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Abstract: The growing need for recycling, along with the depletion of high-grade ore concentrates, has led to the inclusion of previously 

accumulated technogenic materials — such as metallurgical slags, sludge from settling ponds of recirculating water systems, and similar waste–

into the charge of primary smelting units. The share of such feedstock in the furnace charge now reaches approximately 25 %, which has resulted 

in serious technological disruptions to the stable operation of primary autogenous smelting units. In Vanyukov furnaces, this is manifested 

by the appearance – alongside the typical smelting products (matte and slag) – of a new atypical phase, the so-called intermediate layer. 

The formation of this layer leads to adverse effects, including the obstruction of flow paths from the furnace hearth to the slag and matte siphons, 

ultimately causing a complete shutdown of the unit. A sample of this abnormal product, collected from an industrial furnace during a period of 

process instability, was analyzed using differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and differential thermal 

analysis (DTA). These methods allowed the determination of temperature ranges corresponding to phase transformations of the components 

comprising the intermediate layer. The results obtained can be used to define optimal parameters for stable smelting operation and to develop 

technical solutions that prevent conditions favorable for the formation of refractory accretions.

Key words: charge, technogenic feedstock, low-energy-value feedstock, liquid-bath smelting furnace, Vanyukov furnace, matte, slag, smelting 

products, oxysulfide phase, energy-dispersive X-ray microanalysis (EDS), differential thermal analysis (DTA).
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Introduction

At the Polar Division of PJSC “MMC Norilsk 

Nickel” (PD NN), copper pyrometallurgical opera-

tions involve processing of copper sulfide feedstock to 

produce copper anodes, which are then transferred to 

the electrorefining stage for the production of cathode 

copper. One of the feed materials used in the process 

is technogenic feedstock. Its use is necessitated by the 

depletion of high-quality ores and the implementation 

of environmental programs [1]. The production tech-
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Аннотация: Современные требования, определяющие необходимость рециклинга, а также снижение объемов качественных 

рудных концентратов привели к вовлечению в переработку на головных плавильных агрегатах ранее накопленного техноген-

ного сырья – металлургических шлаков, илов прудов-отстойников систем оборотного водоснабжения и т.п. Доля такого сырья 

в загрузке плавильных агрегатов достигает уже ~25 %, что обусловило серьезные технологические сбои в устойчивом ведении 

процесса на головных автогенных плавильных агрегатах. Для печей Ванюкова это появление наряду с типичными продуктами 

плавки (штейна и шлака) нового атипичного продукта – так называемого промежуточного слоя, образование которого приводит 

к негативным последствиям, которые выражаются в запечатывании перетоков из горна печи в шлаковый и штейновый сифоны 

с последующей полной остановкой агрегата. Изучение такого аномального продукта, отобранного на промышленном агрегате в 

период отклонения от устойчивого ведения технологического процесса, методами дифференциально-сканирующей калориме-

трии, термогравиметрического и дифференциального термического анализа позволило определить температурные интервалы 

фазовых преобразований компонентов, входящих в состав промежуточного слоя. Полученные результаты помогут определить 

желаемые параметры устойчивого ведения процесса плавки и предложить технические решения, препятствующие неблагопри-

ятным условиям настылеобразования.
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nology includes several sequentially arranged pyrome-

tallurgical units, the primary of which is the Vanyukov 

furnace, a bath smelting unit. This is one of the mo-

dern and high-capacity pyrometallurgical units used to 

process copper sulfide materials. Global analogues of 

the Vanyukov furnace include bottom-blown smelting 

furnaces, Isasmelt (top-submerged lance) reactors, Mit-

subishi process furnaces with multiple non-submerged 

tuyeres, flash smelting furnaces, and others [2—5]. 
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In copper production at PD NN, silica-rich f luxes 

are used for slag formation. International industri-

al practice widely employs ferrosilicate slags in the 

processing of copper and copper-nickel sulfide feed-

stocks. Examples include the Olympic Dam smelter 

(Australia), Zhong Tiao Shan’s Houma smelter (Chi-

na), and Konkola Copper Mines (Zambia), among 

others [6—8]. The use of silica (SiO2) as a f luxing agent 

significantly facilitates the oxidative blowing of sulfide 

feedstock by forming slags with relatively low melting 

points. The binary FeO—SiO2 phase diagram is shown 

in Fig. 1. 

However, variations in feed composition under con-

stant oxidizing potential, disruption of process para-

meters, increased oxidant supply, natural gas shortag-

es (used to compensate heat losses), and other factors 

may lead to the formation of high-melting compounds 

in the furnace atmosphere of pyrometallurgical units. 

These compounds are represented by spinel-type pha-

ses of variable composition containing non-ferrous me-

tals [9; 10].

Since 2019, significant process disruptions have been 

observed in the operation of the Vanyukov furnace at the 

Copper Plant of PD NN due to considerable changes in 

the composition of the processed feedstock [11; 12]. One 

of the key issues has been impaired melt flow caused by 

a reduction in the cross-sectional area of the tapping 

channel. The narrowing of the flow path was attributed 

to the appearance of a new, atypical product in the 

smelting output — a so-called intermediate layer. This 

material forms a separate oxide phase with sulfide in-

clusions and occupies an interfacial position between the 

slag and matte phases [13]. The composition of this layer 

was initially unclear, necessitating further investigation 

into its origin and formation conditions. 

Similar issues have been encountered in the opera-

tion of the most widespread technology for processing 

copper and nickel sulfide concentrates — flash smelting 

[14—18]. As the intermediate layer became saturated 

with magnetite, it led to the formation of a solid phase, 

which eventually settled on the hearth and slag zone of 

the furnace. To mitigate the risk of accretion forma-

tion, a set of technological and engineering measures 

was implemented, involving modifications to both the 

equipment and the process parameters. For instance, 

at the Kalgoorlie Nickel Smelter operated by WMC 

(Australia), lime was added to the feed mix to lower the 

slag melting point and improve its f luidity, the smelting 

temperature was raised to 1360 °C, and smelting and 

converting operations were integrated within a single 

unit by installing six electrodes in the settling zone 

[19—22].

The objective of this study was to determine the 

mechanism and formation conditions of the interme-

diate heterogeneous layer during smelting in Vanyukov 

furnaces at the Copper Plant of PD NN, and to develop 

Fig. 1. Binary phase diagram of FeO–SiO2 system

Рис. 1. Диаграмма состояния двойной системы FeO–SiO2
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recommendations for ensuring stable operation at this 

production stage. 

Research methodology

The study was based on a sample of the intermediate 

layer collected in October 2023. The formation of this 

sample during that period was associated with a dete-

rioration in the composition of the processed charge. 

The sample represented an oxysulfide product (Fig. 2), 

in which oxide and sulfide regions of the intermediate 

layer were distinguishe. In this study, the two phases wee 

examined separately.

The atypical smelting product was studied using 

thermogravimetric analysis (TGA), differential ther-

mal analysis (DTA), differential scanning calorime-

try (DSC), X-ray diffraction analysis (XRD) [23—25], 

scanning electron microscopy (SEM), and energy-dis-

persive X-ray spectroscopy (EDS). It is worth noting 

that this combination of methods is widely applied in the 

study of technogenic material recycling and non-ferrous 

slag processing [26—32].

XRD analysis was performed using a Shimadzu 

XRD7000 diffractometer (Japan); thermal analysis 

(DTA and TGA) was carried out using Setsys Evolu-

tion-1750 (Setaram) and NETZSCH STA 409 PC/PG 

(Germany) thermal analyzers; SEM and EDS were 

performed using a Tescan 5130MM scanning elec-

tron microscope equipped with an Oxford Instruments 

INCA Energy microanalysis system and a YAG crys-

tal as a backscattered electron detector. Analytical 

chemistry methods were applied using iCAP 6500 Duo 

SSEA and iCAP 7600 Radial atomic emission spec-

trometers (Thermo Scientific, USA). Thermodynamic 

modeling was conducted using the FactSage software 

package (version 6.4.1, 2012).

The content of major elements in the sulfide and 

oxide parts of the intermediate layer is presented in 

Table 1.

Results of sulfide phase analysis

The elemental composition (see Table 1), X-ray dif-

fraction analysis (XRD, Fig. 3), scanning electron mic-

roscopy (SEM), and energy-dispersive X-ray spectros-

copy (EDS, Fig. 4) of the sulfide phase indicate that 

Fig. 2. General view of the atypical smelting product – intermediate layer: oxide phase (а, b) and sulfide phase (c, d)

Рис. 2. Общий вид атипичного продукта плавки – промежуточного слоя: оксидной (а, b) и сульфидной (c, d) фаз

a

c d

b
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it is close in composition to typical copper matte. The 

results of the bulk chemical analysis (Table 1) are con-

sistent with the phase composition data obtained by 

XRD, SEM, and EDS. The main components of the 

sulfide portion of the intermediate layer are copper (Cu, 

59.27 wt. %) and sulfur (S, 33.74 wt. %), along with a 

notable nickel (Ni) content of 5.19 wt. %. The contents 

of other elements do not exceed 0.5 wt. %. According to 

the XRD data, the dominant phase in the sulfide por-

tion is chalcocite (Cu2S) (Fig. 3). The SEM and EDS 

analyses reveal additional mineral phases, including me-

tallic solid solutions based on Cu—Ni alloys (Fig. 4, c), 

skeletal crystals of bunsenite (NiO) (Fig. 4, c, d), as well 

as less common olivine-group minerals such as lieben-

bergite (Ni2SiO4) (Fig. 4, d) and heazlewoodite (Ni3S2) 

(Fig. 4, b).

The conducted study demonstrated that the sulfide 

portion of the intermediate layer consists of distinct 

sulfide and metallic phases embedded in a structure of 

high-melting-point oxide material.

TGA and DTA of the sulfide phase were carried 

out under an argon atmosphere at a heating rate of 

30 °C/min up to a maximum temperature of 1100 °C. 

The resulting thermogram is shown in Fig. 5. The data 

indicate that mass loss begins gradually at approximately 

400 °C and accelerates above 700 °C. This behavior may 

Table 1. Elemental composition of the analyzed samples

Таблица 1. Элементный состав исследуемых проб

Component
Content of major elements, wt. %

Fe Ni Si Cu Al Ti Mg Zn Na Ca Co K S

Oxide phase 31.77 8.87 7.96 3.59 2.38 2.34 2.29 0.79 0.75 0.62 0.54 0.21 0.18

Sulfide phase 0.32 5.19 0.49 59.27 0.29 0.13 0.15 – 0.2 – – – 33.74

Fig. 3. X-ray diffraction pattern of the sulfide portion of the intermediate layer

Рис. 3. Рентгенограмма сульфидной части (промежуточного слоя) 

Fig. 4. General view of the sulfide sample (a) and phase distribution (b–d) in the analyzed material

Рис. 4. Общий вид проб сульфидной части (а) и распределение фаз (b–d) в исследуемой пробе

a c db
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be associated with the release of sulfur from Cu2S, either 

due to the β-to-δ phase transition of Cu2S or through 

δ-Cu2S dissociation accompanied by sulfur volati-

lization. The apparent endothermic effect observed at 

110 °C may be attributed to the relatively large sam-

ple mass (101 mg), which caused significant baseline 

drift in the DSC signal. Endothermic events record-

ed at 1077 °C and 1100 °C correspond to phase transi-

tion and subsequent melting of Cu2S (which, accord-

ing to phase diagrams, occurs at 1067 °C and 1105 °C, 

respectively) [33]. 

Results of oxide phase analysis

The main elements in the oxide portion of the inter-

mediate layer are Fe (31.77 wt. %) and O (37.35 wt. %). 

Nickel and silicon are present in subordinate amounts 

(~8 wt. %), while copper, aluminum, titanium, and 

magnesium are found in the range of 2—3 wt. %. The 

contents of other elements do not exceed 1 wt. %.

X-ray diffraction analysis (XRD, Fig. 6) of the oxi-

de phase showed that the sample contains spinel-type 

phases (magnetite), delafossite, cuprite, the tetragonal 

modification of SiO2, and forsterite. SEM and EDS 

analyses further revealed that the oxide phase is com-

positionally and structurally homogeneous. The bulk 

of the sample is represented by oxide phases of variable 

composition, with a total volume fraction of approxi-

mately 80—95 %. In addition to the above phases, the 

sample also contains: a complex silicate component in 

the amount of 10—15 vol. % (pyroxene, clinopyroxene); 

dispersed metallic copper particles with minor iron con-

tent, up to 160 μm in size, with a total volume fraction 

not exceeding 0.1 %; and metallic copper with inclusions 

of cuprous oxide (Cu2O).

Microstructural images of the oxide phase are pre-

sented in Fig. 7.

Additional analysis of the oxide portion was carried 

out using TGA and DTA, as was done for the sulfide 

part. The sample was tested under both inert (Ar) and 

oxidizing (O2) atmospheres. The heating rate in both 

cases was 15 °C/min to a maximum of 1450 °C, and 

the cooling rate was 30 °C/min. The thermogram of 

the oxide portion of the intermediate layer is shown in 

Fig. 8. The analysis showed that in an inert atmosphere, 

the sample mass remained unchanged. However, two 

endothermic effects were observed, starting at approxi-

mately 1057 °C (with a peak at 1110 °C) and 1355 °C. 

The exact peak of the second effect could not be deter-

mined due to the temperature limit of the equipment 

(1450 °C). The first effect is attributed to the melting of 

metallic copper present in the intermediate layer. The 

second effect is tentatively associated with the onset of 

magnetite melting; however, complete melting of this 

primary phase was not observed at these temperatures. 

This is consistent with literature data [34, 35], accord-

ing to which the melting point of magnetite exceeds 

1590 °C. 

In an oxidizing atmosphere (Fig. 8, c, d), two exo-

thermic effects accompanied by mass gain were ob-

served. These may be associated with partial oxidation 

of metallic or monovalent copper (Cu2O, CuFeO2) fol-

lowed by decomposition at temperatures above 1000 °C 

to divalent copper oxide. 

Fig. 5. Thermogravimetric and differential scanning calorimetry (DSC) results for the sulfide portion of the intermediate layer

Рис. 5. Общий вид результатов ТГА и ДСК для сульфидной части промежуточного слоя
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As the data show, the magnetite-based phase formed 

at high temperatures cannot be removed without process 

adjustments or additional measures due to its high melt-

ing point. On the other hand, the high oxidation poten-

tial of the environment in which copper sulfide ores or 

concentrates are processed in Vanyukov furnaces does 

not allow the reduction of previously formed overoxi-

dized refractory iron oxides. The primary cause of inter-

mediate layer formation is a disruption in the operating 

mode of the furnace, particularly when the oxygen con-

sumption ratio does not correspond to the composition 

of the processed feedstock. 

To address this, thermodynamic calculations were 

performed to evaluate the conditions under which so-

lid phase formation occurs in compositions close to the 

operational parameters of the Vanyukov furnace at the 

Copper Plant.

Thermodynamic modeling 
of copper sulfide feed oxidation

Table 2 presents the baseline compositions of the ma-

terials used in the thermodynamic calculations. These 

compositions are representative of the actual materials 

processed at the Copper Plant of PD NN. The mode-

ling was performed using the FactSage software packa-

ge [36].

The calculations were carried out in four stages. At 

the first stage, the process parameters were determined 

at t = 1300 °C obtain matte of the specified composition 

Fig. 6. X-ray diffraction pattern of the oxide portion of the intermediate layer

Рис. 6. Рентгенограмма оксидной части промежуточного слоя 

Fig. 7. General view of the oxide sample (a) and phase distribution (b, c) in the analyzed material

а: I – slag particles, II – bottom phase

b, c: 1 – iron oxide, 2 – copper-iron oxide, 3 – silicate phase

Рис. 7. Общий вид проб оксидной части (а) и распределение фаз (b, c) в исследуемой пробе

а: I – шлаковые частицы, II – донная фаза

b, c: 1 – оксид железа, 2 – оксид железа-меди, 3 – силикатная составляющая

a cb
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(Fe ~15 %) and a silica content in the slag of about 30 %, 

which corresponds to the products obtained at the Cop-

per Plant of the PD NN. A key requirement at this stage 

was the absence of solid phase formation in the system 

under consideration. At the second stage, the parameters 

established in Stage 1 were fixed, and the temperature 

was varied to identify the threshold conditions under 

which refractory compounds begin to form. At the third 

stage, the influence of copper concentrate—obtained 

from the flotation separation of nickel slag generated 

during copper production — on solid phase formation in 

the system was assessed at t = 1250 °C. The calculations 

were performed for a baseline case (without concentrate 

addition), assuming matte containing approximately 

15 % Fe and slag with about 30 % SiO2. At the fourth 

stage, for the slag composition from Stage 1 (where no 

solid phase had formed), a calculation was performed to 

evaluate the effect of increasing the system’s oxidation 

potential (via oxygen addition) on solid phase formation 

at a fixed temperature of 1250 °C.

Thus, in Stage 1, thermodynamic modeling was per-

formed to define conditions for the formation of a bottom 

phase containing ~15 wt. % Fe, with silica concentration 

in the slag at ~30 wt. %. The results were obtained under 

the following conditions: oxygen and quartzite additions 

of 14.8 and 17 rel. % relative to the metal-bearing feed, 

and a process temperature of 1300 °C.

Stages 2 to 4 were based on the parameters estab-

lished at Stage 1. Solid solution phases from the software 

database were used in the calculations, including: Spi-

nel-type phases of the AB2O4 or A3O4 type (with cation 

oxidation states 2+ and 3+); monoxides (AхO); clinopy-

roxenes ((A,B)2SiO); orthopyroxenes ((Mg,Fe)2Si2O6); 

wollastonite (CaSiO3); calcium silicate (Ca2SiO4); 

olivine ((Mg,Fe)2[SiO4]); cordierite (Al4Fe2Si5O18); 

mullite (Al6Si2O13). Figs. 9 and 10 show the results of 

thermodynamic calculations, including the most stable 

phases within the modeled temperature range. As seen 

from the data, under the current calculation parameters 

and compositions (see Table 2), solid phase formation 

begins at temperatures below 1225 °C. The solid phase 

consists of a spinel-type magnetite phase (~25 rel. % 

Fe3O4) and clinopyroxene-group phases composed 

of silicates containing Fe, Mg, and Ca, with a gene-

Fig. 8. TGA and DTA results for the oxide portion of the intermediate layer in argon (а, b) and oxygen (c, d) atmospheres

Рис. 8. Общий вид результатов ТГА и ДТА для оксидной части промежуточного слоя в атмосфере аргона (а, b) 

и кислорода (c, d)
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ral composition of xFeSi2O6 (where x = Mg, Ca, Fe, 

Fe3+). These phases account for approximately 75 rel. % 

of the total solid phase.

Fig. 9, b shows the modeling results for the ef-

fect of copper concentrate obtained from the f lo-

tation separation of copper production nickel slag 

on the formation of refractory phases. According to 

Table 2, this product is characterized by a reduced sul-

fur content and the presence of slag-forming compo-

nents along with oxides of non-ferrous metals and iron.

According to the data, at 1250 °C, the addition of more 

than 13 rel. % of this copper concentrate (derived from 

the flotation separation of nickel slag during the second 

stage of copper converting) to the metal-bearing charge 

results in the formation of refractory phases, which neg-

atively affect the processing of the feedstock. 

The study also examined slag behavior under in-

creased oxidation potential. According to the results in 

Fig. 10, adding more than 1 rel. % oxygen (relative to 

the slag mass) disrupts equilibrium and leads to the for-

mation of iron spinel phases similar to those identified 

in the experimental section. As the oxidation potential 

increases, the spinel fraction continues to grow, compli-

cating the smelting process and promoting the formation 

of an intermediate layer rich in sulfide inclusions.

The conducted calculations indicate that devia-

tions from standard operating conditions of the pyro-

metallurgical unit — whether due to changes in feed 

composition under a constant oxidation potential or 

due to increased oxidation potential with a stable feed 

composition — lead to the formation of high-melting 

compounds. These compounds cannot be decomposed 

under current processing conditions and, as a result, 

disrupt furnace operation. The destruction of such re-

fractory phases formed at elevated temperatures inside 

the furnace can be achieved through chemical interac-

tion with low-copper matte or by introducing metallized 

Fig. 9. Solid phase formation in slag as a function of (a) 

process temperature during oxidation of a copper-bearing 

sulfide charge and (b) the amount of copper concentrate 

(from white metal slag flotation) added to the charge

Spinel-type phase AB2O4 or A3O4 (oxidation states 2+ and 3+); 

cPyrA – clinopyroxene (A,B)2SiO6; OlivA – olivine (Mg,Fe)2[SiO4]; 

A and B = Fe, Fe3+, Mg, Ca, Al, etc.

Рис. 9. Формирование твердой фазы в шлаке 

в зависимости от температуры процесса при окислении 

медной металлсодержащей сульфидной шихты (а) 

и от количества вводимого медного концентрата 

от разделения файнштейна (b)

Шпинель вида AB2O4 или A3O4 (степень окисления 2+ и 3+); 

сPyrA – клинопироксен вида (A,B)2SiO6; OlivA – оливин 

(Mg,Fe)2[SiO4]; A и B – Fe, Fe3+, Mg, Ca, Al и др.

Table 2. Content of major components in the input feedstock materials

Таблица 2. Содержание основных компонентов в исходных веществах

Material
Content, wt. %

Ni Cu Co Fe S SiO2 CaO Al2O3 MgO O2

Metal-bearing feedstock 2.04 24.46 0.11 34.16 21.77 4.65 1.02 1.08 1.45 3.84

Flux – – – 2.51 0.16 78 2.46 5.41 1.46 0.96

Copper concentrate 

(from flotation of nickel slag) 10.44 53.25 0.167 12.95 10.5 4.35 1.10 0.59 1.26 4.4

Oxidant (O2) – – – – – – – – – 100
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and carbon-containing materials. Approaches to the 

breakdown of high-melting compounds in flash smelt-

ing furnaces have been addressed in previous studies 

[37; 38].

Conclusion

The study identified the composition of the atypi-

cal product formed in Vanyukov furnaces and charac-

terized the phase composition of the sulfide and oxide 

portions of the intermediate layer. The primary phase in 

the sulfide portion is chalcocite (Cu2S), while the oxide 

portion consists of spinel, delafossite (CuFeO2), cuprite 

(Cu2O), and clinopyroxene with a general composition 

of W1-p(X,Y )1+p[Z2O6], where W — Na, Ca; X — Mg, 

Fe2+, Mn, Ni, Li; Y — Al, Fe3+, Cr, Ti; Z — Si, Al. 

Thermal analysis (TGA and DTA) of the sulfide 

phase showed a 2 rel. % mass loss in an inert atmos-

phere, which is attributed to the release of sulfur from 

non-stoichiometric Cu2S1+х as it transitions to stoichio-

metric Cu2S. Endothermic effects were recorded at 

1077 °C and 1100 °C, associated with the phase trans-

formation and subsequent melting of Cu2S (consistent 

with phase diagram values of 1067 °C and 1105 °C, see 

Fig. 5). These results indicate that the phase remains in 

a liquid state under Vanyukov furnace conditions and 

that its presence in the intermediate layer reflects me-

chanical entrapment within the higher-melting oxide 

matrix.

In an inert atmosphere, the oxide phase exhibited no 

change in mass. However, two endothermic effects were 

observed at 1057 °C (peak at 1110 °C) and 1355 °C, cor-

responding to the onset of melting in iron-rich oxides 

containing nickel and copper.

Stable operation of the Vanyukov furnace for pro-

cessing the current feed composition — while avoiding 

the formation of refractory spinels — is constrained by 

the following factors:

— slag melt temperature must not fall below 1225 °c;

— the share of copper concentrate obtained from 

nickel slag flotation must not exceed 13 rel.% in 

the feed;

— excess oxidation potential in the slag system must 

be avoided (oxygen addition not exceeding 1 rel. %).

The results demonstrate that adjusting only the tem-

perature of the smelting process is insufficient to elim-

inate the intermediate layer, since the furnace typically 

operates at lower temperatures (up to 1350 °C). 

Thus, the most rational strategy for addressing such 

atypical products is to maintain strict control over 

the feed composition and the overall process parame-

ters. In cases where the intermediate layer has already 

formed, the most effective approach to its breakdown 

involves chemical interaction with lean matte, the use 

of metallized or carbon-containing additives, and op-

erating on lean matte to lower the oxidation potential 

of the system.

The findings of this study served as the basis for 

practical recommendations to ensure stable smelting 

operations in Vanyukov furnaces at the Copper Plant, 

particularly under conditions of fluctuating feedstock 

composition.
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