[7,8] are also dedicated to the issue of application of
solid carbon or carbon-containing organic binder.

In contrast to cases with aluminum reducer, where
the reactions are of exothermic character and are car-
ried out in conditions of the auto wave synthesis [9],
here application of extra heat sources becomes nec-
essary. This can be easily solved at the implementa-
tion of the direct doping process in ladle furnaces for
out-of-furnace treatment of melts. In modern steel
production, the ladle furnace for out-of-furnace fin-
ishing, deoxidation and alloying of steel, mounted
on railcar has been used for decades, i.e. this neces-
sity does not make any additional technical compli-
cations.

In [7] the results of experiments carried out in the
laboratory were published. The possibility of joint
reduction of Mn and Cr from a mixture of manganese
and chromites concentrates by the optimal amount
of a carbon reducer, as well as certain equilibrium
reduction of Si are confirmed. The analysis of experi-
mental data of reduction processes was supported
by the amount of gasified oxygen as CO and CO2 and
the chemical composition of initial reagents. It is men-
tioned in the work that high technological param-
eters of extraction and recovery of alloying elements
by steel have been achieved. However, the work is
completely of planning-experimental character and
does not envisage the additional circumstances that
occur in real industrial conditions. First of all, it con-
cerns such disturbing factors of the manganese re-
duction process as the presence of silica. Even in the
considered examples [7] the ratio SiO2/Mn2O3 is equal
to 1:1. In the case of application of secondary man-
ganese-containing resources of ferroalloy produc-
tion the ratio SiO2/Mn2O3 would reach the level up to
2:5 and more, which would radically change the
course of reducing reactions and significantly reduce
the efficiency of the direct doping process. Results
of experiments [7] show that, due to the presence of
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silica in the manganese concentrate, extraction of
useful elements from the mixture of the direct doping
reaction on the average makes up to 63% for manga-
nese, up to 82% for chromium and 14% for the silicon
itself.

Since silicon is one of the most effective deoxidizer
elements of cast iron and steel, its inappropriate use,
on the one hand, and worsening of extraction indica-
tors of the deficient chromium and manganese, on the
other, prior to the technology of iron-carbon alloys
direct doping raise the problem of the necessity of
identification of ways for improving the efficiency of
the reduction process and maximum possible uptake
of target elements.

The solution of this problem first of all requires
study of the kinetics of processes of joint carbothermal
reduction of chromium, manganese and silicon oxides,
and the present work is dedicated to this issue.

As the kinetics of reduction processes is mainly
determined by thermodynamic properties of the sys-
tem of interacting components and reduction process
would be carried out in thermodynamic mode, it is
possible to model it using thermodynamic equilibrium
calculations [10,11]. In contrast to our recent studies
[12,13], according to the assigned task, in the present
work the factor of the presence of silica SiO2 is consid-
ered, that is a novelty from the viewpoint of thermo-

dynamic modelling of carbon-reducing processes in
complex oxide systems Cr2O3-MnO-SiO2  for the di-
rect doping technology of alloys.

Material and methods

In the work the multipurpose complexes of ASTRA
4/ðñ were applied for model thermodynamic calcula-
tions. The calculations were carried out in the tem-
perature range 800-2000 K, by 50! step at normal at-
mospheric pressures.

The following thermodynamic functions of the
following elements and compounds were considered
while modelling: condensed (C, Mn, Si, Cr, Mn3C,
Mn7C3, Mn23C6, SiC, Cr3C2, Cr7C3, Cr23C6,  Mn5Si3,
Mn3Si, MnSi, CrSi2, Cr5Si3, CrS, Cr3Si, CrMn3, MnO,
MnO2, Mn2O3, Mn3O4, SiO2, Gr2O3, CrO3, MnSiO3,
Mn2SiO4, MnCr2O4, Cr2SiO9) and gaseous (O, O2, O3,
C, C2, C3, C4, C5, CO, CO2,  C2O, C3O2, Cr, Cr2, CrO,
CrO3, Cr2O, Cr2O2, Cr2O3, CrC2, Si, Si2, Si3, SiO, SiO2,
Mn, MnO).

It was assumed at modeling that liquid metal al-
loy is formed by mutual dissolution of silicides, man-
ganese chromides and carbides obtained after the
reduction of these metals and the slag melt is created
as the compounds of oxides of silicon, manganese
and chromium silicates, and manganese chromites.
The main results of model thermodynamic calcula-

a) b) c)

Fig.1. The ratio of condensed phases. 1- Melted slag; 2- Metal solution; 3- Condensed carbon.
a) at a ratio of components 5-10 wt% Cr2O3 and 95-90 wt % (2MnO+SiO2);
b) at a ratio of components 15-20 wt% Cr2O3 and 85-80 wt % (2MnO+SiO2);
c) at a ratio of components 25 wt% Cr2O3 and 75 wt % (2MnO+SiO2);
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tions are presented in diagrams (Fig. 1, 3), where for
each of the compounds the ratios of condensed
phases - the slag melt, metal solution and condensed
carbon are identified. The composition of the result-
ing metal solution and the extraction coefficient
of the target elements Cr, Mn and Si is also
determined, depending on the temperature in the
range 1550-2000 K.

It is clear from the diagrams that raising the tem-
perature reduces the slag yield. At temperatures
above 1700 K the amount of generated slag intensely
decreases. Above 1800 K the slag yield practically
ceases and accordingly the amount of metal solution
increases. With raising the temperature up to 2000 K
metal yield would reach 80-99 wt%. The condensed
carbon slightly reduces up to 1700 K, but above this
temperature it increases at the expense of separately
condensed SiC.

Calculation data on determining the possible com-
position of the emitted metal solution are shown in
Fig. 2. Diagrams show that, depending on the tem-
perature and the ratio of initial oxide components the
amount of manganese in the metal solution can be
significantly reduced in the range of 1550-1700 K.
This can be explained by the accompanying reduc-
tion of chromium and silicon. At higher temperatures
(1700-2000 K) the content of manganese in the metal
solution slightly decreases. The reduced chrome ap-
pears in the metal above the temperature 1650 K. In
the temperature range 1650-1750 K the amount of
reduced chromium significantly increases. Above
2000 K the intensity of release of chromium slightly
increases and it may reach 30%. Silicon appears in
the metal above 1800 K temperature and its amount
increases with increasing the temperature. At 2000 K
the amount of silicon metal may reach 10%.

a) b) c)

d) e)

Fig.2. The composition of metal solution
1- Mn; 2- Cr; 3- Si; 4- C, at a ratio of  initial components: a) 5 wt% Cr2O3 and 95 wt% (2MnO+SiO2); b) 10 wt%
Cr2O3 and 90 wt% (2MnO+SiO2); c) 15 wt% Cr2O3 and 85 wt% (2MnO+SiO2); d) 20 wt% Cr2O3 and 80 wt%
(2MnO+SiO2); e) 25 wt% Cr2O3 and 75 wt% (2MnO+SiO2).
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The results of calculation of the metal extraction
are presented in Fig. 3. It follows from the diagrams
that for the composition (a) of oxide compounds the
maximum possible reduction of manganese is already
completed at 1550 K temperature. Theoretically the
extraction would make up to 99.8 wt%. For silicon,
the temperature of possible maximum reduction is
equal to 2000 K, the extraction in this case makes up
to 19.10 wt%. For chromium the maximum extraction
is provided at 1900 K, the extraction would make up
to 99.85 wt%. For the composition (b) in contrast to
the composition (a) the extraction of silicon increases
up to 37 wt%. At the ratio of the components (c) the
extraction of silicon makes up to 45 wt%. For the
composition (d) the degree of reduction of silicon
increases up to 64 % and at the ratio of components
(e) the extraction is equal to 99.9%

The analysis of results of modelling the kinetics
of the carbothermal reduction of complex oxide sys-
tems Cr2O3-MnO-SiO2 shows that the effective im-
plementation of direct doping technology of steel
and alloys by chrome-manganese oxide materials re-
quires high temperature in the transition slag-metal
layer of the processed metal. In particular, the tem-
perature of the melted processed alloy should not be
reduced below 1750 K, and the highest efficiency of
direct doping technology is achieved at the ratio of
oxide components 20-25 wt% Cr2O3 and 80-75 wt%
(MnO • SiO2), while maintaining the temperature of
melt within the range of 1800-1950 K.

Consideration in practice of the results of model
thermodynamic calculations may essentially improve
the technical and economic indices of direct doping
technology of iron-carbon alloys. In particular, it

a) b) c)

d) e)

Fig.3. Metal extraction 1- Mn; 2- Si; 3- Cr; at the ratio of initial components:
a) 5 wt% Cr2O3 and 95 wt% (2MnO+SiO2); b) 10 wt% Cr2O3 and 90 wt% (2MnO+SiO2); c) 15 wt% Cr2O3 and 85
wt% (2MnO+SiO2); d) 20 wt% Cr2O3 and 80 wt% (2MnO+SiO2); e) 25 wt% Cr2O3 and 75 wt% (2MnO+SiO2).

T,K T,K

T,KT,KT,K


















90 Inga Janelidze, Gigo Jandieri, Emzar Janelidze

Bull. Georg. Natl. Acad. Sci., vol. 7, no. 2, 2013

would be possible to provide 99% uptake of manga-
nese and chromium and 84% uptake of silicon.

Conclusion. Thus, it can be concluded that re-
placement of costly aluminum reducer by cheap solid
carbon is advisable in direct doping technology of
steel and alloys in conditions of additional external
thermal action in the medium of ongoing reduction
reactions. Application of modern ladle furnaces may

metalurgia

foladis pirdapiri legirebis efeqturobis
amaRleba oqsiduri Gr2O3-MnO-SiO2 sistemebis
karboTermuli aRdgeniTi procesebis
modelirebiT
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naSromSi ganxilulia  foladis  pirdapiri legirebis efeqtianobis amaRlebisa  da
malegirebeli elementebis pirdapiri karboTermuli aRdgeniTi procesebis intensifikaciis
problema. problemis gadaWris racionalur gzad dasaxulia moreagire elementebis
koncentraciuli  Tanafardobisa  da sareaqcio  temperaturuli  zRvrebis  optimizaciis
amocanis gadawyveta. dasmuli amocanis gadawyvetis gzad SemoTavazebulia liTonTa
karboTermuli aRdgeniTi reaqciebis kinetikis Termodinamikuri modelireba.
problema ganxilulia qromis, manganumisa da kaJbadis kompleqsuri oqsiduri  sistemis
Gr2O3-MnO-SiO2 komponentTa karboTermuli Txevadfazuri aRdgeniTi reaqciebis kinetikis
Termodinamikuri kompiuteruli modelirebis magaliTze. kvlevis Sedegad  dasabuTebulia,
rom foladis pirdapiri legirebisas, sareaqcio zonis racionaluri  temperaturuli
reJimebis SerCevisa da uzrunvelyofis  SemTxvevaSi, SesaZlebelia  qromis, manganumisa da
kaJbadis aRdgenisa da Txevadi nadnobis mier aTvisebis procesis efeqtianobis amaRleba
10-15%-iT. dadgenilia, rom foladis pirdapiri legirebis maqsimalurad SesaZlo
efeqtianoba aRmdgeneli naxSirbadis steqiometruli koncentraciiT ganawilebis  pirobebSi

provide stable maintenance of the specified thermal
conditions.

Minimization of aluminum consumption and im-
proving of the degree of uptake of chromium, manga-
nese and silicon, despite a slight increase in electric
power consumption, will significantly increase the
efficiency of the technology of direct doping of iron-
carbon alloys.
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miiRweva  oqsiduri  komponentebis  koncentraciuli ganawilebisas - 20-25 mas.% Cr2O3
da 80-75 mas.% [2MnO+SiO2], aRdgeniTi reaqciis mimdinareobisas wida-foladis
Txevadfazuri ganSrevebis zonaSi temperaturis 1800-1950K zRvrebSi SenarCunebis  pirobebSi
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