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Аннотация. При извлечении железа из медеплавильных шлаков образуется чугун с повышенным содержанием меди и кремния. Для оценки 

фазового и структурного состава мелющих тел, произведенных из такого чугуна, были рассчитаны фазовые равновесия в системе 
железо – углерод с добавлением разного количества меди и кремния. Расчеты были проведены с использованием программного комплекса 
ThermoCalс, который позволяет строить фазовые диаграммы по методу Calphad. В ходе расчетов были оценены температуры начала 
фазовых превращений с учетом всех возможных термодинамических фаз в системе при различных сочетаниях концентраций меди 
и кремния. 
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Abstract. To evaluate the phase and structural components of grinding media made of cast iron with a high content of copper and silicon obtained 

by extracting iron from copper-smelting slags, phase equilibria in the iron – carbon system were calculated with the addition of copper and silicon in 
various concentrations. The calculation was carried out using the ThermoCalc software package with construction of phase diagrams by the Calphad 
method. At the same time, temperatures of the beginning of phase transformations were estimated taking into account the presence of all thermody-
namically possible phases in the system at various combinations of copper and silicon concentrations. 
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 Introduction

Large quantities of copper-smelting slag, prima rily 
composed of iron, silicon, calcium, and aluminum oxides, 
have accumulated in waste dumps in areas where the non-
ferrous metallurgy industry is well-developed. The slag 
also contains small amounts of compounds of copper, zinc, 
selenium, arsenic, and other elements. Among the ele-
ments present, iron has the highest value in the slag. When 

iron is reduced by carbon under certain process condi-
tions, alloys of iron-carbon or iron-carbon-silicon with 
high copper and sulfur content are produced. The high 
copper content, which traditional methods cannot remove, 
prevents the use of such metal in iron and steelmaking. 
Therefore, a process for the deep processing of copper-
smelting slags is proposed to produce metal grinding media 
based on copper-containing iron-carbon-silicon alloys and 
ceramic proppants for the exploration and production sec-

Physico-chemical basics 
of metallurgical processes
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tor [1]. Currently, white wear-resistant eutectic cast irons 
are employed in the manufacture of grinding media from 
copper-containing material [2; 3]. Additional knowledge 
about phase transformations in the iron-carbon system, 
in the presence of copper and silicon, is neces sary to esti-
mate the phase and structural composition of the alloys 
obtained from the processed slag material.

 Research method

To construct the iron-carbon phase diagram with 
the presence of copper and silicon impurities, the Calphad 
method was employed using the ThermoCalc software 
package and the TCBIN database: TC Binary Solu-
tions v1.11. The Calphad method within ThermoCalc leve-
rages all available experimental data to derive the system’s 
thermodynamic functions, which are represented as poly-
nomials of chemical composition and temperature. Conse-
quently, the values of the polynomial coefficients are deter-
mined using numerical optimization methods2. To ascertain 
the phase transformations in the iron-carbon phase dia-
gram, copper in quantities ranging from 0 to 1.5 wt. % and 
silicon in the range of 0 to 3.5 wt. % were introduced into 
the system during the calculations. The pressure was set 
to 105 Pa, and the temperature was defined automatically. 

 Simulation result

The iron-carbon system, known for its five phases – 
ferrite (F), austenite (A), cementite (Ce), graphite, and 
one liquid phase–exhibits changes in carbon solubility 
when copper and silicon admixtures are present within 
specified limits. Copper, at quantities ranging from 0 

to 1.5 %, marginally decreases carbon solubility in aus-
tenite, reducing it from 2.14 to 2.0 %.

Additionally, adding silicon from 0 to 3.5 % along 
a vertical section of the iron – carbon – copper system 
(at 1 % copper) lowers the carbon solubility in austenite’s 
FCC lattice from 2.14 to 1.5 %. This addition also causes 
the ferrite phase region to expand and the eutectic point 
to shift towards a higher carbon concentration of 3.2 %, 
as illustrated in the accompanying figure.

 Conclusions

The calculations indicate that to produce white wear-
resistant cast iron with a eutectic composition suitable for 
manufacturing high-performance grinding balls, the slag 
processing material must contain approximately 1 % cop-
per, 3.5 % silicon, and 3.5 % carbon.
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