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METALLURGY OF NON-FERROUS METALS / МЕТАЛЛУРГИЯ ЦВЕТНЫХ МЕТАЛЛОВ

UDC 66.01

https://doi.org/10.17073/0021-3438-2024-4-5-10

Research article

Научная статья

©  2024  P.A. Solodovnikova, M.A. Mashkovtsev, V.N. Rychkov, G.V. Ginko, T.E. Telegin, M.V. Ugryumova

Investigation of the conditions (nature) 
of pentacoordinated aluminum oxide formation
P.A. Solodovnikova1, M.A. Mashkovtsev1,2, V.N. Rychkov1, G.V. Ginko1, 
T.E. Telegin1, M.V. Ugryumova1

1 Ural Federal University n.a. the First President of Russia B.N. Eltsin
  19 Mira Str., Ekaterinburg 620002, Russia 

2 Institute of High Temperature Electrochemistry of the Ural Branch of the Russian Academy of Sciences
  20 Akademicheskaya Str., Ekaterinburg 620137, Russia 

  Polina A. Solodovnikova (solly.polly@yandex.ru)

Abstract: Aluminum oxide is widely used as a catalyst carrier, including in internal combustion engine systems, where operating temperatures 

exceed 1000 °C. As such, aluminum oxide must exhibit enhanced thermal stability. This property is linked to the presence of pentacoordinated 

centers on the surface of the γ-phase of Al2O3. This paper examines the effect of the pH during aluminum hydroxide precipitation on the 

formation of pentacoordinated centers on the surface of aluminum oxide. The samples of aluminum hydroxide were synthesized via controlled 

double-jet precipitation, followed by thermal decomposition into oxides. Precipitation was carried out at constant pH levels, and for comparison, 

parallel samples were synthesized at pH values of 5, 6, 7, 8, and 9. The precursors for precipitation were a 1 M aluminum nitrate solution (Al3+) 

and a 10 wt. % ammonia solution (NH4OH). The solutions were introduced into the reactor in a dropwise mode with continuous stirring. 

The resulting aluminum oxide samples were analyzed using X-ray diffraction and nuclear magnetic resonance techniques. The data show a 

direct correlation between the pH of aluminum hydroxide precipitation and the presence of pentacoordinated centers on the aluminum oxide 

surface: the higher the pH, the lower the content of pentacoordinated atoms. Additionally, a relationship was observed between the pH value 

and the size of the coherent scattering region, with an increase in coherent scattering observed at higher pH levels.

Keywords: pentacoordinated aluminum oxide, thermostability, controlled double-jet precipitation.

For citation: Solodovnikova P.A., Mashkovtsev M.A., Rychkov V.N., Ginko G.V., Telegin T.E., Ugryumova M.V. Investigation of the conditions 

(nature) of pentacoordinated aluminum oxide formation. Izvestiya. Non-Ferrous Metallurgy. 2024;30(4):5–10. 

https://doi.org/10.17073/0021-3438-2024-4-5-10

Исследование условий (природы) образования 
пентакоординированного оксида алюминия
П.А. Солодовникова1, М.А. Машковцев1,2, В.Н. Рычков1, Г.В. Гинько1, 
Т.Е. Телегин1, М.В. Угрюмова1

1 Уральский федеральный университет им. первого Президента России Б.Н. Ельцина
  Россия, 620002, г. Екатеринбург, ул. Мира, 19

2 Институт высокотемпературной электрохимии УрО РАН
  Россия, 620137, г. Екатеринбург, ул. Академическая, 20

  Полина Александровна Солодовникова (solly.polly@yandex.ru)

Аннотация: Оксид алюминия находит широкое применение в качестве носителя катализаторов, в том числе в системах двига-

телей внутреннего сгорания автомобилей, где рабочие температуры достигают свыше 1000 °С, в связи с чем он должен обладать 

повышенной термической устойчивостью, или термостабильностью. Данный параметр связывают с наличием пентакоордини-

рованных центров на поверхности γ-фазы Al2O3. В настоящей работе описано влияние pH осаждения гидроксида алюминия 

на присутствие пентакоординированных центров на поверхности оксида алюминия. Методом контролируемого двухструйного 

осаждения синтезировали образцы гидроксида алюминия с его последующим термическим разложением до оксидов. Осажде-
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Introduction

Aluminum oxide is widely used in industry due to 

its highly developed specific surface area, which is sig-

nificantly influenced by the synthesis method and con-

ditions [1—13]. Aluminum oxide powder is a key com-

ponent of automotive catalysts, serving as a carrier for 

precious metal particles on its surface [7—9; 11]. For 

automotive catalysts, aluminum oxide powders must ex-

hibit a stable structure, high specific surface area, and 

developed porosity, while being resistant to extreme 

operating temperatures up to 1100 °C. These properties 

largely depend on the presence of pentacoordinated alu-

minum oxide atoms (AlV), also known as penta-centers 

[13—17].

Precipitation is the most common method for syn-

thesizing pentacoordinated aluminum oxide due to the 

process’s simplicity from a technological perspective. 

Aluminum salt solutions are often used as the precur-

sor, with the choice of precipitant solution depending 

on the pH. A specific case is the controlled double-jet 

precipitation (CDJP) method, where the process is con-

ducted at a constant pH with discrete dropwise addition 

of solutions into the reactor. After precipitation, the re-

sulting suspension undergoes various processing steps, 

including filtration, drying, and calcination, producing 

aluminum oxide [18; 19].

The calcination temperature significantly affects 

the structure of the resulting oxide [18]. For instance, 

low-temperature phases of aluminum oxide form at tem-

peratures up to 700 °C, while high-temperature phases 

form at temperatures above 700 °C [20]. 

Particular attention is given to the γ-phase of alu-

minum oxide, which is a metastable, transitional, 

structurally polymorphic form [21—26]. The bulk and 

surface structures of γ-aluminum oxide, along with its 

formation and thermal stability, have been the subject 

of numerous studies [21—26]. However, due to the low 

crystallinity and corresponding small particle size of 

γ-aluminum oxide, traditional analytical methods for 

determining its surface structure are significantly li-

mited.

Several authors have reported that pentacoordi-

nated Al3+ atoms are present on the surface of the 

γ-phase of aluminum oxide [13—17], which affect the 

material’s thermal stability by interacting with the ca-

talytically active phase. The detection of coordination 

centers (tetra-, penta-, or octa-) is possible using nuclear 

magnetic resonance (NMR).

It should be noted that the literature lacks data on the 

influence of the synthesis pH on the formation of pen-

tacoordinated centers, as well as on the relationship be-

tween the presence of pentacoordinated centers and the 

crystallite characteristics of aluminum oxide obtained at 

various pH levels.

The aim of this study is to investigate the effect of the 

synthesis pH of aluminum hydroxide on the formation of 

pentacoordinated Al3+ atoms in its oxide.

Materials and method

Controlled double-jet precipitation of aluminum 

hydroxides at constant pH in batch mode was selected 

as the synthesis method for the samples. After precipi-

tation, the samples were dried and calcined, resulting in 

aluminum oxide.

The synthesis of the samples was conducted as fol-

lows: aluminum nitrate and ammonia solutions were 

added dropwise while maintaining a constant pH 

throughout the precipitation process. The selected pH 

values were 5, 6, 7, 8, and 9.

The concentrations of the precipitation solutions 

were as follows: С(Al3+) = 1 М and 10 wt. % NH4OH. 

To produce 100 g of aluminum oxide, 2 L of alumi-

num nitrate solution was used. The process was car-

ried out at room temperature, with the stirrer set at 

500 rpm, and aluminum nitrate solution was fed at a 

rate of 10 mL/min. Drying was conducted in an oven for 

ние проводили при поддержании постоянного значения pH, и для сравнения были синтезированы параллели при постоянных 

значениях pH = 5, 6, 7, 8 и 9. Исходные реагенты для осаждения представляли собой раствор нитрата алюминия (Al3+ = 1 М) 

и раствор аммиака (10 мас. % NH4OH). Растворы подавали в реактор в капельном режиме при постоянном перемешивании. По-

лученные образцы оксида алюминия исследовали методами рентгенофазового анализа и ядерного магнитного резонанса. Полу-

ченные данные свидетельствуют о прямой зависимости между значением pH осаждения гидроксидов алюминия и образованием 

пентакоординированых центров на поверхности получаемых оксидов алюминия: чем выше значение pH осаждения, тем меньше 

содержание пентакоординированных атомов. Кроме того, была обнаружена зависимость между значением pH осаждения и раз-

мерами области когерентного рассеяния – наблюдался ее рост с увеличением pH.

Ключевые слова: пентакоординированный оксид алюминия, термостабильность, контролируемое двухструйное осаждение.

Для цитирования: Солодовникова П.А., Машковцев М.А., Рычков В.Н., Гинько Г.В., Телегин Т.Е., Угрюмова М.В. Исследо-

вание условий (природы) образования пентакоординированного оксида алюминия. Известия вузов. Цветная металлургия. 

2024;30(4):5–10. https://doi.org/10.17073/0021-3438-2024-4-5-10
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4 h at 130 °C. The thermal treatment involved heating 

at a rate of 500 °C/h to 500 °C, holding at 500 °C for 

4 h, followed by cooling in the furnace to room tem-

perature.

After synthesis, the content of pentacoordinated 

aluminum oxide atoms was determined by nuclear mag-

netic resonance (NMR), and the values of the coher-

ent scattering region (CSR) were calculated after con-

ducting X-ray phase analysis.
27Al NMR spectrа were recorded at room tempera-

ture using an “Agilent VNMR 400” pulsed spectrometer 

(USA) at a frequency of 104.23 MHz with magic angle 

spinning (MAS). The rotor spinning frequency was 

10 kHz. The spectra were processed using the “Dmfit” 

program.

The phase composition of the samples was deter-

mined using X-ray diffraction analysis. Measurements 

were performed over angles ranging from 10° to 80°. The 

X-ray patterns were processed using the “OriginPro” 

software, with baseline subtraction and smoothing of 

the peaks.

Results and discussion

The obtained nuclear magnetic resonance (NMR) 

results are presented in Fig. 1. Data are shown for the 

two samples that differ most significantly in terms of 

penta-center content, synthesized at pH = 5 and pH =

= 9. The samples were labeled accordingly. NMR spec-

trum analysis revealed that the sample labeled pH = 9 

does not have pentacoordinated aluminum atoms on its 

surface, as indicated by the absence of the corresponding 

peak. In contrast, the sample labeled pH = 5 is charac-

terized by the presence of a peak, which corresponds to 

the presence of pentacoordinated centers.

Figure 2 presents the X-ray diffraction patterns for 

the same samples. The X-ray diffractograms show that 

the degree of crystallization of the samples varies de-

pending on the pH of the precipitation, and all samples 

consist of γ-Al2O3 (JCPDS, 10-0425). No impurities 

of aluminum hydroxide or high-temperature phases of 

aluminum oxide were detected. As the precipitation pH 

increases, a decrease in peak width at half maximum 

is observed, indicating an increase in crystallite size. 

The X-ray diffractograms of the sample at pH = 9 are 

characterized by sharp peaks, with the pH = 9 sample 

exhibiting higher crystallinity than the pH = 5 sample. 

Additionally, the pH = 5 sample shows the highest num-

ber of defects.

The crystallite sizes of the aluminum oxide samples 

were calculated using the Scherrer method. It was found 

that the crystallite size increases with the rise in the pH 

of the precipitation process. The data obtained are pre-

sented below:

Sample ................Al-5      Al-6      Al-7      Al-8      Al-9

Size, nm ..............1,17        1,71      2,52       3,31       3,67

Based on the research results, correlations were es-

tablished between the pH values of the precipitation and 

the proportion of pentacoordinated Al3+ atoms, as well 

as the size of the coherent scattering region (CSR). A de-

pendence of the studied parameters on the pH of precip-

itation was demonstrated: the proportion of pentacoor-

dinated Al3+ atoms decreases with increasing synthesis 

pH (Fig. 3), while the crystallite size, on the other hand, 

increases (Fig. 4). 

Fig. 1. NMR spectra of aluminum oxide samples

Рис. 1. ЯМР-спектры образцов оксида алюминия

Fig. 2. XRD diffractograms of aluminum oxide samples

Рис. 2. Рентгенограммы образцов оксида алюминия
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The sample labeled pH = 5 exhibits the highest 

number of defects and the greatest proportion of pen-

tacoordinated aluminum atoms, while the sample labe-

led pH = 9 is characterized by the fewest defects and a 

significantly lower content of pentacoordinated atoms. 

Overall, as the pH of precipitation and the size of the 

CSR increase, the content of penta-centers in alumi-

num oxides decreases significantly.

Conclusion

The study demonstrated that the pH of aluminum 

hydroxide precipitation has a substantial effect on the 

content of pentacoordinated atoms in the resulting 

oxides. As the pH of precipitation and the size of the 

CSR increase, the proportion of pentacoordinated 

atoms on the surface of aluminum oxide decreases. 

These findings can be applied in further research into 

the mechanism of pentacoordinated atom formation 

on the surface of aluminum oxide, which holds prac-

tical value in the production of catalyst supports and 

adsorbents.
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Abstract: The article focuses on researching the technology of cementation purification of zinc sulfate solutions from impurities that adversely 

affect the electrolysis of zinc. The purpose of this work is to explore new approaches for deep cementation purification of solutions, aimed at 

reducing the consumption of zinc dust and activating additives (antimony and copper compounds) in the technological process, while improving 

the quality of the purified solution by decreasing the content of cobalt, nickel, and cadmium in the solution supplied for zinc electrolysis. In this 

study, a new technology for the cementation purification of industrial solutions was developed, which includes the following stages of impurity 

removal using zinc dust: preliminary purification stage to remove copper to a concentration of 90–110 mg/L; co-precipitation of copper, 

cadmium, cobalt, and nickel with the addition of antimony trioxide; deep purification of the solutions from all impurities remaining after the 

first stage. The purification process was conducted under the following conditions: the preliminary deposition took place at a temperature 

of 50 °C, with a duration of 30 min and a zinc dust consumption of 0.2–0.4 g/L; the first purification stage occurred at a temperature 

of 80 °C, for a duration of 1 h, with a zinc dust consumption of 2–3 g/L, and an antimony dosage of 3–6 mg/L; the second purification stage 

was carried out at a temperature of 75–80 °C, for a duration of 1 h, with a zinc dust consumption of 2–3 g/L, and dosages of copper sulfate and 

antimony at 50 mg/L and 2–3 mg/L, respectively.
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Аннотация: Статья посвящена исследованиям технологии цементационной очистки сульфатных цинковых растворов от 

примесей, отрицательно влияющих на электролиз цинка. Цель работы – поиск новых вариантов глубокой цементационной 

очистки растворов, позволяющих сократить расходы цинковой пыли и активирующих добавок (соединений сурьмы и меди) в 

технологическом процессе и улучшить качество очищенного раствора (снижением в нем содержаний кобальта, никеля, кад-

мия), подаваемого на электролиз цинка. Разработана новая технология цементационной очистки промышленных растворов, 

включающая следующие три стадии цементации примесей цинковой пылью: предварительная – очистка растворов от меди 

до концентрации 90–110 мг/л; первая – совместное осаждение меди, кадмия, кобальта, никеля с добавкой триоксида сурьмы; 

вторая – глубокая очистка растворов от всех оставшихся после 1-й стадии примесей. Эти стадии осуществлялись при следую-

щих режимах: предварительное осаждение протекало при температуре t = 50 °С, продолжительности τ = 30 мин и расходе 

цинковой пыли m = 0,2÷0,4 г/л; 1-я стадия очистки – t = 80 °С, τ = 1 ч, m = 2÷3 г/л, дозировка по сурьме – 3–6 мг/л; 2-я стадия 

очистки – t = 75÷80 °С, τ = 1 ч, m = 2÷3 г/л, дозировка медного купороса по меди – 50 мг/л, по сурьме – 2–3 мг/л. Разработанный 
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Introduction

In recent years, there has been an increasing de-

mand for high-quality zinc of the “Special High Grade” 

(SHG), in which the zinc content is 0.015 wt. % higher 

compared to the TsОА grade zinc (Table 1).

One of the main requirements for producing 

high-quality zinc is obtaining solutions that are deeply 

purified from cobalt and nickel. This becomes more 

challenging at facilities with high levels of organic 

matter, iron, and other impurities in the electrolytes, 

which are processed for cementation purification. The 

operational practices of zinc plants show that cobalt is 

the primary impurity in zinc solutions, and other trace 

impurities are highly correlated with it. In 95 cases out 

of 100, it can be assumed that removing cobalt from 

the solutions to concentrations of less than 1 mg/L re-

duces the other impurities to levels acceptable for elec-

trolysis [1; 2].

Analysis of studies on the kinetics 
of cementation with zinc dust

As a rule, the cementation process proceeds quick-

ly compared to corrosion and cannot be characterized 

by a single mechanism from start to finish. The entire 

cementation process, from the moment the cementing 

metal comes into contact with the solution to the final 

stage of reaction slowdown, can be divided into several 

distinct periods, each governed by its own laws [3].

A typical kinetic curve of the cementation process 

rate is presented in Fig. 1. Its form allows for the iden-

tification of four periods in the cementation process. As 

noted in the study [3], period I is observed only when 

метод позволяет снизить содержание примесей в исходном растворе до необходимых пределов для электролиза высококаче-

ственного цинка марки SHG. При этом расход цинковой пыли на первую и вторую стадии цементации должен уменьшиться 

до 35 кг/т цинка.

Ключевые слова: цементация, кобальт, кадмий, никель, медь, цинковая пыль, триоксид сурьмы, температура, очищенный для 

электролиза раствор.

Для цитирования: Колесников А.В., Агеенко Е.И. К вопросу цементационной очистки цинковых растворов. Известия вузов. 
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Table 1. Chemical compositions (wt. %) of zinc grades TsОА and SHG

Таблица 1. Химический состав (мас. %) цинка марок ЦОА и SHG

Zinc grade
Zn, 

not less than

Impurities, not more than

Pb Cd Fe Cu Sn Al

TsОА 99.98 0.01 0.003 0.003 0.001 0.001 Not standardized

SHG 99.995 0.003 0.003 0.002 0.001 0.001 0.005

passivating films are present on the surface of the metal 

and is associated with their removal due to dissolution 

upon interaction with the electrolyte. However, if the 

metal surface is in an active state (without passivating 

films) at the moment of contact with the solution, the 

surface activation period is absent, and cementation be-

gins immediately after the metal is immersed in the elec-

trolyte, i.e., without an induction period.

According to [3], the second period (II) is associ-

ated with the process of forming the cathodic surface, 

which cannot be separated from the process of its growth 

Dependence of cementation rate on time

I, II, III, IV – periods of the cementation process

Зависимость скорости цементации от времени

I, II, III, IV – периоды процесса цементации
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in thickness. As soon as the first crystallization centers 

of the reduced metal appear, the growth of the existing 

centers begins simultaneously with the formation of new 

ones.

The third period (III) is the main phase of the pro-

cess, during which the precepitation of the reduced met-

al primarily grows, and the concentration of its ions in 

the solution decreases. The rates of side reactions during 

the main period can generally be neglected. 

The fourth period of cementation (IV ) is the final 

phase of the reaction’s slowdown, which is typically ac-

companied by a significant increase in the role of side 

reactions (see the dashed line in Fig. 1). These side reac-

tions often terminate the reduction process long before 

thermodynamic equilibrium is reached [3].

In the hydrometallurgical production of zinc, the 

neutral zinc solution (pH = 5.0÷5.2) obtained after the 

complete dissolution of roasted zinc concentrate in sul-

furic acid undergoes cementation purification to remove 

copper, cadmium, nickel, cobalt, antimony, thallium, 

and certain uncontrolled trace impurities. 

Cementation precipitation of impurity metals 

(MeZ+) from the solution is carried out using metallic 

zinc. This process is based on the fact that zinc does 

not contaminate the zinc solution and is more elec-

tro-negative than the precipitated impurities, which is 

why it acts as a reducing agent for impurity cations. The 

impurities precipitated on the zinc during cementation 

form the following decreasing series in terms of cemen-

tation rate at temperatures  70 °C: Cu > Cd > Ni > Co, 

while Fe2+ does not precipitate. At temperatures above 

80 °C, as noted in the literature, cadmium precipitates 

less than nickel and cobalt. This order is typical for the 

impurity concentrations encountered in zinc produc-

tion.

The tasks of cementation purification of zinc solu-

tions from impurities include the following:

— improving the degree of solution purification;

— increasing the cadmium content in the cementa-

tion precipitates (a raw material for cadmium produc-

tion);

— reducing the specific consumption of the cement-

ing agent (zinc dust).

The factors influencing the cementation process 

include temperature, pH level, the quantity and ratio 

of precipitated impurities, the mass of solid suspended 

particles in the initial solution, the duration of the oper-

ations, and the methods for separating the cementation 

precipitates from the solution [1].

The degree of cementation purification of the neu-

tral solution effectively increases only during a limit-

ed contact time between the zinc dust and the solution 

(20—30 min). After that, the oxidation of the reduced 

cadmium begins to dominate over the precipitation of 

impurities, and the purification performance no longer 

improves, and may even worsen if “fresh” cementing 

agent is not added [1].

Thus, the intensification of cementation, as shown in 

the aforementioned studies, is achieved by the following 

methods:

— increasing the specific consumption and dispersi-

ty of the zinc dust;

— using activators for zinc dust; 

— increasing the temperature to the optimal level; 

— increasing the stirring rate of the solution; 

— avoiding prolonged contact between the solution 

and the cementing agent.

In the initial stages of cementation purification, 

copper and cadmium are usually removed. Copper is 

relatively easily removed from the solution with a sto-

ichiometric consumption of zinc, while complete re-

moval of cadmium is more challenging, as its cementa-

tion precipitate can redissolve. The presence of arsenic, 

antimony, germanium, and oxidizers like Fe3+ in the 

zinc solution promotes the dissolution of cadmium pre-

cipitates [2].

An understanding of which metals can be precipi-

tated from a solution via cementation with zinc can be 

gained by comparing the standard electrode potentials 

of the metals. Electrochemical theory suggests that all 

metals with a standard potential more positive than 

–0.763 V can be cemented with zinc.

Practical approaches to purifying zinc 
solutions from impurities that negatively 
impact zinc electrolysis

Based on data from the information-analytical 

database [1], we analyzed the technologies and puri-

fication parameters used by 32 plants worldwide for 

cobalt removal, considering both periodic and con-

tinuous schemes, the number of purification stages, 

activators, purification temperatures, and the cobalt 

content in the purified solutions. The majority of 

plants use continuous impurity removal processes, 

typically with two or three stages. In 22 % of the cases, 

α—β-naphthol is used as an alternative to zinc dust 

for cobalt removal. The most common temperature 

range for cobalt purification is 60—70 °C. The level 

of cobalt removal is relatively consistent, with final 

concentrations ranging between 0.1 and 2.0 mg/L. 

Common zinc dust activators include Sb2O3, As2O3, 

CuSO4, with Schlippe’s salt and potassium tartrate 

used less frequently.
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One zinc plant implemented a two-stage purifica-

tion process using zinc dust with different particle si-

zes: +0.063—0.25 mm in the first stage and –0.063 mm 

in the second. In the second stage, copper sulfate and 

antimony compounds were added as activators. This 

stage operated at a temperature of 70—90 °C. The first 

stage was designed to reduce copper and cadmium con-

centrations in the solution to less than 1 mg/L (Cu) and 

7—10 mg/L (Cd), resulting in a copper-cadmium cake 

that could be used for cadmium production. The se-

cond stage focused on purifying the solution from nickel, 

cobalt, cadmium, and other impurities to meet the spe-

cifications required for SHG zinc electrolysis [1]. How-

ever, when the new scheme was introduced, challenges 

emerged in preparing the solutions for zinc electrolysis. 

The situation became more complex when the plant pro-

cessed zinc concentrates and oxidized ores with high 

cobalt and nickel content, leading to increased levels of 

these metals in the zinc solutions undergoing cemen-

tation purification. This situation necessitated a more 

thorough investigation of the cementation process for 

cobalt and nickel.

It is well established [1; 2] that the most common 

method for purifying zinc solutions from cobalt is ce-

mentation with zinc dust, along with the addition of 

activators, most frequently arsenic and antimony in 

the form of salts, oxides, or elemental substances. Zinc 

dust activation is typically enhanced when antimony 

and arsenic are introduced into the solution along with 

copper ions. Some studies have demonstrated the ad-

vantages of using pentavalent antimony as an activator 

for the removal of Со2+ and Ni2+ at concentrations of 

0.25—0.4 mg/L [4]. 

Zinc dust containing inclusions of lead, aluminum, 

copper, and antimony is also employed for the cemen-

tation of Со2+ and Ni2+ [5—7]. In one study [5], it was 

proposed to purify zinc sulfate solutions from impu-

rities using zinc dust with the following composition, 

in %: 0.001—0.03 Al, 0.05—1.0 Pb, and occasional-

ly 0.02—0.1 Cu. The alloy for producing zinc dust is 

prepared by adding lead and zinc to a zinc-aluminum 

alloy [5—7]. The purification process with zinc dust is 

conducted in two stages, following a counter-current 

principle. Zinc dust containing these impurities is add-

ed in excess during the second stage of cementation, 

where cobalt and nickel are removed from the solution. 

At least part of the cementation precipitate, along with 

excess zinc dust, is directed back to the first stage of 

cementation to precipitate cadmium and copper from 

the solution.

The authors of study [8] examined the effect of PbO 

and oxides formed during the first stage of the Harris 

process, which represents a mixture of lead and anti-

mony oxides. Their findings showed that lead oxides 

in the solution promote more complete precipitation 

of cobalt and nickel during cementation with zinc 

dust. To enhance nickel precipitation efficiency, it was 

suggested to introduce zinc cakes, as well as lead and 

zinc sulfides [1]. Another study [9] proposed that in 

addition to antimony, the purification process could 

benefit from the addition of lead salts (20—100 mg/L), 

sulfur (100—5000 mg/L), activated carbon, bentonite, 

and limestone.

The Debari zinc-electrolyte plant in India was 

commissioned in 1967 [10], and its production capacity 

was expanded to 45000 tons in 1976. During this ex-

pansion, an electrolyte purification process was intro-

duced, which involved the addition of K—Sb-tartrate 

to zinc dust for cementation of impurities. Initially, the 

zinc dust consumption was 62 kg per ton of zinc, but 

starting in 1977, the specific consumption steadily in-

creased, reaching 80 kg per ton due to the declining 

quality of zinc sulfide raw materials. Based on studies 

aimed at reducing zinc dust consumption, a two-stage 

purification scheme was developed. The first stage in-

volved a reduced amount of zinc dust, and the resulting 

copper-cadmium cake was removed from the process. 

In the second stage, additional zinc dust was intro-

duced, and the cake separated by a hydrocyclone was 

returned to the first purification stage. The implemen-

tation of this two-stage method reduced zinc dust con-

sumption to 35—40 kg per ton. 

In study [11], a three-stage purification process is de-

scribed. In the first stage, recycled zinc dust from the 

second and third stages is introduced, and at a tempe-

rature of 70—75 °C, copper and cadmium are completely 

precipitated, along with a significant portion of cobalt. 

The precipitate is separated in two thickeners, each 

9 meters in diameter. The overflow is heated to 95 °C 

and sent to the second stage (a cascade of four tanks). 

Here, the remaining cobalt is removed by adding Sb2O3 

powder to the first tank and zinc dust to the first, third, 

and fourth tanks. The excess zinc dust, together with the 

cobalt precipitate, is separated from the solution in hyd-

rocyclones and returned to the first purification stage. 

The hydrocyclone overflow is sent to the third stage, 

which serves as the final purification and acts as a buffer 

before the solution is sent for filtration. A small amount 

of zinc dust is added in the third stage to prevent cobalt, 

cadmium, and copper from re-dissolving into the solu-

tion. The pH of the solution is maintained at 3.6—3.8 

for better filterability. Filtration is carried out using filter 

presses with polypropylene fabric and kraft paper. The 

filtered solution is then sent to electrolysis.
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Several studies have demonstrated the effectiveness 

of removing cobalt from solutions using butyl xanthate 

and other organic substances such as hydroxylamine, 

ethylenediamine, urea, and water-soluble nitroso com-

pounds, water-soluble salts of nitroso compounds [12; 

13], as well as salts of tartaric acid [14]. At the same time, 

it has been noted [1] that the presence of organic sub-

stances significantly slows down the cementation of co-

balt due to their adsorption on the cathodic areas of the 

zinc metal. Therefore, the methods developed for impu-

rity removal [15] are of practical importance not only for 

wastewater treatment but also for obtaining high-quality 

solutions for electrolysis.

It has been established [16] that the addition of no-

nylphenol polyethylene glycol and polyethylene glycol 

negatively affects the cementation of cobalt, while the 

addition of dinaphthylmethane-4,4-disulfonic acid does 

not influence the cementation process. It was shown 

that copper has a positive effect on cobalt cementation, 

whereas antimony has a negative effect. It was also not-

ed that at a temperature of 65—85 °C, the cementation 

reaction of Со2+ proceeds in a kinetic regime and fol-

lows first-order reaction kinetics. The studied process 

includes two periods: an initial period (up to 4 min) and 

a main period (up to 10 min), which is associated with 

intensive hydrogen evolution.

Publications [17; 18] xplore the effect of surfactants 

(SAA) on the cementation of nickel using zinc powder 

with a particle size of 54—74 μm from solutions con-

taining 180 mg/L of nickel and 200 mg/L of copper, 

respectively. Surfactant additions ranged from 15—

30 mg/L. It was found that the presence of surfactants 

inhibits the nickel cementation process, resulting in 

smaller grain sizes and lower porosity of the cementation 

precipitates. As the temperature increases, nickel crystal 

size and precipitate porosity also increase. 

Study [18] also investigated the effect of adding 

nonylphenol polyethylene glycol on cadmium cemen-

tation using zinc powder with a particle size of 54—

74 μm from solutions containing 202 mg/L Cd2+ and 

200 mg/L Cu2+ at a pH of 4.5. It was found that, un-

like the negative effects on nickel cementation observed 

with all tested surfactants, the cadmium cementation 

process was accelerated. The rate constant for cad-

mium cementation in the presence of copper (К·103, 

cm/s) decreased in the following order: from 4.2 in 

the presence of nonylphenol polyethylene glycol, to 3.7 

(without additives), to 3.3 with the addition of polye-

thylene glycol, and to 2.6 in the presence of dina-

phthylmethane-4,4-disulfonic acid.

The authors of study [19] noted that in organizing a 

continuous process for purifying solutions to permissi-

ble levels of impurities that negatively affect zinc electro-

lysis, the presence of surfactants in the initial solution 

would require an increased consumption of zinc dust to 

achieve the desired level of purification.

In study [20], Sb2O3 powder was used as an activator 

for cobalt cementation. Optimal conditions were deter-

mined for cobalt cementation from zinc sulfate solutions 

containing 150 000 mg/L ZnSO4 and 24 mg/L cobalt. 

The Со2+ concentration in the solution was reduced to 

1 mg/L under the following cementation conditions: 

zinc dust with a particle size of 120—150 μm was used 

at a dosage of 5 g/L; Sb2O3 was added at 4 mg/L; the pH 

of the solution was 4.5; and the temperature was 85 °C. 

The optimal conditions for cobalt removal with anti-

mony (III) oxide were established as follows [20]: tem-

perature of 80—85°C, Сu2+ concentration of 200—

300 mg/L, and Sb to Co ratio of (0.5—2):1.

In study [21], a modified method for deep puri-

fication of zinc sulfate solutions from cobalt was de-

scribed. The initial solution contained (in mg/L): 80—

180 Cu, 300—450 Cd, 4—8 Co, 4—8 Ni, 5—12 Ti, and 

0.1—0.15 As. Under optimal conditions—zinc powder 

dosage of 3.0—3.5 g/L, potassium antimony tartrate 

(K(SbO)C4H4O6) at 1 mg/L, CuSO4 at a minimum of 

25 mg/L, pH = 4.5÷4.8, temperature of 80—85 °C, and 

a contact time of 3.0—3.5 h a purified solution was ob-

tained, containing 0.1 mg/L Co, less than 0.3 mg/L Ni, 

and increased levels of copper (0.13—0.15 mg/L), cad-

mium (1.0 mg/L), and thallium (2.0 mg/L).

Study [22] investigated the conditions for purifying 

zinc sulfate solutions from cobalt, with zinc concen-

trations of 154 000 mg/L and impurities (in mg/L) as 

follows: Cu — 290, Cd — 610, Co — 22, Fe — 3, Ni — 

6, Sb — 2. Cementation was carried out in two stages 

at a temperature of 70 °C, pH = 4.5, with the addition 

of 20 mg/L Сu2+, 100 mg/L As, and 2 g/L zinc pow-

der. In the first stage, the degree of cobalt purifica-

tion reached 50 %. After the second stage, cobalt con-

centrations in the solution were reduced to less than 

0.75 mg/L.

Research [23] investigated the impact of metal salt 

additives (Cu, Cd, Pb, Sb, Sn) on the kinetics of co-

balt cementation using zinc powder with particle sizes 

ranging from 50 to 750 μm and a specific surface area 

of 1.74 m2/g. The optimal conditions for cementation 

were identified as follows: temperature of 85 °C, and ad-

ditive concentrations (in mg/L) of Cu — 15, Cd — 10, 

and Sb — 2. The cobalt cementation process was found 

to follow a first-order kinetic model, with an activation 

energy of 51 kJ/mol. Significant differences were noted 

between the cementation behavior of cobalt in industrial 

and synthetic solutions.
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Research conducted in study [24] demonstrat-

ed that when Sb2O3 is added during cobalt cementa-

tion, antimony co-precipitates with cobalt, resulting 

in a cementation product containing a metallic CoSb 

compound.

Study [25] explored the cementation of cobalt using 

zinc powder from a solution containing (in mg/L): 

13—28 Co, 3.0 Sb2O3, and 150 000 Zn at a pH of 5.0. 

The optimal cementation conditions, which reduced the 

cobalt concentration to less than 0.5 mg/L, were deter-

mined to be: temperature 85 °C, contact time 90 min, 

stirring speed of the pulp 300 rpm, and zinc powder con-

sumption (particle size <55 μm) of 1.6 g/L.

Optimal conditions for cobalt and nickel cemen-

tation in the presence of CuSO4 and K(SbO)C4H2O6 

as activators were identified in study [26]: temperature 

80 °C, contact time 75 min, and zinc powder consump-

tion of 1500 % of the stoichiometric amount, with an 

Sb : Со = 1. It was noted that extending the purification 

time beyond 75 min resulted in partial dissolution of the 

cementation precipitates. The absence of copper in the 

solution significantly affected nickel cementation, while 

the absence of arsenic had a lesser impact.

Study [27] highlighted the negative effect of high 

zinc concentrations on cobalt cementation. It was noted 

that at zinc concentrations greater than 50000 mg/L, 

only a few percent of cobalt was removed from the solu-

tion after 3 h. The cementation process was carried out 

on a rotating zinc disk at 90 °C, with an initial cobalt 

concentration of 10 mg/L, pH = 3.3, and no activators.

Study [28] examined the mechanism of cobalt re-

moval using zinc dust with the addition of As2O3 and 

Cu in a galvanic cell with a membrane, a zinc anode, 

and a copper cathode. The cell design was described, 

and the following cathodic reactions were presented: 

2Н+ + 2е– = Н2 (г) , 2Со2+ + 2НAsО2 + 6Н+ + 10е– =

= 2СоАs + 4Н2О. The anodic reaction was: Zn =

= Zn2+ + 2е. It was shown that the degree of cobalt 

removal increased with higher temperatures and the 

amount of added As2O3. The addition of Сu2+ accele-

rated cobalt precipitation, explained by the formation 

of a galvanic couple between zinc and copper. The 

pattern of cobalt cementation changed significantly 

with the addition of activators. Comparative data on 

cobalt cementation rates (relative units) were provided 

in studies [28, 29]: 1 (no additives), 1.1 (copper added), 

3.0 (antimony added), 18.0 (copper + antimony added) 

at a temperature of 73 °C, with initial solution concen-

trations (in mg/L): Co — 30, Cu — 30, Sb — 1.5, and 

zinc dust consumption of 4 g/L, pH = 3.6.

Studies [2; 9; 30] have noted that the effect of sur-

factants (SAA) on cementation processes lies in their 

adsorption on the surface of cementation elements, 

creating additional resistance in the electrical circuit, 

which reduces the current. In macroelectrolysis, the de-

sired current can be easily maintained by adjusting the 

voltage supplied to the bath, but in low-power cemen-

tation systems, overcoming this additional resistance 

would require selecting a galvanic couple with a high 

electromotive force (EMF). Ultimately, the presence of 

surfactants in solutions undergoing cementation leads 

to an increase in the time required to achieve the target 

residual concentration of the precipitated metal in the 

solutions [30—34].

An analysis of the literature shows that nearly all 

plants have implemented a three-stage purification 

scheme, which includes an intermediate stage for par-

tially removing copper from the process. It is known that 

for deep purification of solutions from cobalt and nickel, 

increased consumption of zinc dust with a particle size 

of less than 55 μm is necessary, along with the manda-

tory addition of antimony compounds and the presence 

of copper in the solution. A significant reduction in zinc 

dust consumption was achieved at the “Zinkgruvan” 

plant (Kokkola, Finland) by using arsenic trioxide dur-

ing the cementation stage [1]. Additionally, this plant 

differs from other known purification schemes in the 

sequence of operations: after the intermediate stage of 

partial copper precipitation, the first stage involves deep 

purification from cobalt and nickel (while at most other 

plants, the first stage targets copper and cadmium), and 

the final stage focuses on deep cadmium purification 

(while other facilities prioritize cobalt and nickel at this 

stage).

In light of the above, the present study investigated a 

purification scheme involving deep precipitation of co-

balt and nickel in the first stage. 

The aim of the study is to explore new approaches 

for deep cementation purification that would reduce 

the consumption of zinc dust and activating additives 

(antimony and copper compounds) in the technologi-

cal process, while improving the quality of the purified 

solution lowering the concentrations of cobalt, nickel, 

and cadmium supplied in the solution used for zinc 

electrolysis.

Experimental

The following technology for cementation purifica-

tion of industrial solutions is proposed: 

Preliminary stage — cementation purification of 

the solutions from copper to a concentration of 90—

110 mg/L (t = 50 °C, τ = 30 min, zinc dust consumption 

m = 0.2÷0.4 g/L);
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Stage 1 — co-precipitation of copper, cadmium, co-

balt, and nickel with the addition of antimony trioxide 

(t = 80 °C, τ = 1 h, m = 2÷3 g/L, antimony dosage — 

3—6 mg/L);

Stage 2 — deep purification of the solutions from all 

impurities remaining after the first stage (t = 75÷80 °C, 

τ = 1 h, m = 2÷3 g/L, copper sulfate dosage — 

0—50 mg/L, antimony dosage — 2—3 mg/L).

The overall consumption of reagents was as follows: 

zinc dust — 4.2—6.4 g/L, copper sulfate dosage — 

50 mg/L, antimony dosage — 5—9 mg/L. The varia-

tion in reagent consumption is due to the differing im-

purity content in the neutral industrial zinc solution 

used in the experiments.

The following starting materials were used:

— neutral industrial zinc solutions with the fol-

lowing average composition (in mg/L): Zn — 136800, 

Co — 4.09, Cd — 562, Cu — 306, Ni — 3.85, Sb — 0.41, 

As — 0.35, total Fe — 91.1, Fe2+ — 22.9; 

— antimony trioxide solution — a suspension with a 

solid concentration of 800 mg/L;

— copper sulfate solution; 

— fine zinc dust. 

During the preliminary precipitation stage, copper 

was cemented from zinc solutions obtained during the 

leaching of roasted zinc concentrate, using zinc dust 

(40—60 % fraction size —0.063 mm). 

As a result of the preliminary precipitation, fil-

trates with varying copper concentrations were ob-

tained and used in the first stage of cementation pu-

rification:

Filtrate number .......... 1     2       3       4       5       6        7

Cu, mg/L ................. 65   93   100   115   124   200   300

In the first stage of cementation, the starting fil-

trate with different residual copper concentrations 

(from 65 to 300 mg/L) after the preliminary preci-

pitation was treated with antimony as a Sb2O3 pulp 

(with an Sb: (Co + Ni) ratio of 1 : 1), and zinc dust 

with a particle size of –0.063 mm was added for im-

purity precipitation (Cu, Cd, Co, and Ni) at a dosage 

of 2.5 g/L. Cementation at this stage was carried out 

at 80 °C for 1 h. The parameters (zinc dust consump-

tion, temperature, and duration of the process) were 

determined through additional experiments using 

filtrates obtained after preliminary copper precipita-

tion to concentrations of 90—110 mg/L. The effect of 

copper content in the filtrates after preliminary pre-

cipitation on the residual cadmium and cobalt con-

tent in the solution after the first stage of cementation 

was established:

Cu, mg/L ...... 65      93     100    111     124    200    300

Cd, mg/L ..... 0,12   0,13    0,15   0,25    2,6     4,8   104,5

Co, mg/L ..... 0,26   0,21   0,22   0,27   0,30   0,35   2,62

It is clear that the cadmium and cobalt concentra-

tions in the solution after the first stage of purification 

decrease as the copper content in the solution follow-

ing the preliminary cementation is reduced. Thus, a 

preliminary conclusion can be made that to achieve 

acceptable levels of cadmium and cobalt for zinc elec-

trolysis, the copper concentration in the solution after 

the preliminary cementation should be between 90 and 

110 mg/L. 

As mentioned earlier, additional experiments were 

conducted to establish more accurate purification 

conditions, determining the temperature, duration, 

zinc dust dosage, and activating additives. It was also 

proven that the preliminary stage of copper precipita-

tion to the indicated concentrations (90—110 mg/L) is 

necessary. The results of the experiments are presented 

in Table 2.

The data in Table 2 show that increasing the tempe-

rature reduces the concentration of certain impurities in 

the filtrate. However, at 85 °C, after 1 h, cobalt undergoes 

reverse dissolution, leading to a rise in its concentration. 

Therefore, a temperature of 80 °C is considered optimal, 

as the concentrations of other impurities remain within 

acceptable limits at this level.

Experiments were also conducted on the cementa-

tion of impurities at the first and second stages of pu-

rification with varying zinc dust dosages (Table 3), with 

copper and antimony concentrations of 50 and 2 mg/L, 

respectively. 

As seen from the data (Table 3), acceptable purifica-

tion results were obtained at the first stage with zinc dust 

dosages ranging from 2.5 to 4.0 g/L. At the second stage, 

with high-quality solutions after the first stage, consist-

ently high purification levels for cobalt and cadmium 

Table 2. Chemical analysis of solutions (mg/L) 
after the first stage of purification from impurities 
that negatively affect zinc electrolysis

Таблица 2. Химический анализ растворов (мг/л) 

после 1-й стадии очистки от примесей, 

отрицательно влияющих на электролиз цинка

t, °С Cd Co Ni

75 0.15 0.39 0.31

80 0.11 0.22 0.31

85 0.07 0.41 0.21
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were achieved (at 0.2 and 0.1 mg/L, respectively) with a 

zinc dust dosage of 1.5 g/L.

Experiments were conducted using different rea-

gent additives as cementation catalysts, specifically 

with a copper sulfate solution (50 mg/L Cu) and anti-

mony in the form of Sb2O3 pulp (6—7 mg/L Sb) at the 

second stage of purification. The results are shown in 

Table 4. 

The data in Table 4 show that at the second stage of 

cementation, the introduction of 50 mg/L copper and 

2 mg/L antimony minimizes the impurity content in 

the purified solution. However, increasing the antimony 

dosage to 4 mg/L, along with the additional introduc-

tion of 50 mg/L copper ions during the second stage of 

purification, worsens the solution quality. In the purified 

solution, the cadmium content increases to 2.59 mg/L, 

and cobalt to 0.43 mg/L.

Table 5 provides data on the effect of cementation 

duration during the first stage on the quality of the ob-

tained solution. The zinc dust consumption was 2.5 g/L. 

During the first stage of cementation, the solution used 

came from the leaching of roasted zinc concentrates 

without the preliminary copper precipitation stage, and 

its copper content was 300 mg/L.

According to Table 5, the lowest impurity content 

is observed after 60 minutes of the first stage, while in-

creasing the duration results in higher cadmium and 

cobalt concentrations, indicating their reverse dissolu-

tion. The data in Table 5 further confirm the necessity 

of preliminary copper cementation in the solution to a 

concentration of 90—110 mg/L.

Table 6 presents comparative data on cementation 

purification of solutions according to the known [1] and 

developed technologies. 

Table 4. Impurity content in the solution after purification with zinc dust when varying the dosage of activating 
additives at the second stage of cementation (τ = 1 h, t = 80 °C, zinc dust consumption 2.5 g/L)

Таблица 4. Содержание примесей в растворе после очистки цинковой пылью при изменении дозировки 

активирующих добавок на 2-й стадии цементации (τ = 1 ч, t = 80 °С, расход цинковой пыли 2,5 г/л)

Dosage of reagents at the second 

stage of cementation (mg/L)
Cd, mg/L Co, mg/L

Сu Sb

Solution 

after the first stage 

of cementation

Purified solution 

after the second 

stage

Solution 

after the first stage 

of cementation

Purified solution 

after the second 

stage

0 2 0.32 0.11 0.37 0.33

50 2 0.20 0.10 0.35 0.14

50 0 0.15 0.10 0.26 0.28

50 4 0.35 2.59 0.45 0.43

Table 5. Cobalt and cadmium content (mg/L) at the first 

stage of purification with increasing process duration

Таблица 5. Содержание кобальта и кадмия (мг/л) 
на 1-й стадии очистки при увеличении 
продолжительности процесса

τ, min Cd Co

0 516 3.54

30 15.5 1.41

60 15.8 0.73

90 59.3 1.64

120 104.5 2.62

Table 3. Concentration of impurities (mg/L) in the solution after purification at different zinc dust dosages (g/L)

Таблица 3. Концентрация примесей в растворе (мг/л) после очистки при разных дозировках 

цинковой пыли (г/л)

Stage I Stage II

Zinc dust Cd Co Ni Zinc dust Cd Co Ni

2.5 0.24 0.20 0.29 1.5 0.105 0.233 0.218

3.0 0.23 0.19 0.23 2.0 0.103 0.209 0.162

4.0 0.22 0.13 0.19
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Conclusions

1. A new scheme for cementation purification of zinc 

solutions has been proposed, which includes:

— preliminary cementation of impurities using 

zinc dust in solutions after the leaching stage of roas-

ted products, reducing copper concentrations to 90—

110 mg/L; 

— conducting the first stage of cementation for co-

balt, nickel, and other impurities using zinc dust with a 

particle size of –0.063 mm at 80 °C, with the addition 

of antimony compounds;

— carrying out the second stage of cementation for 

cadmium and other impurities using zinc dust with a 

particle size of –0.063 mm at 80 °C, with the addition of 

copper and antimony compounds.

2. The necessity of preliminary copper precipita-

tion from leaching solutions to concentrations of 90—

110 mg/L before the first purification stage has been ex-

perimentally proven, which significantly improves the 

performance of cementation purification.

3. The developed method allows for reducing the 

impurity content in the initial solution to the levels re-

quired for the electrolysis of high-quality SHG zinc. 

At the same time, the zinc dust consumption for the 

first and second stages can be reduced to 35 kg per ton 

of zinc.
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Abstract: The study investigates the physicochemical patterns of tin leaching from the surface of glass substrates from decommissioned displays 

in hydrochloric, sulphuric, and methanesulphonic acids. The effects of acid concentration (0.1–1.0 N), duration (10–60 min), temperature 

(298–353 K), and ultrasonic treatment intensity (UST) (120–300 W/cm2) on leaching performance were evaluated. It was demonstrated 

that ultrasonic treatment positively impacts sulphuric acid leaching of tin, increasing its recovery by 14–16 %. However, during leaching 

in hydrochloric and methanesulphonic acid solutions, UST led to a reduction in tin recovery to 28 % and 1.7 %, respectively, due to acid 

decomposition under ultrasound. The partial reaction orders for tin leaching in HCl, H2SO4, and CH3SO3H were determined to be 0.8, 1.4, 

and 1.1, respectively, and changed to 1.5, 1.1, and 0.3 under ultrasound for the corresponding acids. An increase in temperature from 298 K 

to 333 K significantly improved tin recovery in sulphuric and hydrochloric acids. However, raising the temperature to 353 K led to a decrease 

in tin ion concentration after 10–20 min, likely due to tin hydrolysis and precipitation. The calculated apparent activation energies of tin 

oxide dissolution in HCl solutions were 40.4 kJ/mol without UST and 22.9 kJ/mol with UST. For H2SO4, the apparent activation energy 

was 4.0 kJ/mol, increasing to 29.0 kJ/mol under ultrasonic treatment. Therefore, the study showed that tin leaching from glass substrates 

of decommissioned displays proceeds in a kinetic regime when HCl is used and in a diffusion regime in H2SO4 solutions, with ultrasonic 

treatment facilitating the transition to a mixed regime.

Keywords: tin, sulphuric acid, hydrochloric acid, methanesulphonic acid, leaching, ultrasound.
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Влияние ультразвуковой обработки 
на выщелачивание олова из отслуживших дисплеев 
в растворах серной, соляной и метансульфоновой кислот
Э.Б. Колмачихина, О.Б. Колмачихина, Я.А. Янкина, З.М. Голибзода, 
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  Эльвира Барыевна Колмачихина (e.b.khazieva@urfu.ru)

Аннотация: Изучены физико-химические закономерности выщелачивания олова с поверхности стеклянных подложек отслу-

живших дисплеев в соляной, серной и метансульфоновой кислотах. Установлено влияние концентрации указанных кислот (0,1–
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Introduction

One of the main types of decommissioned electronic 

devices consists of screens and monitors. This catego-

ry accounts for approximately 10 % of the total mass of 

generated electronic waste. Nearly all screens and mo-

nitors contain indium tin oxide (ITO) in their displays. 

ITO (90 % In2O3, 10 % SnO2) is transparent to visible 

light, possesses electrical conductivity, and is used as 

a conductive layer applied to the glass substrate of the 

display [1]. Additionally, ITO is widely used in the pro-

duction of solar panels, optical coatings, antistatic films, 

and thermal protection. 

Approximately 75 % of the ITO produced is used in 

the manufacture of flat panel displays. These displays 

consist of multiple layers, including polarisation fil-

ters, glass substrates, and liquid crystals. A layer of ITO, 

50—200 nm thick, is applied to the surface of the glass 

substrate [2], while a polariser made of polyvinyl acetate 

film is attached to the opposite side. The indium content 

in the glass substrates ranges from 100—350 mg/kg [3, 

4], and the tin content ranges from 25—60 mg/kg [5, 6]. 

Although the indium content in glass substrates is rela-

tively low, it is comparable to that found in zinc concen-

trates extracted from sulphide ores [7]. This makes de-

commissioned monitors a highly promising secondary 

source of indium.

Tin is a scarce metal [8, 9], classified as a strategic 

metal in many countries. With the accelerating develop-

ment of the semiconductor and electric vehicle indus-

tries, tin consumption has also increased. Recovering 

1,0 н), продолжительности (10–60 мин), температуры (298–353 К) и интенсивности ультразвуковой обработки (УЗО) (120–300 Вт/см2) 

на показатели выщелачивания. Показано, что ультразвуковое воздействие оказывает положительное влияние на сернокис-

лотное выщелачивание олова, позволяя повышать его извлечение на 14–16 %. При выщелачивании в растворах соляной и 

метансульфоновой кислот УЗО приводила к снижению извлечения олова до 28 и 1,7 % соответственно, что связано с их разло-

жением под действием ультразвука. Частные порядки реакций выщелачивания олова по HCl, H2SO4 и CH3SO3H составили 0,8, 

1,4 и 1,1, при воздействии ультразвука частные порядки изменялись следующим образом для соответствующих кислот: 1,5, 1,1 

и 0,3. Увеличение температуры с 298 до 333 К значительно повышало извлечение олова в серной и соляной кислотах. Повыше-

ние температуры до 353 К приводило к снижению концентрации ионов олова через 10–20 мин процесса, что, вероятнее всего, 

связано с гидролизом и осаждением олова. Рассчитанные величины кажущейся энергии активации растворения оксида олова 

без и с использованием УЗО в растворах HCl составили 40,4 и 22,9 кДж/моль соответственно. В случае использования H2SO4 

кажущаяся энергия активации составила 4,0 кДж/моль, а при акустическом воздействии – 29,0 кДж/моль. Таким образом, 

проведенные исследования показали, что выщелачивание олова из стекол отслуживших дисплеев протекает в кинетическом 

режиме при использовании HCl и в диффузионном режиме в растворах H2SO4, а УЗО способствует переходу процессов в сме-

шанный режим.

Ключевые слова: олово, серная кислота, соляная кислота, метансульфоновая кислота, выщелачивание, ультразвук.
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tin from secondary sources will help alleviate the short-

age of mineral resources and reduce environmental pol-

lution.

In studies focused on the recycling of liquid crystal 

displays, the emphasis is often placed on the behaviour 

of indium due to its high content in ITO. Although the 

tin content in ITO is relatively low, exploring ways to ex-

tract it will provide a comprehensive solution for recy-

cling decommissioned displays.

The recycling of glass substrates begins with 

pre-treatment, which may include steps such as polariser 

removal, crushing, grinding, and beneficiation [10—13]. 

Subsequent metallurgical processing can be carried out 

using pyrometallurgical methods (reduction and distil-

lation of indium and tin compounds) [14] and/or hy-

drometallurgical methods (leaching, liquid recovery, 

cementation, etc.) [15—19].

In this study, a comparative assessment of the tin 

leaching rate from the surface of glass substrates in 

hydrochloric, sulphuric, and methanesulphonic acids 

was conducted. The acids used in the study are strong 

acids and can be arranged in the following order based 

on increasing strength, as expressed by the dissociation 

constant (pKdI): CH3SO3H (–1.86), H2SO4 (–3), HCl 

(–7) [20—22]. Ultrasonic treatment (UST) was used to 

accelerate the ITO leaching process, providing ther-

mal, mechanical, and sonochemical effects [23—30].

The aim of this work was to investigate the influence 

of ultrasonic treatment, temperature, concentration, 
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and type of acids on the physicochemical patterns of tin 

dissolution from the surface of crushed glass substrates 

from decommissioned liquid crystal displays. 

Experimental methodology

Researmh materials, equipment, 
and methods 

The glass substrates from decommissioned liquid 

crystal displays were pre-washed with water, air-dried, 

and then heated to 463 K to soften and manually remove 

the film. The cleaned glass substrates were crushed in a 

rod mill. A fraction of the crushed material smaller than 

1 mm was separated by sieving and used for further ex-

periments. After thoroughly homogenising the material, 

a representative sample was taken by quartering for sub-

sequent chemical analysis using an atomic absorption 

spectrophotometer (AAS) “novAA 300” (Analytik Jena, 

Germany). The particle size distribution of the material 

was determined using a HELOS&RODOS laser diffrac-

tion particle size analyser (Sympatec GmbH, Germa-

ny). The morphology of the crushed material samples 

and their chemical composition were examined with 

a JSM-6390LA scanning electron microscope (JEOL, 

Japan), equipped with a JED-2300 energy-dispersive 

microanalysis system (JEOL, Japan). 

The majority of the material (>85 %) consisted 

of irregularly shaped particles smaller than 300 μm 

(Fig. 1). Elemental analysis, along with previous stu-

dies, showed that the material was primarily composed 

of aluminium, silicon, and calcium oxides. Indium and 

tin compounds were detected on the glass surface (Fig. 1, 

point 1), while molybdenum compounds were found 

on the surface of the conductive tracks (Fig. 1, points 3 

and 4). The crushed glass substrates from the displays 

contained the following concentrations, in mg/kg: 

indium — 174.8, tin — 1.7.

The experiments used sulphuric acid (H2SO4, che-

mically pure), hydrochloric acid (HCl, chemically pure), 

and methanesulphonic acid (CH3SO3H, chemically 

pure). The initial acid solutions were prepared by di-

luting concentrated acids with stirring on a magnetic 

stirrer.

Ultrasonic treatment was performed using the 

UZTA-0.1/28-O apparatus (LLC Ultrasound Techno-

logy Centre, AltSTU, Biysk), equipped with an immer-

sion-type emitter, at a frequency of 28 ± 2.5 kHz and 

ultrasonic intensity (I) ranging from 120 to 300 W/cm2.

Crushed glass leaching

Leaching experiments were conducted in a thermo-

statically controlled reactor with a volume of 0.5 dm3 

at a temperature of T = 298÷353 K, a duration of 

τ = 10÷60 min, and acid concentrations of 0.1—1.0 N. 

The liquid-to-solid ratio (L : S) was 10 : 1 (cm3/g). 

Acid solutions with the required concentration were 

poured into the reactor, sealed, and heated to the de-

sired temperature under constant stirring. Then, the 

ultrasonic emitter was immersed in the reactor to a 

fixed depth, 20 g of material was loaded, and the ultra-

sonic generator was turned on, with the pulp tempera-

ture being automatically maintained with an accuracy 

of ±2 K.

After leaching, the pulp was filtered, and the cake 

was washed with distilled water. The cake was then 

subjected to acid treatment at T = 363 K in a 20 % hyd-

rochloric acid solution for several hours to ensure the 

complete dissolution of metals into the solution. After 

acid treatment, the cake was again filtered and washed 

with distilled water. Samples taken during leaching, the 

filtrates after leaching and acid treatment, and the wash 

waters were analyzed for tin ion content using atomic 

absorption spectrophotometry (AAS) (novAA300, Ana-

Element
Measurement area number

001 002 003 004 005 006 007

Mg 2.1 1.7 0.9 1.6 4.0

Al 10.3 19.0 5.0 23.3 18.3 12.8 19.8

Si 77.8 67.2 73.2 61.7 67.8 48.8 69.5

Ca 2.9 12.1 2.1 1.3 12.3 38.5 6.7

Cr – – 12.7 – – – –

Fe – – 3.2 – – – –

Mo – – 2.3 13.7 – – –

In 5.5 – – – – – –

Sn 1.3 – – – – – –

Fig. 1. SEM image and elemental composition (%) of crushed 

glass substrates from displays

Рис. 1. СЭМ-изображение и элементный состав (%) 

измельченных стеклянных подложек дисплеев
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lytik Jena, Germany). The overall tin recovery (αSn) was 

assessed based on its content in the filtrates and wash 

waters.

Experimental data processing

The degree of tin recovery was calculated, taking in-

to account the volumes of collected samples, using the 

following formula:

  (1)

where αi
Sn is the degree of tin recovery at the moment 

of the i-th sample collection, %; Ci is the concentration 

of tin in the i-th sample, g/dm3; Vsample is the volume of 

the sample, dm3; Vinit is the initial volume of the leach-

ing solution, dm3; GSn is the mass of tin in the material 

sample, g. 

Kinetic characteristics (reaction orders and appa-

rent activation energies) were determined by calculating 

the instantaneous leaching rate at the initial moment of 

time (υ0) by constructing tangents to the curves αSn =

= f (τ). The tangents were drawn through the origin of 

the coordinate system.

Results and discussion

Effect of ultrasonic treatment intensity 
on tin recovery

The intensity of ultrasonic treatment had varying 

effects on the systems under investigation (Table 1). In 

the case of sulphuric acid leaching, increasing the ultra-

sonic treatment intensity to I = 120 W/cm2 improved 

tin recovery by 14.5 %. Further increasing the intensity 

did not result in a significant rise in tin recovery, which 

can be attributed to the weakening of cavitation pro-

cesses due to the excessive growth of cavitation bubble 

radius [31]. 

In hydrochloric acid leaching with ultrasonic treat-

ment, tin recovery decreased to 28—29 %, which was 

comparable to the results of sulphuric acid leaching. The 

reduction in the efficiency of hydrochloric acid leach-

ing with ultrasonic treatment is likely due to a decrease 

in hydrogen chloride solubility in the aqueous solution, 

caused by local overheating at the hot spots formed by 

the collapse of cavitation bubbles [32]. 

During ITO leaching in methanesulphonic acid, 

ultrasonic treatment reduced tin recovery across the 

entire studied range of ultrasonic intensities to 1.7—

4.3 %. This could indicate thermal decomposition of 

methanesulphonic acid during acoustic cavitation [33]. 

The slight increase in tin recovery with rising ultraso-

nic intensity is likely related to the weakening of cavi-

tation processes.

Subsequent investigations into the effect of acid con-

centration and temperature were conducted at a con-

stant ultrasonic intensity of I = 180 W/cm2.

Effect of acid type and concentration 
on tin recovery

According to the obtained data (Fig. 2), during ITO 

leaching without ultrasonic treatment in hydrochloric 

(Fig. 2, a) and sulphuric (Fig. 2, c) acid solutions, the 

most intensive dissolution of tin occurred in the first 

20—40 min, after which the process rate significantly 

decreased due to the reduction in unreacted ITO and 

the concentration of H+ ions. When leaching in me-

thanesulphonic acid solutions (without ultrasonic treat-

ment), the graphs of αSn = f (τ) showed linear behaviour 

(Fig. 2, e) due to the low recovery and the large amount 

of unreacted tin oxide.

Tin dissolution without ultrasonic treatment was 

most intensive in hydrochloric acid solutions, where re-

covery reached 76 % in a 1.0 N HCl solution. In sulphu-

ric and methanesulphonic acid solutions, the maximum 

tin recovery was 53 % and 48.5 %, respectively (Сacid =

= 1.0 N). It is clear that the high tin recovery in hydro-

chloric acid is due to its higher degree of dissociation 

compared to sulphuric and methanesulphonic acids. 

Ultrasonic treatment enhanced tin leaching in sul-

phuric acid, increasing recovery by 13—30 %, with a 

maximum of 66% (Fig. 2, d). In contrast, acoustic treat-

ment reduced tin recovery in both hydrochloric (Fig. 2, b) 

and methanesulphonic (Fig. 2, f) acids. For example, 

Table 1. Effect of ultrasonic treatment intensity on tin 
recovery during leaching in sulphuric, hydrochloric, 
and methanesulphonic acids 
(Cacids = 0.2 N, Т = 333 K, τ = 60 min)

Таблица 1. Влияние интенсивности УЗО 

на извлечение олова при выщелачивании 

в серной, соляной и метансульфоновой кислотах 

(Скислот = 0,2 н, Т = 333 К, τ = 60 мин)

I, W/cm2
Tin recovery, %

H2SO4 HCl CH3SO3H

0 14.9 47.5 5.6

120 29.4 28.0 1.7

180 29.0 28.5 2.8

240 31.6 28.8 2.8

300 31.2 29.3 4.3
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Fig. 2. Effect of leaching duration on tin recovery at various concentrations of hydrochloric (a, b), sulphuric (c, d) 

and methanesulphonic (e, f ) acids without (a, c, e) and with (b, d, f ) ultrasonic treatment 

T = 333 К; I = 180 W/cm2; Cacids, N: 0.1 (1), 0.2 (2), 0.4 (3), and 1.0 (4)

Рис. 2. Влияние продолжительности выщелачивания на извлечение олова при различных концентрациях 

соляной (a, b), серной (c, d) и метансульфоновой (e, f ) кислот без использования (a, c, e) 

и с использованием (b, d, f ) УЗО

T = 333 К; I = 180 Вт/см2; Скислот, н: 0,1 (1), 0,2 (2), 0,4 (3) и 1,0 (4)
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without ultrasonic treatment, tin recovery in a 0.2 N 

hydrochloric acid solution reached 48 %, while with 

ultrasonic treatment, it decreased by 20 %. In metha-

nesulphonic acid, ultrasonic treatment reduced tin 

recovery by 2 to 6 times, with only 10 % of tin enter-

ing the solution after 60 min of leaching in a 1.0 N 

solution. This significant reduction in tin recovery 

in hydrochloric and methanesulphonic acids is most 

likely due to acid decomposition under ultrasonic in-

f luence.

The partial reaction orders for tin oxide leaching 

in the studied acids change significantly under the in-

fluence of ultrasound (Fig. 3, Table 2). This effect is 

especially pronounced in hydrochloric and metha-

nesulphonic acids, which undergo the most significant 

decomposition under acoustic treatment.

Effect of leaching temperature 
on tin recovery

Increasing the temperature from 298 to 333 K sig-

nificantly intensified tin leaching in sulphuric (Fig. 4, 

c) and hydrochloric (Fig. 4, a) acid solutions. However, 

at T = 353 K, after 10—20 min of leaching, the concen-

tration of tin ions in the solutions decreased (Fig. 4, a, c, 

curve 4), possibly indicating tin hydrolysis and precipi-

tation at higher temperatures [34].

In the absence of ultrasonic treatment, tin recove-

ry from ITO was highest in hydrochloric acid solu-

tions, reaching 47 % at T = 333 K. The application of 

ultrasound reduced the efficiency of hydrochloric acid 

leaching compared to experiments conducted with-

out ultrasound: tin recovery decreased by 19—22 % at 

T = 333—353 K (Fig. 4, b). 

In contrast, sulphuric acid leaching of tin was in-

tensified by ultrasonic treatment across the entire tem-

perature range studied, with tin recovery increasing 

by 2.0—3.4 times, reaching 30.5 % at T = 313÷333 K 

(Fig. 4, d). Tin dissolution in methanesulphonic acid 

was minimal, and tin ions were only detected in solu-

tions after leaching at T = 333 K: without ultrasound, 

Table 2. Partial orders of tin oxide leaching reactions 
by sulphuric, hydrochloric, and methanesulphonic acids

Таблица 2. Частные порядки реакций выщелачивания 

оксида олова по серной, соляной 

и метансульфоновой кислотам

Acid

Reaction order by acids

Without ultrasonic 

treatment

With ultrasonic 

treatment

HCl 0.8 1.5

H2SO4 1.4 1.1

CH3SO3H 1.5 0.3

Fig. 3. Evaluation of the partial reaction orders for tin dissolution in hydrochloric (1), sulphuric (2), and methanesulphonic (3) 

acid solutions without (a) and with (b) ultrasonic treatment

Рис. 3. Определение частного порядка реакций растворения олова в растворах соляной (1), серной (2) 

и метансульфоновой (3) кислот без использования (a) и с использованием (b) УЗО
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αSn = 5.6 %, and with ultrasound, it dropped to 2.8 % 

(Fig. 4, e).

Based on the obtained kinetic patterns, the ap-

parent activation energy (Ea) for the dissolution of tin 

oxide in hydrochloric and sulphuric acids was calcu-

lated (Fig. 5): HCl — 40.4 (22.9) kJ/mol, H2SO4 — 

4.0 (29.0) kJ/mol (the values in parentheses correspond 

to leaching with ultrasonic treatment). The Ea value 

and the partial reaction order for tin oxide leaching in 

hydrochloric acid (without ultrasound) indicate that 

the process occurs in a kinetic-controlled regime. Un-

der acoustic treatment, the Ea value for hydrochloric 

Fig. 4. Effect of leaching duration in hydrochloric (a, b), 

sulphuric (c, d), and methanesulphonic (e) acids on tin recovery 

at various process temperatures without (a, c) and with (b, d) 

ultrasonic treatment

Cacids = 0.2 N; I = 180 W/cm2; T, K: 298 (1), 313 (2), 333 (3), and 353 (4)

Рис. 4. Влияние продолжительности выщелачивания 

в соляной (a, b), серной (c, d) и метансульфоновой (e) 

кислотах на извлечение олова при различных 

температурах процесса без использования (a, c) 

и с использованием (b, d) УЗО

Скислот = 0,2 н; I = 180 Вт/см2; T, К: 298 (1), 313 (2), 333 (3) и 353 (4)
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acid leaching of tin oxide decreases, suggesting a shift 

to a mixed control regime. Sulphuric acid leaching of 

tin oxide (without ultrasound) likely occurs in a dif-

fusion-controlled regime, while ultrasonic treatment 

reduces the influence of diffusion factors, leading to a 

transition to a mixed control regime.

Conclusions

The conducted studies aimed at determining the ef-

fects of acid selection, their concentrations, temperature 

regimes, ultrasonic treatment, and leaching duration of 

decommissioned displays on leaching performance re-

vealed the following patterns:

1. Ultrasonic treatment intensified the dissolution 

of tin oxide in 0.2 N sulphuric acid solutions, increas-

ing tin recovery by 14—16 %. However, the application 

of ultrasound during the leaching of indium tin oxide in 

hydrochloric and methanesulphonic acids reduced tin 

recovery to 28 % and 1.7 %, respectively. 

2. The maximum tin recovery (76 %) without acous-

tic treatment was achieved in hydrochloric acid solutions 

(CHCl = 1.0 N) at T = 333 К over 60 min. With ultra-

sonic treatment, the highest tin recovery (66 %) was ob-

tained in a 1.0 N sulphuric acid solution at T = 333 K 

over 60 min.

3. Increasing the leaching temperature significant-

ly enhanced the initial tin dissolution rates. The cal-

culated apparent activation energies for tin leaching in 

hydrochloric acid indicate a kinetic-controlled process 

without ultrasonic treatment and a mixed control re-

gime when ultrasound is applied. In sulphuric acid, tin 

leaching occurs in a diffusion-controlled regime, while 

ultrasonic treatment transitions the process to a mixed 

control regime. 
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Processing of chalcopyrite concentrate 
by sulfating roasting
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Abstract: Chalcopyrite (CuFeS2) is one of the primary minerals processed on an industrial scale for copper production and often dominates 

copper concentrates sent for pyrometallurgical processing. This study demonstrates the efficient and selective extraction of copper from 

chalcopyrite concentrate through sulfating roasting, sulfuric acid leaching, and solvent extraction. At a roasting temperature of 700 °C for 1.5 h, 

chalcopyrite fully decomposes into hematite (Fe2O3) and chalcanthite (CuSO4). Leaching the calcine with a 0.02 M sulfuric acid solution 

transfers most of the copper to the aqueous phase, while iron concentrates in the solid residue. Additionally, precious metals concentrate in 

the residue after leaching of the calcine, with the following content in g/t: Pd – 41.61, Pt – 5.65, Ag – 96.22, Au – 4.81. The removal of iron 

from the leach solution using solvent extraction with di-2-ethylhexyl phosphoric acid was highly effective: with a 25 % extractant solution 

and an organic-to-aqueous ratio of 1:1 over two stages, the iron concentration in the aqueous phase dropped from 3.05 to 0.01 g/dm3, and 

with an organic-to-aqueous ratio of 1:2 over four stages, it decreased to 0.006 g/dm3. After iron purification and solution evaporation, 

copper sulfate was obtained with the following composition (%): CuSO4·5H2O – 99.84 (equivalent to 25.42 % copper), Ni – 0.014, Al – 

0.007, Fe – 0.0003, As – 0.0002. 

Keywords: copper concentrate, chalcopyrite, roasting, copper, iron, extraction, precious metals.
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Переработка халькопиритового концентрата 
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  Артем Юрьевич Соколов (aiu.sokolov@ksc.ru)

Аннотация: Халькопирит (CuFeS2) является одним из основных минералов, перерабатываемых в промышленном масштабе для 

получения меди, который зачастую превалирует в медных концентратах, поступающих на последующую пирометаллургиче-

скую переработку. В работе показана возможность эффективного и селективного выделения меди из халькопиритового концен-

трата с применением сульфатизирующего обжига, сернокислотного выщелачивания и жидкостной экстракции. Установлено, 

что при температуре обжига 700 °С в течение 1,5 ч происходит полное разложение халькопирита с образованием гематита (Fe2O3) 
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Introduction

Chalcopyrite (CuFeS2) is one of the main industrial 

copper-bearing minerals, accounting for approximate-

ly 70 % of the world’s copper reserves. The predomi-

nant method for extracting copper from chalcopyrite 

ores is froth f lotation, which yields a copper-rich con-

centrate [1]. Most of the copper is produced using the 

metallurgical process of smelting—converting—refin-

ing. During the smelting of high-grade sulfide ores or 

concentrates, a matte containing up to 40 % Cu is ob-

tained [2].

Despite the high efficiency of conventional pyrome-

tallurgical methods for processing copper concentrates 

(CC) [3], alternative processing methods are current-

ly being actively studied, although they have not yet 

found widespread industrial application. For example, 

various methods of leaching chalcopyrite-containing 

concentrates are being investigated to reduce sulfur 

dioxide emissions into the atmosphere [4]: pressure ac-

id leaching [5], microwave acid leaching [6], chloride 

leaching [5], and leaching with mineral salt solutions 

combined with sulfuric acid [7], among others. Hyd-

rometallurgical methods also help to prevent arsenic, 

which is often present in sulfide copper concentrates, 

from entering the gas phase, reducing the cost of cop-

per production by eliminating the need for specialised 

dust and gas cleaning systems [8]. However, hydrome-

tallurgical processing of chalcopyrite is challenging due 

to the formation of a passivating layer on the mineral 

surface, necessitating the use of strong oxidants such 

as hydrogen peroxide [9] or ozone [10], or its prelimi-

nary treatment, such as mechanoactivation [11], which 

significantly complicates its processing. The intensifi-

cation of hydrometallurgical processing of sulfide CCs 

can also be achieved through the application of pres-

sure leaching [12; 13].

Bacterial leaching of chalcopyrite-containing ma-

terials is developing rapidly [13—15], but bioleaching 

is characterised by a slow reaction rate and the need to 

maintain optimal conditions for bacterial activity, which 

limits the practical application of this method.

In addition to the methods mentioned above, sul-

fating roasting can be used to process sulfide and 

chalcopyrite CCs by converting copper and iron from 

sulfides to sulfates [16—19]. The advantage of this 

method is the use of lower temperatures compared to 

conventional oxidative roasting [20]. However, when 

such a concentrate is leached, both metals are trans-

ferred to the aqueous phase, leading to the challenge 

of separating iron and copper by hydrometallurgi-

cal means. According to literature data, chalcopyrite 

decomposition into iron and copper sulfides occurs 

at roasting temperatures of 330—357 °C, and these 

sulfides are converted into the corresponding sulfates 

between 357—555 °C [21]. As the roasting temperature 

increases to 555—613 °C, iron sulfate decomposes in-

to iron and sulfur oxides, while a higher temperature 

is required for copper sulfate decomposition [21], in-

dicating the potential for selective copper extraction 

from chalcopyrite concentrate during the leaching 

stage. Additionally, the behaviour of precious me-

tals, often present in sulfide CCs, during roasting and 

leaching of chalcopyrite concentrate is of interest. 

Therefore, the aim of this study is to investigate the 

behaviour of copper, iron, and precious metals during 

the roasting of chalcopyrite concentrate and leaching 

of the calcine, followed by iron removal to obtain cop-

per sulfate of the required quality.

Experimental technique

The study used chalcopyrite copper concentrate 

obtained from the beneficiation of copper-sulfide ore 

from the Chineyskoe deposit, with the following com-

position (%): Cu — 20.35, Fe — 23.07, S — 22.91, Ni — 

0.47, Ca — 0.75, Al — 0.87, Co — 0.05, and trace ele-

ments (g/t): As — 138.95, Se — 98.31, Te — 15.74, 

и халькоцианита (CuSO4). В результате выщелачивания огарка раствором серной кислоты концентрацией 0,02 М в водную фазу 

переходит большая часть меди, в то время как железо концентрируется в твердом остатке. Кроме того, в результате выщелачива-

ния огарка в остатке концентрируются и благородные металлы, содержание которых составляет, г/т: Pd – 41,61, Pt – 5,65, Ag – 

96,22, Au – 4,81. Очистка раствора выщелачивания от железа посредством жидкостной экстракции ди-2-этилгексилфосфорной 

кислотой показала высокую эффективность: при использовании 25 %-ного раствора экстрагента при соотношении О : В = 1 : 1 

на двух ступенях концентрация железа в водной вазе снижается с 3,05 до 0,01 г/дм3, а при О : В = 1 : 2 на четырех ступенях – 

до 0,006 г/дм3. После железоочистки и упаривания раствора получен медный купорос, содержащий, %: CuSO4·5H2O – 99,84 

(в пересчете на медь – 25,42), Ni – 0,014, Al – 0,007, Fe – 0,0003, As – 0,0002. 

Ключевые слова: медный концентрат, халькопирит, обжиг, медь, железо, экстракция, благородные металлы.
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V — 128.12, Mo — 249.18, Pd — 25.95, Pt — 2.84, 

Au — 2.97, Ag — 60.58. The low arsenic content in the 

concentrate allows for the use of pyrometallurgical pro-

cessing methods. The phase composition of the initial 

concentrate is primarily chalcopyrite with a kyanite 

(Al2SiO5) admixture (Fig. 1).

The concentrate was ground to a size of <74 μm and 

held in a laboratory electric furnace (SNOL 7.2/1300, 

Umega Group, Lithuania) for 0.25 to 2.0 h at tem-

peratures ranging from 650 to 900 °C. The heating 

rate to the required temperature was 10 °C/min, and 

the sample mass was 50 g. The resulting calcine was 

leached with sulfuric acid solutions of various concen-

trations. Iron (III) extraction from the leach solution 

was carried out using di-2-ethylhexyl phosphoric acid 

(D2EHPA) (Volgogradpromproject, Russia) in an in-

ert aliphatic diluent RJ-3 (Volganeftchem, Russia) for 

5 minutes at different organic-to-aqueous ratios and 

temperatures. The concentrations of non-ferrous me-

tals and iron were determined using atomic absorption 

spectrometry (“AAnalyst 400”, Perkin Elmer, USA), 

while concentrations of precious metals and trace el-

ements were measured by inductively coupled plas-

ma mass spectrometry (ICP-MS) on an ELAN 9000 

DRC-e instrument (Perkin Elmer, USA). The phase 

composition of the samples was assessed by X-ray 

phase analysis (XRD) using an XRD-6000 diffrac-

tometer (Shimadzu, Japan).

Results and discussion

1. Thermal treatment of the copper concentrate

The roasting of the copper concentrate was con-

ducted for 120 min at temperatures ranging from 650 

to 900 °C. X-ray diffraction (XRD) patterns of the con-

centrates roasted at different temperatures are shown in 

Fig. 2. It was found that at lower roasting temperatures 

(650—750 °C), the main iron-bearing phase is hema-

tite (Fe2O3), while the copper-bearing phase is chalco-

cyanite (CuSO4). However, at 800 °C, copper oxide 

(CuO) and copper ferrite (CuFe2O4), begin to form, 

which is associated with the decomposition of copper 

sulfate and the initial interaction between copper oxi-

de and iron oxide. This interaction is confirmed by the 

XRD pattern of the sample roasted at 900 °C, where 

characteristic peaks of hematite are absent, and copper 

ferrite becomes the primary iron-containing phase. Ad-

ditionally, copper is present in the form of oxide.

Thus, the processes occurring at different roasting 

temperatures can be summarised in the following equa-

tions:

650—750 °С:    2CuFeS2 + 7,5O2 →

→ 2CuSO4 + Fe2O3 + 2SO2, (1)

800 °С:    4CuFeS2 + 13O2 →

→ 3CuO + Fe2O3 + CuFe2O4+ 8SO2, (2)

900 °С:   2CuFeS2 + 6,5O2 →

→ CuO + CuFe2O4+ 4SO2. (3)

The changes in the phase composition of the calcine 

over time were studied at a temperature of 700 °C. It 

was found that chalcopyrite (CuFeS2) could no longer 

be identified after 90 min of roasting, with copper 

and iron present only as chalcocyanite and hematite 

(Fig. 3), indicating the potential for effective separation 

of iron and copper from the roasted concentrate during 

leaching.

2. Sulfuric acid leaching 
of the roasted concentrate

During the study of the leaching process of the cal-

cine obtained after roasting at 700 °C, using sulfuric ac-

id solutions of various concentrations, it was found that 

leaching with a solution containing 0.02 M H2SO4, re-

sulted in copper extraction of E(Cu) = 83 % and iron 

extraction of E(Fe) = 4,6 % (Fig. 4). As the acid concen-

tration increased to 1.5 M, copper and iron extraction 

increased to 93 % and 14 %, respectively. These results 

are consistent with those shown in Figs. 2 and 3: during 

roasting, copper transitions into water-soluble chalcan-

thite, while iron remains as insoluble hematite. As the 

acid concentration increases, hematite reacts with sul-

furic acid to form soluble iron (III) sulfate, leading to 

an increase in Fe(III) concentration in the leach solu-

Fig. 1. Phase composition of the initial CC

Рис. 1. Фазовый состав исходного МК
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Fig. 3. Phase composition of the calcine at different roasting times at 700 °C 

τ, min: 1 – 15, 2 – 30, 3 – 60, 4 – 90, 5 – 120

Рис. 3. Фазовый состав огарка в зависимости от времени обжига при t = 700 °C

τ, мин: 1 – 15, 2 – 30, 3 – 60, 4 – 90, 5 – 120

Fig. 2. Phase composition of the calcine after roasting for 120 min at various temperatures 

t, °С: 1 – 650, 2 – 700, 3 – 750, 4 – 800, 5 – 900

Рис. 2. Фазовый состав огарка после обжига в течение 120 мин при различных температурах 

t, °С: 1 – 650, 2 – 700, 3 – 750, 4 – 800, 5 – 900
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tion. The increase in copper concentration in the solu-

tion may be related to the presence of copper oxide in 

the calcine, which is not detectable by XRD but reacts 

with sulfuric acid during leaching, resulting in higher 

copper concentrations in the solution. Although higher 

acid concentrations improve copper extraction, the use 

of a less concentrated leaching solution is preferable, as 

increasing the acid concentration complicates the subse-

quent separation of iron and copper.

In addition to the behavior of the major compo-

nents during sulfuric acid leaching of the calcine, the 

distribution of precious metals and other impurities in 

the concentrate is also of significant interest. Analysis 

of the composition of the leaching residues showed that 

approximately 60 % of nickel is transferred into the solu-

tion, while precious metals almost entirely remain in 

the solid residue (Table 1). Other trace elements, such as 

arsenic, selenium, tellurium, vanadium, and molybde-

num, are barely leached by 0.02 M H2SO4, concentrat-

ing in the leach residue. The content of trace elements in 

the residue after leaching with 1.5 M H2SO4 is lower than 

after leaching with 0.02 M H2SO4, especially noticeable 

for arsenic and molybdenum. Thus, with increasing acid 

concentration, more of these components are extracted 

into the solution, reducing the selectivity of the leaching 

process. Based on the data in Fig. 4 and Table 2, 0.02 M 

H2SO4 was chosen as the leaching solution for the roast-

ed concentrate.

A study of the leaching kinetics of the calcine showed 

that copper extraction into the solution in the first 

15 min reaches 72.4 %, gradually increasing to 83.5 % 

after 60 min (Fig. 5). In contrast, iron extraction in the 

first 15 min is only 0.9 %, but after 60 min, it increases 

to 4.6 %. Extending the leaching time does not signifi-

cantly enhance the extraction of either copper or iron, 

so subsequent leaching processes were conducted for 60 

min to maximize copper extraction.

An investigation of the effect of the solid-to-li-

quid ratio on concentrate leaching showed that copper 

extraction decreases slightly: at an S : L ratio of 1 : 10, 

copper extraction is 85.9 %, while at S : L = 1 : 2, it is 

74.6 %, corresponding to copper concentrations of 17.46 

and 75.96 g/dm3, respectively (Fig. 6). Throughout the 

S : L range, iron extraction does not exceed 5.6 %, which 

is observed at S : L = 1 : 10, and its maximum concen-

Fig. 4. Effect of H2SO4 concentration on the leaching 

of copper concentrate calcine

t = 60 °C, τ = 1 h, S : L = 1 : 5

Рис. 4. Влияние концентрации H2SO4 

на выщелачивание огарка МК

t = 60 °C, τ = 1 ч, Т : Ж = 1 : 5

Table 1. Metals distribution during leaching of copper 
concentrate calcine (S : L = 1 : 10, t = 60 °C, τ = 1 h)

Таблица 1. Распределение металлов 

при выщелачивании огарка МК 

(Т : Ж = 1 : 10, t = 60 °C, τ = 1 ч)

Ме Unit С(Ме)initial

Composition of leaching 

residues of the calcine

С(H2SO4) =

= 0.02 М

С(H2SO4) =

= 1.5 М

Ni

%

0.47 0.31 0.30

Cu 20.35 2.0 1.6

Ca 0.75 0.70 0.70

Co 0.05 0.02 0.01

Al 0.87 1.30 1.62

Fe 23.07 40.8 40.1

As

г/т

138.95 257.80 134.20

Se 98.31 128.30 97.30

Te 15.74 22.63 25.96

Ag 60.58 96.22 101.49

Pd 25.95 41.61 45.44

Au 2.97 4.81 5.59

Pt 2.84 5.65 5.06

V 128.12 208.3 192.9

Mo 249.18 349.8 217.1

Table 2. Effect of temperature on the leaching 
of copper concentrate calcine 
(S : L = 1 : 5, C(H2SO4) = 0.02 М, τ = 1 h)

Таблица 2. Влияние температуры на выщелачивание 

огарка МК (Т : Ж = 1 : 5, C(H2SO4) = 0,02 М, τ = 1 ч)

t, °C E(Cu), % E(Fe), %

20 81.5 4.5

40 82.3 4.6

60 83.2 4.6
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tration is 4.38 g/dm3 at S : L = 1 : 2. Notably, copper ex-

traction at S : L = 1 : (3÷5) is 81.2 % and 83.1 %, respec-

tively, indicating a more efficient process than leaching 

at S : L = 1 : 2. However, at S : L = 1 : 10, the copper con-

centration in the solution (17.46 g/dm3) is insufficient for 

further processing. 

The S : L ratio also plays a crucial role in the separa-

tion of copper and iron during leaching. While the initial 

Cu/Fe ratio in the concentrate is 0.88, during leaching, 

it increases in the solution to 13.5 and 17.3 at S : L =

= 1 : 10 and 1 : 2, respectively, with a non-linear de-

pendence (see Fig. 6). The lack of direct proportionality 

can be explained by the increased copper concentration 

in the solution at lower S : L ratios, which likely reduces 

the activity of sulfuric acid, leading to less interaction 

with hematite. Consequently, the optimal S : L ratio 

range is 1 : (5÷3), where copper and iron concentra-

tions in the solution are 33.8—55.0 g/dm3 and 2.15—

3.25 g/dm3, respectively, with a separation coefficient 

(βCu/Fe) of 15.7—16.9.

It was found that increasing the leaching tem-

perature slightly improves copper extraction into 

the solution and has little effect on iron extraction 

(Table 2). The minimal effect of temperature on cop-

per extraction is due to the lack of a chemical reaction 

during copper leaching, as the process is based on the 

dissolution of chalcocyanite in the liquid phase. The 

lack of temperature inf luence on iron extraction is 

explained by the low acid concentration in the leach-

ing solution.

3. Iron solvent extraction 
from the leach solution

To separate iron (III) and copper (II) in sulfate solu-

tions, the hydrolytic method of precipitating iron as an 

insoluble hydroxide (iron cake) is often used [22]. How-

ever, some copper co-precipitates with the cake, lead-

ing to copper losses in the waste. Therefore, it was pro-

posed to separate iron (III) and copper (II) by extracting 

Fe(III) from the copper solution using extractants based 

on D2EHPA, which has proven effective for extracting 

iron (III) from a copper electrolyte [23]. A 25 % solution 

of technical-grade D2EHPA in an inert aliphatic diluent 

was used for extraction. Based on the McCabe-Thiele 

plot for Fe(III) solvent extraction from the leach solu-

tion, it was found that iron is nearly quantitatively ex-

tracted in two stages at O : A = 1 : 1 and in four stages at 

O : A = 1 : 2, with residual Fe(III) concentrations in the 

raffinates of 0.01 and 0.006 g/dm3, respectively (Fig. 7), 

corresponding to extraction rates of 99.7 % and 99.8 %. 

Notably, copper (II) extraction does not exceed 2.7 %, 

as under the studied conditions, D2EHPA has a higher 

affinity for iron (III) than for copper (II) [24], ensuring 

more efficient Fe(III) extraction. As a result, the organ-

ic phase is saturated with iron (III), which prevents the 

co-extraction of copper (II).

The organic phase saturated with iron (III) can be 

regenerated by stripping using hydrochloric [25] or oxal-

ic [26] acids, allowing the extractant to be recycled back 

into the extraction stage. After thorough iron extraction, 

the obtained raffinate was evaporated and cooled, lead-

ing to the precipitation of copper sulfate, which con-

tained (%): CuSO4·5H2O — 99.84 (equivalent to 25.42% 

copper), Ni — 0.014, Al — 0.007, Fe — 0.0003, As — 

0.0002. The resulting mother liquor can be either evap-

orated further or used for leaching roasted concentrate. 

If nickel impurities concentrate in the solution during 

further processing, the filtrate can be treated for effec-

Fig. 5. Kinetics of calcine leaching

S : L = 1 : 5, C(H2SO4) = 0.02 М, t = 60 °C

Рис. 5. Кинетика выщелачивания огарка

Т : Ж = 1 : 5, C(H2SO4) = 0,02 М, t = 60 °C

Fig. 6. Effect of S : L on the extraction and separation 

of Fe and Cu during leaching

C(H2SO4) = 0.02 М, τ = 1 h, t = 60 °C

Рис. 6. Влияние Т : Ж на извлечение 

и разделение Fe и Cu при выщелачивании

C(H2SO4) = 0,02 М, τ = 1 ч, t = 60 °C
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tive copper and nickel separation, for example, by sol-

vent extraction [27].

Thus, sulfating roasting allows for not only the effec-

tive separation of copper from iron and precious metals 

during leaching but also the production of copper sulfate 

with less than 0.16 % impurities after iron solvent extrac-

tion from the copper sulfate solution.

Conclusion

The method for processing chalcopyrite copper 

concentrate presented in this study allows for avoiding 

one of the main challenges in non-ferrous hydrome-

tallurgy — the stage of iron removal from solutions via 

hydrolytic means. The difference in the thermal stabi-

lity of iron and copper sulfates within the temperature 

range of 650—750 °C enables the conversion of most 

of the iron into oxide, while copper remains in the 

form of sulfate after roasting. As a result, during sul-

furic acid leaching, copper transitions into the aque-

ous phase, and iron remains in the insoluble residue. It 

was established that leaching is best performed with a 

0.02 M sulfuric acid solution for 1 hour at a solid-

to-liquid ratio of 1 : (3÷5) and a temperature of 20 °C. 

The possibility of separating copper and precious me-

tals, which concentrate in the solid phase along with 

iron during leaching, is also significant. he low con-

tent of iron and sulfuric acid in the leach solution ena-

bles iron removal via selective cation exchange solvent 

extraction. Using a 25 % D2EHPA solution in an inert 

aliphatic diluent at O : A = 1 : 1 over two stages results 

in 99.7 % iron extraction. The obtained raffinate can 

be further used for copper sulfate production or for 

copper electrodeposition.
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Capabilities of asymmetric rolling 
of single-layer and laminated materials made 
from aluminum and its alloys
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Abstract: Asymmetric rolling of aluminum alloys is one of the methods for improving their mechanical and performance characteristics. 

Kinematic asymmetry during rolling is achieved by varying the roll speed ratios (V1 /V2). It is believed that when V1 /V2 > 3, the process of 

asymmetric rolling, by combining significant compression and shear deformations, approximates the processes of severe plastic deformation. 

It has been found that the majority of studies are based on data obtained within a limited roll speed ratio range, V1 /V2 < 2, in asymmetric 

rolling. This article examines the effects observed at V1 /V2 = 1÷7.7. The implementation of this condition became possible thanks to a unique 

scientific facility – the 400 laboratory-industrial asymmetric rolling mill at the Zhilyaev laboratory “Mechanics of Gradient Nanomaterials” 

at Nosov Magnitogorsk State Technical University Experiments were conducted on asymmetric thin-sheet rolling of aluminum alloys 2024, 

5083, and 6061, as well as accumulative roll bonding to produce laminated sheet aluminum composites 5083/2024, 5083/1070, and 6061/5083. 

The disadvantages of asymmetric rolling compared to symmetric rolling were identified: sample failure was observed at single relative 

reductions of 37 % for layered sheet aluminum composites (5083/2024) and 40 % for thin-sheet aluminum alloys (6061). The nuances of 

material preparation for processing were described, including the necessity of cleaning and degreasing the alloy surfaces before bonding into 

a composite. The rolling temperature regimes were selected, determining cold asymmetric thin-sheet rolling (room temperature processing) 

and warm asymmetric accumulative roll bonding (heating of the workpieces in the furnace before rolling at 320–350 °C). A reduction in 

rolling force (by a minimum of 1.3 times), the ability to vary hardness (including an increase by a minimum of 30 %), and technological 

plasticity with changes in the roll speed ratios within the range of 2 to 7.7 were demonstrated. Options were proposed for reducing the 

processing cycles of aluminum alloys without compromising the quality of the finished product by reducing the number of rolling passes and 

annealing steps in the standard process scheme.

Key words: asymmetric rolling, accumulative roll bonding, severe plastic deformation, technological plasticity, hardness, kinematic asymmetry, 

rolling force.
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Introduction

In line with the Metallurgical Industry Develop-

ment Strategy of the Russian Federation through 20301, 

a series of objectives has been set, focusing on the pro-

Возможности асимметричной прокатки 
однослойных и слоистых материалов 
из алюминия и его сплавов

О.Д. Бирюкова1, А.Е. Могильных1, А.М. Песин1, Д.О. Пустовойтов1, 
И.А. Песин1, М.А. Бирюков2

1 Магнитогорский государственный технический университет им. Г.И. Носова
Россия, 455000, Челябинская обл., г. Магнитогорск, пр. Ленина, 38

2 ПАО «Магнитогорский металлургический комбинат»
Россия, 455000, Челябинская обл., г. Магнитогорск, ул. Кирова, 93

  Олеся Дмитриевна Бирюкова (fimapatisonchik@inbox.ru)

Аннотация: Асимметричная прокатка алюминиевых сплавов является одним из способов улучшения их механических и экс-

плуатационных характеристик. Кинематическая асимметрия при прокатке осуществляется при варьировании отношений 

скоростей рабочих валков (V1 /V2). Считается, что при V1 /V2 > 3 процесс асимметричной прокатки по механизму совмещения 

больших деформаций сжатия и сдвига приближен к процессам интенсивной пластической деформации. Выявлено, что боль-

шее количество исследований основано на данных, полученных при ограниченном диапазоне соотношения скоростей валков 

V1 /V2 < 2 при асимметричной прокатке. В статье рассмотрены эффекты, полученные при V1 /V2 = 1÷7,7. Реализация данного 

условия стала возможна благодаря уникальной научной установке – лабораторно-промышленному стану 400 асимметрич-

ной прокатки лаборатории «Механика градиентных наноматериалов им. А.П. Жиляева» МГТУ им. Г.И. Носова. Проведе-

ны эксперименты по асимметричной тонколистовой прокатке алюминиевых сплавов 2024, 5083 и 6061 и аккумулирующей 

прокатке с получением листовых слоистых алюминиевых композитов 5083/2024, 5083/1070 и 6061/5083. Выявлены недостатки 

асимметричной прокатки по сравнению с симметричной: наблюдалось разрушение образцов при единичных относительных 

обжатиях от 37 % для листовых слоистых алюминиевых композитов (5083/2024) и от 40 % – для тонколистовых алюминиевых 

сплавов (6061). Описаны нюансы подготовки материала к обработке, в том числе необходимость зачистки и обезжиривания 

поверхности сплавов перед соединением в композит. Подобраны температурные режимы прокатки, определившие холодную 

асимметричную тонколистовую прокатку (комнатная температура обработки) и теплую асимметричную аккумулирующую 

прокатку (температура нагрева заготовок в печи перед прокаткой 320–350 °C). Показаны снижение силы прокатки (мини-

мально в 1,3 раза), возможность варьирования твердости (в том числе увеличения минимально на 30 %) и технологической 

пластичности при изменении отношений скоростей валков в пределах от 2 до 7,7. Предложены варианты сокращения техноло-

гических циклов обработки алюминиевых сплавов без снижения качества готовой продукции путем уменьшения количества 

прокаток и отжигов в стандартной схеме. 

Ключевые слова: асимметричная прокатка, аккумулирующая прокатка, интенсивная пластическая деформация, технологичес-

кая пластичность, твердость, кинематическая асимметрия, сила прокатки.
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duction of high-quality metal products. Notably, un-

der these conditions, the non-ferrous metallurgy sector 

is expected to achieve production growth, not only to 

meet import substitution goals but also to support the 

export of high-quality, competitive products. The de-

velopment of new ultra-strong yet lightweight materials 

is crucial for driving technological progress in industries 

such as aerospace, electrical engineering, automotive, 

and aviation manufacturing. Aluminum and its alloys 

1 Order of the Government of the Russian Federation of 

December 28, 2022 No. 4260-r “On approval of the strategy for 

the development of the metallurgical industry of the Russian 

Federation for the period up to 2030”.
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are the primary materials of choice for structural design 

in these fields.

Achieving high-quality aluminum rolled products 

depends on processing methods that aim to comprehen-

sively improve the materials’ properties, structure, and 

geometric parameters. For instance, asymmetric roll-

ing is a promising technique for producing high-quality 

materials, as it improves mechanical properties such as 

strength, hardness, and plasticity, along with perfor-

mance characteristics like formability under pressure 

and technological plasticity [1—10]. Asymmetry during 

rolling can be achieved in several ways: varying the roll 

speed ratio to induce kinematic asymmetry; changing 

the roll diameter ratio to create geometric asymmetry; 

or modifying the surface of the working rolls or the ma-

terial itself to introduce physical-mechanical or contact 

asymmetry [11—14]. Among these, kinematic asym-

metry is the most technologically viable and often pre-

ferred. Currently, asymmetric rolling with a roll speed 

ratio of V1 /V2 > 3 is regarded as a metal forming process 

that closely approximates the effects of severe plastic 

deformation. Its key feature lies in the ability to combine 

significant compression and shear deformations by em-

ploying a simple and pure shear scheme, which impacts 

the deformability of metals and alloys.

It has been established that asymmetric rolling sig-

nificantly increases the hardness and strength of mate-

rials [15—19], though plasticity tends to decrease, ne-

cessitating intermediate and final heat treatments of the 

rolled metal. However, combining high levels of reduc-

tion with specific roll speed ratios can maintain or even 

It’s important to note that in most foreign publications 

[20—23], researchers typically explore a narrow range of 

roll speed ratios, with V1 /V2 not exceeding 2. There is 

a noticeable lack of data on the effects of a broader roll 

speed ratio range (V1 /V2 = 2÷10) in both Russian and 

international studies, making this an area of significant 

interest. 

The implementation of asymmetric rolling with kin-

ematic asymmetry and roll speed ratios ranging from 

1.05 to 10.0 has been made possible thanks to a unique 

scientific facility (USF)1 — the 400 laboratory-indus-

trial asymmetric rolling mill2 at the Zhilyaev laborato-

ry “Mechanics of Gradient Nanomaterials” at Nosov 

Magnitogorsk State Technical University. This equip-

ment has no equivalent in Russia, with the most similar 

system located in South Korea, where the roll speed ra-

tio can reach up to 2.

Research methodology

The study investigated the effect of kinematic 

asymmetry during thin-sheet and accumulative roll-

ing on the changes in mechanical properties of alu-

minum alloys. The asymmetric rolling was carried 

out on the USF “Asymmetric Rolling Mill 400” at 

room temperature. No lubricants were used; however, 

pre-rolling of aluminum was performed to promote 

its adhesion to the roll surfaces, thereby increasing 

friction coefficient. The aluminum alloys subjected 

to rolling were from the 1xxx, 2xxx, 5xxx, and 6xxx 

series, specifically 1070, 2024, 5083, and 6061, whose 

chemical compositions are presented in Table 1. The 

selection of these alloys was based on their widespread 

use and popularity in the manufacturing industries for 

which this research was conducted (automotive, aero-

space, etc.).

Aluminum alloys 2024, 5083, and 6061 were pro-

cessed using asymmetric rolling with relative reductions 

ranging from 5 to 89 % and roll speed ratios V1 /V2 from 

1 to 7.7. The workpiece dimensions were as follows, in 

mm: thickness — from 1.9 to 6, width — 25, length — 

100. No additional heat treatment or preheating was ap-

plied prior to rolling.

Certain parameters of asymmetric thin-sheet 

and asymmetric accumulative roll bonding differed, 

which was determined by the technological features 

of the process: thin-sheet rolling involved process-

ing single-layer aluminum alloys, while accumulative 

roll bonding, the general scheme of which is shown in 

Fig. 1 [24], was intended for laminated materials form-

ing a composite. 

These methods are used to obtain an ultra-

fine-grained structure, with the accumulative roll bond-

ing process involving not only the combined and simple 

shear schemes but also the accumulation of stresses after 

each processing cycle. However, the complexity of this 

process, compared to asymmetric thin-sheet rolling, lies 

in the necessity of preparing the alloy surfaces for bond-

ing during processing. Some studies [24—27] describe 

the requirement for preliminary mechanical joining of 

the sheets, which improves the adhesion level during 

rolling. This was performed on several workpieces, as 

shown in Fig. 2.

During asymmetric accumulative roll bonding, alu-

minum alloys 1070, 2024, 5083, and 6061 were used 

to create laminated sheet aluminum composites 

5083/1070, 5083/2024, and 6061/5083. For these ma-

terials, two rolling cycles were conducted in all cases, 

with relative reductions ranging from 45 to 75 % (except 

in cases where samples were destroyed after the first 

1 https://ckp-rf.ru/catalog/usu/3206908
2 http://lmgn.magtu.ru/ru/oborudovanie.html
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rolling cycle). The roll speed ratio V1 /V2 ranged from 

1 to 5. The workpieces had the following dimensions, 

in mm: the thickness of individual layers compos-

ing the composite ranged from 1 to 2, with the to-

tal thickness of the two alloys being between 2 and 4; 

the width was 50, and the length was 100. The rolling 

temperature conditions varied from cold to hot, with 

preheating of the workpieces to 320—350 °C typically 

applied. The surface of each alloy (only for the cold 

asymmetric accumulative roll bonding method) was 

pre-treated by cleaning with wire brushes or sand-

paper, followed by degreasing with a solvent. Sub-

sequent transport to the rolling mill was carried out 

immediately to prevent the formation of a new thick 

oxide layer.

Results and discussion

In symmetric cases (при V1 /V2 = 1), all workpieces 

failed during the first pass, both in thin-sheet rolling and 

cold accumulative roll bonding, when the single relative 

reduction was 40 % or higher. The results are shown in 

Table 2 and Fig. 3.

The study also revealed that improper or in-

sufficiently thorough pre-cleaning and subsequent 

degreasing of the surface before accumulative roll 

bonding (at any roll speed ratio) negatively affected 

the formation of the transition layer, which is created 

through diffusion interactions. This resulted in a low 

degree of layer interpenetration between the base 

metals and alloys, leading to microcracks at the lay-

Table 1. Chemical composition (%) of aluminum alloys from various series

Таблица 1. Химический состав (%) алюминиевых сплавов различных серий

Alloy Mn Mg Si Fe Cu Cr Ti Zn Al

1070 0.03 0.02 0.15 0.16 0.01 – 0.01 0.04 99.70

2024 0.019 0.473 0.422 0.178 0.02 0.001 0.15 0.25 98.487

5083 0.682 4.479 0.091 0.285 0.027 0.104 0.007 0.014 94.282

6061 0.90 1.00 0.60 0.70 0.32 0.22 0.15 0.25 95.86

Fig. 1. Scheme of accumulative roll bonding [24]

Рис. 1. Схема аккумулирующей прокатки [24]

Fig. 2. Workpieces prepared for asymmetric accumulative 

roll bonding with preliminary joining using 

thin wire

Рис. 2. Образцы, подготовленные 

для асимметричной аккумулирующей прокатки 

с предварительным соединением их тонкой проволокой
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er interfaces and areas with partial lack of bonding 

between the layers. 

The necessity of pre-joining the alloys to form a 

laminated material, as shown in Fig. 2, was not con-

firmed — at low reductions, this “bond” had no po-

sitive effect, as the layers would separate, and the wire 

would break. For reductions exceeding 50 %, such 

pre-joining was unnecessary, as the layers bonded 

equally well regardless of the presence or absence of 

wire. In some cases, the wire had a negative effect, 

leading to defects at the front and rear ends of the 

rolled material.

It was also found that the formation of laminated 

sheet composites in the cold processing mode is only 

possible when joining identical alloys in the first cy-

cle (e.g., alloy 5083 + alloy 5083 or alloy 1070 + alloy 

1070). The first and second cycles with dissimilar alloys 

(e.g., alloy 5083 + alloy 2024 or alloy 6061 + alloy 5083) 

must be conducted in the warm rolling mode with pre-

heating to 320—350 °C (considering material cooling 

during transport from the furnace to the rolling mill). 

Hot deformation of laminated sheet aluminum com-

posites was performed by heating the workpieces to 

420—500 °C, which produced unsatisfactory results, as 

all workpieces developed defects such as “over-squeez-

ing” and “waviness”. Table 3 presents some parameters 

of the asymmetric accumulative roll bonding modes—

preheating temperatures for different types of materials 

(homogeneous 6061/6061, 5083/5083, 1070/1070, and 

heterogeneous 5083/1070, 5083/2024, 6061/5083) prior 

Table 2. Results of symmetrical thin-sheet rolling and accumulative roll bonding of aluminum alloys

Таблица 2. Результаты симметричной тонколистовой и аккумулирующей прокаток 

алюминиевых сплавов

Material
Thickness, mm

Relative reduction, % Force, kN
Initial Final

2024 6.00 3.10 48 464

5083 1.90 0.95 50 290

6061 2.00 1.20 40 353

5083/2024 3.00 1.90 37 1330

5083/1070 3.00 1.60 47 900

6061/5083 3.00 1.55 48 1200

a b

Fig. 3. Workpieces after symmetrical thin-sheet rolling (a) and accumulative (b) roll bonding

Рис. 3. Образцы после симметричной тонколистовой (а) и аккумулирующей (b) прокаток
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to rolling, the cycle number of asymmetric accumula-

tive roll bonding, the relative reduction, and the integ-

rity of the workpieces after processing, including the 

likelihood of defects that could affect further material 

processing.

The key advantages of asymmetric rolling com-

pared to symmetric rolling have been identified: a 

reduction in rolling force, the ability to control me-

chanical properties (including hardness, strength, and 

plasticity) depending on the level of asymmetry, and 

an increase in technological plasticity. These advan-

tages are characteristic of both thin-sheet rolling and 

accumulative roll bonding, as shown in Table 4 (using 

alloy 6061 processed in one pass and laminated sheet 

composite 6061/5083 processed in two cycles as exam-

ples). During asymmetric accumulative roll bonding, 

the preheating of the workpieces was carried out for 

10—15 minutes at a temperature of 320 °C. All the 

presented workpieces maintained their integrity after 

processing.

It is important to note that asymmetric rolling sig-

nificantly increases technological plasticity. This pa-

rameter is taken into account when developing new 

technical and technological solutions for material 

processing. Below are experimental data comparing 

symmetric and asymmetric rolling (using aluminum 

alloy 6061 as an example), clearly demonstrating the 

difference in the deformability of the workpieces. The 

ultimate goal of the experiment was to obtain a strip 

with a thickness of 0.5 mm. In the case of symmet-

ric rolling, this result was achieved in 4 passes. After 

each pass, heat treatment, specifically annealing, was 

required, meaning it was performed 4 times. The roll 

gap was set to a relative reduction of 35 % for the first 

three passes and 9 % for the final pass. Any reduction 

greater than 35 % led to the workpiece’s integrity being 

compromised, i.e., resulting in its failure. The results 

are presented in Table 5.

During asymmetric rolling, the roll speed ratio was 

V1 /V2 = 2 (in passes 1 and 2), allowing the rolling process 

to be carried out with a relative reduction of 63 % without 

damaging the workpieces. As shown by the data in Table 

6, the target was achieved in just two passes. The number 

of annealing treatments was also reduced to two.

With a further increase in kinematic asymmetry 

to V1 /V2 = 4, the relative reduction without material 

Table 3. Parameters of the asymmetric accumulative roll bonding modes for aluminum alloys 
(comparison of temperature conditions)

Таблица 3. Параметры режимов асимметричной аккумулирующей прокатки алюминиевых сплавов 

(сравнение температурных условий)

Material

Preheating temperature 

of the aluminum composite, 

°C

Cycle 

No.

Relative 

reduction, %

Defects

Preservation of workpiece integrity

6061/6061

5083/5083

1070/1070

– 1 50 +

5083/1070

5083/2024

6061/5083

– 1 50
Delamination 

(integrity not preserved)

5083/1070

5083/2024

6061/5083

320–350 1 50 +

5083/1070

5083/2024

6061/5083

320–350 2 50 +

5083/1070

5083/2024

6061/5083

420–500 1 50

Waviness and over-squeezing 

(integrity preserved, 

but cycle 2 is not possible)
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failure reached 75 %. It is clear that with asymmetric 

rolling at a roll speed ratio of V1 /V2 = 4, only one pass 

and one final annealing were required (see Table 6). 

Similar results were observed during accumula-

tive roll bonding. It was shown that in cold symmetric 

accumulative roll bonding, the workpieces failed at 

a relative reduction of 42 %. Additionally, this level 

of relative reduction was insufficient for bonding the 

workpieces in the deformation zone, which result-

ed in either incomplete bonding of the metal layers 

or tears in the middle of the samples, along with the 

“crescent-shaped” defect. Cold asymmetric rolling 

was characterized by a reduction in defect formation. 

All workpieces demonstrated good pressure weldabil-

Table 6. Experimental data on asymmetric rolling of aluminum strip made from alloy 6061

Таблица 6. Экспериментальные данные асимметричной прокатки алюминиевой ленты из сплава 6061

Pass No.
Thickness, mm

Relative reduction, % Force, kN
Initial Final

V1 /V2 = 2

1 2.00 0.74 63 320

2 0.74 0.50 32 234

V1 /V2 = 4

1 2.00 0.50 75 166

Table 4. Results of asymmetrical thin-sheet rolling and accumulative roll bonding of aluminum alloys 
(comparison of rolling force and hardness)

Таблица 4. Результаты асимметричной тонколистовой и аккумулирующей прокаток алюминиевых сплавов 

(сравнение силы прокатки и твердости)

Material Roll speed ratio
Relative 

reduction, %
Force, kN Hardness, HB

6061 2 63 320 118

6061 3 70 228 121

6061 4 75 166 100

6061/5083 2 53 640 65/78

6061/5083 3 62 558 73/89

6061/5083 4 67 490 93/100

Table 5. Experimental data on symmetrical rolling of aluminum strip made from alloy 6061

Таблица 5. Экспериментальные данные симметричной прокатки алюминиевой ленты из сплава 6061

Pass No.
Thickness, mm

Relative reduction, % Force, kN
Initial Final

1 2.00 1.30 35 337

2 1.30 0.85 35 272

3 0.85 0.55 35 275

4 0.55 0.50 9 151
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ity. Technological plasticity increased significantly, 

making it possible to roll laminated aluminum com-

posites with single relative reductions ranging from 75 

to 95 %. 

In warm asymmetric accumulative roll bonding, 

the maximum single relative reduction reached 98 %. 

At lower reductions (up to 75 %), an increase in the 

drawing ratio (calculated using the formula μ =

= l1/l0 was observed with an increase in kinematic 

asymmetry to V1 /V2 = 4 (the preheating temperature 

of the workpieces was 320 °C, and the initial total 

thickness of the alloys in the composite was 3 mm). 

The values of the drawing ratio for the laminated alu-

minum composite 5083/2024 at various roll speed ra-

tios are presented below:

V1 /V2 ...............1.0        2.0      2.5       3.0       3.5        4.0

μ ....................1.60     3.00     3.58     3.92     4.40     5.06

Conclusion

In both Russia and abroad, a limited range of roll 

speed ratios is considered in asymmetric rolling. 

Thanks to modern equipment, specifically the USF — 

400 laboratory-industrial asymmetric rolling mill at the 

Zhilyaev laboratory “Mechanics of Gradient Nanoma-

terials”, it has become possible to process metals and 

alloys at roll speed ratios V1 /V2 > 2. Based on the results 

of experimental studies on asymmetric thin-sheet roll-

ing and accumulative roll bonding, the following were 

demonstrated:

1. An increase in the technological plasticity of alu-

minum alloys (as exemplified by alloys 2024, 5083, and 

6061) and laminated sheet aluminum composites (as 

exemplified by 5083/1070, 5083/2024, and 6061/5083). 

In thin-sheet rolling, it became possible to shorten 

the technological cycle of cold material processing, 

including reducing the number of rolling passes and 

annealing without compromising the quality of the 

rolled product. It was shown that instead of four stand-

ard passes in the symmetric mode, a single pass in the 

asymmetric mode is permissible. In accumulative 

roll bonding, a single relative reduction of 98 % can 

be achieved without material failure in the asymmet-

ric mode, compared to 42 % in the symmetric mode. 

The drawing ratio increased from 1.60 to 5.06 as the 

roll speed ratio V1 /V2 increased from 1 to 4 (as demon-

strated with the laminated sheet aluminum composite 

5083/2024).

2. The ability to control mechanical properties 

(as demonstrated with hardness) by adjusting the le-

vel of asymmetry at roll speed ratios V1 /V2 in the range 

of 2 to 4.

3. A reduction in rolling force with an increase in 

the level of asymmetry: for example, for aluminum al-

loy 6061, the force decreased from 320 to 166 kN as the 

roll speed ratio V1 /V2 increased from 2 to 4, and for 

the laminated sheet aluminum composite 6061/5083, 

the force decreased from 640 to 490 kN, respectively. 

Similar results were observed for other aluminum al-

loys and laminated sheet aluminum composites con-

sidered.

4. Specifics of preparing aluminum alloys for the 

production of laminated sheet aluminum composites, 

which include proper surface treatment before bonding 

and the lack of necessity for additional wire-based bond-

ing of layers.
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Аннотация: В настоящее время особое место среди материалов, используемых в цветной металлургии, занимают силицирован-

ные углерод-углеродные композиционные материалы (УУКМ). На процесс силицирования пористого УУКМ значительно вли-
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Introduction

The modern development of materials science is 

inseparable from the creation and implementation of 

high-temperature materials that combine heat resis-

tance, excellent thermal stability, high mechanical prop-

erties, wear resistance, and durability in aggressive ga-

seous and liquid environments at elevated temperatures. 

Siliconized graphite largely meets these requirements, 

which explains its widespread use in the chemical, me-

tallurgical, and energy industries. Siliconized graphite 

is utilized as components in friction assemblies (such as 

sealing rings and sliding bearings) for pumps and reac-

tors, as protective sheaths for immersion thermocouples, 

and as bottom pouring refractories or stopper rod sys-

tems for metallurgical furnaces. Ensuring and enhanc-

ing the strength properties of materials under high-tem-

perature conditions necessitates the development of new 

structural materials [1—3].

Currently, siliconized carbon-carbon composites 

(C/C composites) hold a significant position among 

materials used in non-ferrous metallurgy. Liquid sili-

con infiltration (LSI) is one of the most effective and 

rapid methods for forming a ceramic matrix. This 

method involves applying a slip coating based on sili-

con-containing powder to the surface of a porous C/C 

composite semi-finished product. At temperatures ex-

ceeding 1414 °C, the coating decomposes, producing 

liquid silicon. The LSI process for porous C/C composi-

tes is significantly influenced by their microstructural 

characteristics. The completeness of silicon infiltration 

is determined by the nature of the porous structure and 

the pore distribution in the C/C composite (including 

pore volume, size, configuration, distribution through-

out the material, and accessibility to liquid silicon). 

Studying the influence of the structural features of po-

rous C/C composites on their reactivity with liquid si-

яют его микроструктурные характеристики. Изучение влияния пористой структуры различных УУКМ на полноту пропитки 

расплавом кремния может позволить регулировать фазовый состав силицированных материалов в широком диапазоне, а также 

физико-механические и теплофизические свойства углерод-керамического композиционного материала (УККМ). Описаны ре-

зультаты анализа пористой структуры и прочностных характеристик УУКМ на основе иглопробивной преформы с различными 

типами углеродных матриц (пироуглеродная, кокс натурального и синтетического пеков, кокс фенолформальдегидной смолы) и 

УККМ на их основе. В силу особенностей формирования углеродной матрицы из жидкой или газовой фаз наблюдается отличие 

по границам диапазонов пор. Углеродная матрица, сформированная газофазным методом, оставляет меньше наноразмерных 

пор в сравнении с матрицей, полученной жидкофазным методом. Установлено влияние структуры порового пространства и 

природы матричного углерода различных УУКМ на основе иглопробивных преформ на их степень насыщения расплавом крем-

ния, глубину пропитки, а также определены механические свойства.

Ключевые слова: углерод-углеродные композиционные материалы, пористая структура, углеродная матрица, углеродная пре-

форма, силицирование, пропитка расплавом кремния, углерод-керамические композиционные материалы.
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licon and the completeness of infiltration enables regu-

lation of the phase composition of siliconized materials 

over a wide range, as well as the physical, mechanical, 

and thermophysical properties of C/C—SiC compo-

sites [4—14].

Depending on the intended purpose, structural fea-

tures of the components, and their operating conditions, 

various methods are used to manufacture reinforcing 

preforms and form carbon matrices for the production 

of C/C composites. Each type of carbon-reinforcing 

framework has its own structural features, and together 

with the different technological processes for densifying 

them with a carbon matrix, they exhibit specific ranges 

of pore sizes and configurations. Over the past decade, 

significant attention has been devoted to the develop-

ment of high-speed, fully automated technologies for 

creating needle-punched reinforcing frameworks from 

carbon fibers. The emergence of new needle-punched 

frameworks has necessitated the development of po-

rous C/C composites based on these frameworks and 

the adjustment of LSI process parameters to produce 

high-density C/C—SiC composites with uniformly dis-

tributed SiC [15—20].

To saturate the reinforcing framework with a car-

bon matrix, various carbon-containing substances are 

used. In the case of forming the carbon matrix by the 

gas-phase method, a carbon-containing gas undergoes 

pyrolysis, resulting in carbon deposition between the 

fibers of the framework. The advantages of this me-

thod include ensuring uniform distribution of the car-

bon matrix, high density of deposited carbon, strong 

adhesion between the matrix and the fibers, and en-

hanced mechanical and strength characteristics of 

the C/C composites. However, the gas-phase method 

is characterized by its long processing time, low raw 
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material utilization efficiency, and consequently, high 

cost [10; 19; 21—24].

An alternative method for forming the carbon mat-

rix is the impregnation of the framework with a po-

lymer binder. This approach is faster and more cost-

effective. The liquid-phase method of forming a car-

bon matrix involves impregnating carbon frameworks 

with polymer resin, followed by pyrolysis, carboniza-

tion, and high-temperature treatment (HTT). Precur-

sors for this method can include various thermosetting 

(e.g., phenol-formaldehyde, furan) and thermoplas-

tic (e.g., coal tar pitch, petroleum pitch) resins. The 

mechanical and thermophysical properties of the re-

sulting composites largely depend on the chemical and 

physical structure of the coke residue from the polymer 

binder. The advantages of using pitches include their 

high coke density, good graphitization tendency, and 

the elimination of solvents from the technological pro-

cess. However, their drawbacks include thermoplasti-

city, which leads to binder migration during heat treat-

ment, and the presence of carcinogenic compounds in 

pitches, which negatively impacts working conditions. 

In industrial applications, phenol-formaldehyde resins 

and coal tar pitches are most commonly used to form 

the carbon matrix via the liquid-phase method [19; 

25—28].

The objective of this study is to determine the in-

fluence of the pore structure and the nature of the matrix 

carbon in various needle-punched preform-based C/C 

composites on their degree of saturation with silicon 

melt, infiltration depth, and mechanical properties.

1. Research methodology

For the study, C/C composites were manufac-

tured based on needle-punched preforms (NPPs) 

produced by JSC “Kompozit” (Korolev, Russia). The 

needle-punching technology enables the production 

of layered fibrous preforms with the required level of 

mechanical properties. NPPs made from continuous 

carbon fibers were fabricated by sequentially laying the 

tapes with rotation at a specific angle to reduce aniso-

tropy in the properties. After preparing the reinforc-

ing preform, the space between the fibers was filled 

with a carbon matrix formed using gas-phase and liq-

uid-phase methods.

Phenol-formaldehyde resin of the BZh grade, pro-

duced by LLC “Naukom” (Nizhny Novgorod, Rus-

sia), natural and synthetic coal tar pitches produced by 

LLC “Mini-Max” (Moscow, Russia), and the carbon-

containing gas methane (CH4) were used as precursors 

for the carbon matrix.

The total open porosity and apparent density were 

determined using the hydrostatic weighing method in 

accordance with GOST 15139-69.

Data on the pore size and volumetric content of pores 

in the studied materials were obtained by the standard 

contact porometry (SCP) method using the “Porosi-

meter 3.2” instrument. The SCP method allows for 

the evaluation of the integral and differential porosity 

of materials, as well as their density. The measurement 

range of the pores is from 1 nm to 500 μm. The SCP 

experiment involves measuring the equilibrium relative 

moisture content curve (the ratio of the volume of li-

quid—octane—inside the pores to the weight or volume 

of the porous sample) between a standard and the test 

sample. The equilibrium relationship between the rela-

tive amount of octane in the test sample and its quan-

tity in the standard, for which the porometric curve is 

pre-determined, is calculated. From this dependence 

and the calibration porometric curve of the standard (the 

distribution curve of pore volumes by their radii), the 

porometric curve of the test sample can be derived. The 

obtained integral and differential pore distribution data 

make it possible to evaluate the volumetric pore content 

and the porous structure of the material.

To study the porous space and microstructure of C/C 

composites and C/C—SiC composites, microstructural 

analysis of cross-sections of the samples was performed 

using a JCM-6610 LV scanning electron microscope 

equipped with an “Advanced Aztec” energy-dispersive 

analyzer. The investigation was conducted at various 

magnifications under an accelerating voltage of 20 kV. 

Surface topography analysis was carried out based on 

the contrast of the microstructure images obtained using 

secondary electrons (SEI). Imaging with backscattered 

electrons (BEC) was used to determine the elemental 

composition and morphology of the sample surfaces 

based on differences in the electron density distribu-

tion of the elements. Heavier elements appear brighter 

(e.g., Si), while lighter elements appear darker (e.g., C).

Tests to determine the ultimate tensile and com-

pressive strength in the primary reinforcement di-

rection, as well as compressive and shear strength 

perpendicular to the reinforcement direction, were 

conducted using a UTS-111 universal testing machine 

in accordance with OST 92-1459-77, 92-1460-77, and 

92-1472-78, respectively. The loading range varied 

from 50 N to 50 kN. The method involves applying 

loads at fixation points according to various test 

schemes at a speed of 2—5 mm/min. The measure-

ment error is ±0.5 %.

The structure of C/C—SiC composites was exa-

mined for the absence of hidden macro-defects (such as 
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cracks or delaminations) and to assess the depth of LSI 

using X-ray tomography with an XT H 320 LC X-ray to-

mograph. As X-ray radiation passes through each part 

of the examined object, it loses intensity, which is then 

recorded by the cells of the receiver matrix. Each ele-

ment (pixel) of the receiver records the intensity of the 

X-ray radiation. The calculated grayscale values, rang-

ing from 0 (black) to 65536 (white), are proportional to 

the X-ray density of the examined object. This density, 

in turn, is directly proportional to the atomic numbers 

of the elements comprising the object, as listed in the 

Periodic Table of Elements, and to the physical density 

of the object.

2. Results and discussion

The main characteristics (apparent density — ρ, kg/m3, 

and open porosity — OP, %) of various types of C/C 

composites depending on the type of matrix are present-

ed in Table 1. The initial density of the NPP framework 

is 720 kg/m3, and the volumetric fraction of the reinforc-

ing filler is 50 %.

2.1. Porometric analysis of C/C composites

The analysis of the pore space can help in selecting 

the optimal mode for the subsequent formation of the 

ceramic matrix. To investigate the volumetric content, 

distribution, and size of pores, porometric analysis was 

performed on samples with different carbon matrices, 

ensuring comparable open porosity. The integral and 

differential pore distributions as a function of the loga-

rithm of their radius are presented in Fig. 1.

The predominant pore size ranges from 1 to 15 μm, 

accounting for over 50 % of the total pore volume in the 

material. At the same time, due to the specific features 

of carbon matrix formation via liquid- or gas-phase me-

thods, differences are observed in the pore size distribution 

boundaries. The carbon matrix formed by the gas-phase 

method contains fewer nanoscale pores (up to 9 %) com-

pared to the matrix formed by the liquid-phase method 

(ranging from 17 to 36 %). For IPP/V, a higher number 

of closed pores is characteristic compared to C/C com-

posites with a carbon matrix formed by the liquid-phase 

method, due to the partial blockage of pores during the 

deposition of pyrocarbon from the gas phase.

2.2. Microstructural analysis 
of C/C composites

The microstructural analysis of the pore space in 

C/C composites of grades IPP/S-1.3, IPP/A-N, and 

IPP/V-1.4 is shown in Fig. 2. The IPP/A-S sample is not 

included due to the absence of distinctive structural fea-

tures in the coke on the microphotographs, regardless of 

the type of pitch used.

Table 1. The main characteristics of CCCM

Таблица 1. Основные характеристики УУКМ

Type of precursor Material grade ρ, kg/m3 ОP, %

Phenol-formaldehyde resin IPP/S-1.3 1360 12.1

Natural pitch IPP/А-N 1590 15.1

Synthetic pitch IPP/А-S 1580 15.5

Pyrolytic carbon IPP/V-1.4 1480 15.3

Fig. 1. Integral (а) and differential (b) pore distributions 

as a function of the logarithm of their radius in the studied 

samples

Рис. 1. Интегральное (а) и дифференциальное (b) 

распределения пор в зависимости от логарифма 

их радиуса в исследуемых образцах



58

Izvestiya. Non-Ferrous Metallurgy  •  2024  •  Vol. 30  •  No. 4 •  P. 54–65

Petrovskaya K.V., Timofeev P.A. Investigating the impact of the porous structure of needle-punched preform-based carbon-carbon...

The structure of C/C composites with a matrix for-

med by the liquid-phase method predominantly ex-

hibits high porosity, with large pores located along 

the boundaries of fiber bundles and the carbon mat-

rix formed during the pyrolysis of the polymer binder 

at the carbonization stage (Fig. 2, a, b). The primary 

channels in the needle-punched preform are through 

interbundle pores as well as pores aligned with the nee-

dle-punching direction. The interfiber space in C/C 

composites with a liquid-phase-formed matrix is sig-

nificantly filled with coke, with the presence of sub-

micron-sized pores. Additionally, in C/C composites 

with a resin coke matrix (Fig. 2, a), as well as those with 

a pyrocarbon matrix (Fig. 2, c), the interbundle pores 

are clearly visible. In C/C composites with a matrix 

based on coal tar pitch coke (Fig. 2, b), the interbun-

dle pores are largely filled with coke, which may hinder 

the penetration of silicon melt during subsequent LSI. 

In C/C composites with a gas-phase-formed matrix 

(Fig. 2, c), interbundle pores with a radius exceeding 

15 μm are distinctly observed.

2.3. Evaluation of strength characteristics

The initial C/C composites with various types of car-

bon matrices were tested to determine the ultimate ten-

sile and compressive strengths in the primary reinforce-

ment direction (X), as well as compressive and shear 

strengths in the plane perpendicular to the primary rein-

Table 2. Quantitative analysis of pore distribution in C/C composites

Таблица 2. Количественный анализ распределения пор УУКМ

Material grade
Pore distribution in range, %

1 nm–1 μm 1–15 μm 15–70 μm >70 μm

IPP/S-1.3 21.4 65.9 10.9 1.8

IPP/А-N 35.8 49.6 13.4 1.2

IPP/А-S 17.3 69.4 10.5 2.8

IPP/V-1.4 9.1 74.2 13.5 3.2

Fig. 2. Microstructure images of C/C composite samples

a – IPP/S-1.3; b – IPP/A-N; c – IPP/V-1.4

Рис. 2. Фотографии микроструктуры образцов УУКМ

а – ИПП/С-1,3; b – ИПП/А-Н; c – ИПП/В-1,4

a

c

b
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forcement direction (Z). The results of the strength tests 

for the initial C/C composites are shown in Fig. 3.

Overall, the obtained values of the physical and 

mechanical characteristics for all C/C composite 

semi-finished products are relatively high, indicating 

their suitability for producing C/C—SiC composites 

with superior strength properties. For all grades of C/C 

composites, the tensile strength ranges from 117 to 

182 MPa, compressive strength along the X-axis ranges 

from 90 to 136 MPa, compressive strength along the 

Z-axis ranges from 155 to 203 MPa, and shear strength 

ranges from 10 to 11 MPa.

2.4. Results of liquid silicon 
infiltration (LSI)

During the determination of technological para-

meters and optimization of the LSI process, adjustments 

were made to the coefficient of the applied slip, con-

sisting of a silicon-containing powder and binder. The 

amount of slip was calculated based on the initial char-

acteristics of the C/C composite. Increasing the coeffi-

cient allowed for obtaining a denser material in a single 

infiltration cycle. However, it could result in the forma-

tion of residual silicon build-ups, tightly bonded to the 

sample surface, representing an excess of the melt. The 

evaluation parameters included weight gain as a percen-

tage of the initial mass and final open porosity not ex-

ceeding 5 %. The results of LSI for various samples are 

presented in Table 3.

C/C—SiC composites of grades IPP/S-1.3 and 

IPP/A-N exhibit identical weight gains (22.6 and 

22.7 %, respectively) and a residual open porosity 

slightly above 5 %. The lowest residual open porosity 

(4.1 and 3.3 %) was observed for C/C—SiC compo-

sites with initial pyrocarbon and synthetic pitch coke-

based matrices, respectively. The highest weight gain 

and SiC content were observed in C/C—SiC compo-

sites with initial pyrocarbon (31.0 and 12.9 %, respec-

tively) and synthetic pitch coke-based matrices (26.0 

and 12.2 %, respectively). Similar SiC phase volume 

fractions were also observed in C/C—SiC composites 

with matrices based on phenol-formaldehyde resin 

coke and natural pitch coke (9.6 and 11.2 %, respec-

tively). The dependence of weight gain and silicon 

carbide content on the type of carbon matrix is shown 

graphically in Fig. 4. 

The intensity and completeness of the bulk LSI pro-

cess for C/C composites are significantly influenced 

by the nature of their porous structure, the total pore 

volume, pore size and configuration, their distribution 

throughout the entire volume of the material, and their 

accessibility for liquid silicon infiltration. It is most like-

ly that interbundle pores, once filled, allow the silicon 

melt to flow further into interfiber pores. The C/C—SiC 

composite of grade IPP/V-1.4, with a pyrocarbon mat-

rix, exhibits the highest weight gain and SiC content, 

which is attributed to its more favorable porous struc-

ture (interfiber and interbundle pores ranging from 1 to 

15 μm account for approximately 75 % of the total pore 

volume). In the case of carbon matrices formed by the 

liquid-phase method, the submicron pore fraction for 

IPP/A-S, IPP/S-1.3, and IPP/A-N materials is 17 %, 

21 %, and 36 %, respectively. This high proportion of 

submicron pores can lead to premature pore blockage 

Fig. 3. Tensile, compressive, and shear strengths for various grades of C/C composites

1 – IPP/S-1.3; 2 – IPP/А-N; 3 – IPP/А-S; 4 – IPP/V-1.4 

Рис. 3. Пределы прочности при растяжении, сжатии и сдвиге для различных марок УУКМ

1 – ИПП/С-1,3; 2 – ИПП/А-Н; 3 – ИПП/А-С; 4 – ИПП/В-1,4 
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and unreacted carbon matrix volumes, reducing the ef-

fectiveness of LSI.

After LSI, the strength characteristics of the C/C—

SiC composites were determined. The test results for the 

ultimate tensile and compressive strengths in the prima-

ry reinforcement direction (X), as well as compressive 

and shear strengths in the plane perpendicular to the 

primary reinforcement direction (Z), are shown graphi-

cally in Fig. 5.

The tensile strength of all types of C/C—SiC 

composites showed only a slight decrease after LSI 

compared to the initial C/C composites before in-

filtration, indicating minimal carbidization of car-

bon fibers. In contrast, the compressive strength 

along the primary reinforcement direction (X-axis) 

more than doubled, while compressive strength per-

pendicular to the reinforcement direction (Z-axis) 

increased by up to 70 %. Interlayer shear strength 

improved by 70—80 %. These significant enhance-

ments in the mechanical properties of all C/C—SiC 

composite types relative to their initial C/C compo-

site precursors are attributed to the formation of the 

silicon carbide matrix.

To evaluate the infiltration depth, a tomographic 

study was conducted on cubic samples measuring 

15 × 15 × 15 mm. The tomographic images, presented 

in Fig. 6, show the non-infiltrated regions marked with 

dashed lines, facilitating the assessment of infiltration 

completeness.

Tomographic analysis revealed that samples of 

C/C—SiC composites with initial pyrocarbon and 

phenol-formaldehyde resin coke-based matrices 

were infiltrated to their full depth (7.5 mm from the 

surface), compared to C/C—SiC composites with in-

itial pitch-based matrices, which showed infiltration 

depths of up to 5 mm. This difference can be attri-

buted to the porous structure formed during carbo-

nization and high-temperature treatment, charac-

terized by a high fraction of submicron pores and low 

interbundle porosity, which hinders silicon infiltra-

tion.

Notably, a dependence of infiltration depth on the 

type of pitch was identified. For example, C/C—SiC 

composites with a synthetic pitch-based matrix exhi-

bited an infiltration depth 1.5 times greater than those 

with a natural pitch-based matrix, due to a higher pro-

portion of pores with radii ranging from 1 to 15 μm.

For a detailed analysis of the microstructure and 

overall composition of the C/C—SiC composites, a mic-

rostructural analysis was conducted. The microstructu-

ral images are shown in Fig. 7.

The distribution of SiC in C/C—SiC composites 

with a carbon matrix formed by the liquid-phase me-

thod is uniform across all pore size ranges. In contrast, 

C/C—SiC composites with an initial pyrocarbon mat-

rix contain closed macropores (10—50 μm in diame-

ter) that remain unfilled with SiC. This is due to the 

characteristics of carbon matrix distribution during 

deposition. Nevertheless, the highest weight gain after 

LSI in composites with an initial pyrocarbon matrix 

Fig. 4. Dependence of silicon carbide content on the type 

of carbon matrix

Matrix type: 1 – phenol-formaldehyde resin coke; 2 – natural pitch 

coke; 3 – synthetic pitch coke; 4 – pyrocarbon

Рис. 4. Зависимость содержания карбида кремния 

от типа углеродной матрицы

Тип матрицы: 1 – кокс фенолформальдегидной смолы; 
2 – кокс натурального пека; 3 – кокс синтетического пека; 

4 – пироуглерод

Table 3. Results of liquid silicon infiltration using the developed technology

Таблица 3. Результаты пропитки расплавом кремния по отработанной технологии

Material grade ρinitial, kg/m3 OPinit, %
Weight gain

Δm, %
ρfinal, kg/m3 OPfinal, % VSiC, vol. %

IPP/S-1,3 1360 12.1 22.6 1740 5.3 9.6

IPP /А-N 1590 15.1 22.7 1950 5.5 11.2

IPP /А-С 1580 15.5 26.0 2010 3.3 12.2

IPP /V-1,4 1480 15.3 31.0 1870 4.1 12.9
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Fig. 5. Tensile, compressive, and shear strengths for various grades of C/C–SiC composites

1 – IPP/S-1.3; 2 – IPP/А-N; 3 – IPP/А-S; 4 – IPP/V-1.4

Рис. 5. Пределы прочности при растяжении, сжатии и сдвиге для различных марок УККМ

1 – ИПП/С-1,3; 2 – ИПП/А-Н; 3 – ИПП/А-С; 4 – ИПП/В-1,4 

Fig. 6. Tomographic images after LSI of C/C–SiC composite samples

a – IPP/S-1.3; b – IPP/V-1.4; c – IPP/A-N; d – IPP/A-S

Рис. 6. Томографические изображения после силицирования образцов УККМ

а – ИПП/С-1,3; b – ИПП/В-1,4; c – ИПП/А-Н; d – ИПП/А-С

a

c d

b
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is achieved due to the predominance of pores in the 

1—15 μm range in the initial C/C composites before 

infiltration.

Conclusion

The microstructural, porometric, and tomogra-

phic studies of C/C composites with different initial 

carbon matrices reveal that the nature of the matrix 

carbon and the pore distribution in terms of volume 

and size significantly influence the degree of satura-

tion and infiltration depth during liquid silicon in-

filtration (LSI). The highest saturation was observed 

in C/C—SiC composites of grades IPP/V-1.4 with a 

pyrocarbon matrix and IPP/S-1.3 with a phenol-for-

maldehyde resin coke-based matrix, owing to their 

favorable porous structures for siliconization. In com-

posites with pyrocarbon matrices, infiltration depth 

reached 7.5 mm from the surface, with weight gain and 

SiC content values of 31.0 and 12.9 %, respectively. 

For liquid-phase carbon matrices, the greatest infil-

tration depth (7.5 mm from the surface) was achieved 

in the IPP/S-1.3 composite with a phenol-formalde-

hyde resin coke-based matrix, with weight gain and 

SiC content values of 22.6 and 9.6 %, respectively. 

For IPP/A-N and IPP/A-S composites, infiltration 

depths averaged 4.5 mm from the surface, with weight 

gain and SiC content values of 22.7 and 11.2 % for 

IPP/A-N (natural pitch-based matrix) and 26.0 and 

12.2 % for IPP/A-S (synthetic pitch-based matrix). 

A direct dependence of the infiltration depth during 

LSI on the fraction of submicron pores was identified: 

the smaller the fraction of nanoscale pores, the higher 

the weight gain, SiC content, and infiltration depth. 

Mechanical tests of various C/C composites and their 

corresponding C/C—SiC composites demonstrated 

high physical and mechanical properties, confirming 

the applicability of C/C—SiC composites as structural 

materials. For all grades of C/C—SiC composites, ten-

sile strength ranged from 106 to 196 MPa, compressive 

strength along the X-axis ranged from 188 to 366 MPa, 

compressive strength along the Z-axis ranged from 

250 to 283 MPa, and shear strength ranged from 17 

to 21 MPa.

Fig. 7. Microstructural images of C/C–SiC composite samples

a – IPP/S-1.3; b – IPP/V-1.4; c – IPP/A-N; d – IPP/A-S

Рис. 7. Фотографии микроструктуры образцов УККМ

а – ИПП/С-1,3; b – ИПП/В-1,4; c – ИПП/А-Н; d – ИПП/А-С

a

c d

b
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Abstract: A copper alloy with small additions of palladium and silver (Cu–1.5Pd–3Ag (at. %))—which has potential applications as a corrosion-

resistant conductor of weak electrical signals—was studied using X-ray diffraction analysis, microhardness measurements, specific electrical 

resistivity, and tensile mechanical properties tests. Samples were examined in several initial states: quenched (from 700 °C) and deformed 

at room and cryogenic temperatures (with a 90 % reduction in cross-sectional area in both cases). To study the processes of structural 

reorganization and property evolution, the initial samples were annealed in the temperature range from 150 to 450 °C (in 50 °C increments), 

followed by cooling in water or air. The duration of the heat treatments ranged from 1 to 48 hours. It was established that annealing the 

Cu–1.5Pd–3Ag alloy at temperatures below 450 °C leads to the precipitation of silver-based phase particles in the Cu matrix. Annealing of 

the initially quenched alloy was found to slightly increase its specific electrical resistivity (ρ) from 3.55·10–8 to 3.8·10–8 Ohm·m (after 48 h at 

250 °C). It was revealed that alloying copper with 1.5 at. % palladium and 3 at. % silver enhances the strength properties (the yield strength of the 

alloy reaches 500 MPa) and raises the recrystallization temperature, while the electrical conductivity of the alloy remains around 50 % IACS. 

The optimal combination of properties (strength, ductility, and electrical conductivity) is observed after annealing the pre-cryodeformed alloy 

at 250 °C for less than 18 h. Extending the annealing time causes overaging, resulting in softening. The results of this study can be applied in 

the development of a new high-strength material with reduced electrical resistivity.
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Влияние отжигов на формирование структуры и свойств 
сплава меди, легированного палладием и серебром
О.С. Новикова, Ю.А. Саламатов, А.Е. Костина, А.Ю. Волков

Институт физики металлов им. М.Н. Михеева УрО РАН
Россия, 620108, г. Екатеринбург, ул. С. Ковалевской, 18

  Оксана Сергеевна Новикова (novikova@imp.uran.ru)

Аннотация: Методами рентгеноструктурного анализа, измерения микротвердости, удельного электросопротивления и механи-

ческих свойств при растяжении изучали сплав меди с малыми добавками палладия и серебра: Cu–1,5Pd–3Ag (ат. %), который 

может найти применение в качестве коррозионно-стойкого проводника слабых электрических сигналов. Исследованы образцы, 
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Introduction

Copper-based alloys are known for their low elec-

trical resistivity, which has made them widely used in 

electrical engineering applications [1]. One approach 

to enhancing the mechanical properties of copper 

alloys without significantly reducing their electrical 

conductivity, while maintaining sufficient ductility, is 

alloying. For example, adding elements such as beryl-

lium or niobium to copper can substantially improve 

its strength properties [2—4]. However, the toxicity 

and cost of beryllium, as well as the mutual immisci-

bility of copper and niobium in the solid state [5], limit 

the use of such alloys in industrial applications. The 

table below summarizes the physical and mechanical 

properties of various copper alloys used as electrical 

conductors [6]. 

Previous studies have shown [7] that alloying cop-

per with palladium (less than 10 at. %) results in solid-

находящиеся в нескольких исходных состояниях: закаленном (от 700 °C), деформированном при комнатной и криогенной тем-

пературах (в обоих случаях – на 90 % изменения площади поперечного сечения). Для изучения процессов перестройки струк-

туры и эволюции свойств проводили отжиги исходных образцов в интервале температур от 150 до 450 °C (с шагом в 50 °C) с по-

следующим охлаждением в воде или на воздухе. Продолжительность термообработок (ТО) составляла от 1 до 48 ч. Установлено, 

что отжиг сплава Cu–1,5Pd–3Ag в температурном интервале ниже 450 °С приводит к выделению в Cu-матрице частиц фазы на 

основе серебра. Показано, что отжиг исходно закаленного сплава несколько увеличивает значение его удельного электросо-

противления (ρ): от 3,55·10–8 до 3,8·10–8 Ом·м (после t = 250 °С, 48 ч). Выявлено, что легирование меди палладием (1,5 ат. %) и 

серебром (3 ат. %) обусловливает повышение прочностных свойств (предел текучести сплава составляет 500 МПа) и температу-

ры рекристаллизации, при этом электропроводность сплава составляет ~50 % IACS. Оптимальный набор свойств (прочности, 

пластичности и электропроводности) наблюдается после отжигов предварительно криодеформированного сплава при t = 250 °С 

продолжительностью менее 18 ч. Увеличение времени ТО вызывает перестаривание, следствием которого является разупроч-

нение. Результаты исследования могут быть использованы при разработке нового высокопрочного материала с пониженным 

электрическим сопротивлением.

Ключевые слова: сплавы Cu–Pd–Ag, резистометрия, микротвердость, микроструктура, рентгеноструктурный анализ, криоде-

формация.
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Physical and mechanical properties of low-alloyed copper alloys for electrical conductors [6]

Физические и механические свойства низколегированных медных сплавов 

для проводников электрического тока [6]

Alloy ρ, 10–8 Оhm·m
σu, MPa

Deformation Deformation + annealing

Cu + 0.4Zr 2.0 – 270

Cu + 0.3Mg 2.2 530 300

Cu + 0.4Cr + 0.2Sn + 0.8Ti 2.6 – 650

Cu + 0.1Ag 1.7 340 200

solution strengthening, while simultaneously increas-

ing corrosion resistance. However, as the demand for 

high-strength electrical conductors continues to rise, 

strengthening by alloying with a single component may 

prove insufficient [8]. Therefore, to achieve superior 

functional properties, modern approaches utilize alloys 

with two or more alloying elements, as well as severe 

plastic deformation, including at cryogenic tempera-

tures. This approach allows the combination of diffe-

rent strengthening mechanisms [9]. For example, the 

authors of [10] combined solid-solution and dispersion 

strengthening mechanisms to reinforce an Ag—Pd—

Cu—Au alloy, while in [11], a method was proposed for 

strengthening the Cu—Pd—Ag alloy through the simul-

taneous occurrence of several phase transformations.

It has been found [12] hat small additions of silver 

(3 at. %) have a negligible effect on the electrical con-
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ductivity of Cu—Pd alloys while significantly enhanc-

ing their strength and recrystallization temperature. 

For instance, the yield strength and ultimate tensile 

strength of the ternary Cu—3Pd—3Ag (at. %) alloy are 

higher, while its electrical conductivity is comparable 

to that of the Cu—3Pd alloy. It is of particular interest 

to investigate the properties of a ternary Cu—Pd—Ag 

alloy with a lower palladium content and to determine 

the effect of cryodeformation on its strength and elec-

trical conductivity. 

The aim of the present work was to study the struc-

ture and properties of the Cu—1.5Pd—3Ag (at. %) alloy 

in various initial states, as well as after annealing in the 

temperature range of 150—450 °C.

Materials and methods

The Cu—1.5Pd—3Ag (at. %) alloy was melted from 

copper, palladium, and silver with purities of 99.98 %, 

99.99 %, and 99.99 %, respectively. The melting was per-

formed under a vacuum of at least 10–2 Pa, with the alloy 

cast into a graphite crucible.

A 5 mm diameter ingot was homogenized at 800 °C 

for 3 h, then quenched by water cooling and cut into two 

parts. From one part of the ingot, a wire with a diameter 

of 1.5 mm was produced through drawing, and samples 

for tensile testing were cut from this wire. Further draw-

ing to a diameter of 0.22 mm produced thin wire for re-

sistometry. The other part of the ingot was rolled into 

plates with a thickness of 0.3 mm, which were used to 

characterize the phase composition at various stages of 

processing and to measure microhardness.

Cryodeformation of the samples was carried out 

between two stainless steel plates. This assembly was 

immersed in liquid nitrogen for about one minute, after 

which the rolling step was performed. The process was 

then repeated. The massiveness of this sandwich-like 

structure ensured the stability of the cooled sample’s 

temperature. Some of the wires and plates deformed 

at room temperature were annealed at 700 °C (for 1 h) 

and then quenched in water. Thus, the study investi-

gated samples in several initial states: quenched (from 

700 °C), deformed at room and cryogenic temperatures 

(in both cases, with a 90 % reduction in cross-sectional 

area). 

Both the wire and plate samples had the same degree 

of preliminary deformation. As we previously demon-

strated for various ordered systems, setting aside some 

differences in microstructure and texture between the 

samples, the mechanism of deformation-induced struc-

tural reorganization, in general, does not depend on 

whether the preliminary deformation is performed by 

rolling or drawing [13]. Therefore, the results obtained 

provide a comprehensive picture of the effect of defor-

mation on the structure and properties of the Cu—

1.5Pd—3Ag alloy.

To study the processes of structural reorganiza-

tion and property evolution, the initial samples were 

annealed in the temperature range from 150 to 450 °C 

(in 50 °C increments), followed by cooling in water or 

air. The duration of the heat treatments ranged from 1 to 

48 h. All heat treatments were performed in vacuum-

sealed glass or quartz ampoules. In further descriptions 

of the heat treatment process, including its characteris-

tics (temperature, holding time, etc.), the term “anneal-

ing” is used. When emphasizing changes in properties 

due to the formation of a new phase, the term “aging” 

is applied.

The specific electrical resistivity (ρ) was measured 

using the standard four-point probe method (with a 

constant current of I = 20 mA). Measurements of the 

specific electrical resistivity at room temperature were 

conducted on wire samples with a diameter of 0.22 mm 

and a length of 250 mm, fixed in a special conductor 

as previously described [13]. The absolute measurement 

error of ρ was ±0.04·10–8 Ohm·m.

Mechanical tests were carried out using a 

ZD 10/90 tensile testing machine at a strain rate of 

3 mm/min. The working length of the samples was 

30 mm. At least five samples were tested for each 

structural state. The absolute measurement error for 

the yield strength was ±10 MPa, and for elongation to 

failure, it was ±0.5 %.

X-ray diffraction analysis (XRD) was conducted 

on alloy plates with a thickness of 0.3 mm. The X-ray 

diffraction measurements were performed using a 

PANalytical Empyrean Series 2 laboratory diffracto-

meter (Netherlands) equipped with a three-axis Eule-

rian cradle. Measurements were made in parallel beam 

geometry using CoKα radiation with a wavelength of 

0.179 nm. The microstructure was studied using a Tes-

can MIRA LMS scanning electron microscope (SEM) 

(Czech Republic) with an accelerating voltage of up to 

30 kV, magnifications ranging from 20× to 160 000×, and 

a resolution of 1.2 nm. Structural images were obtained 

in both backscattered and secondary electron modes. 

The chemical composition of the samples (Cu—2.4Pd—

5.2Ag (wt. %) / Cu—1.5Pd—3Ag (at. %)) was monitored 

using an EDAX energy-dispersive X-ray spectrometer 

(USA) with a resolution of 160 eV.

Vickers microhardness was measured using a PMT-3 

device (JSC LOMO, St. Petersburg, Russia) under a load 

of 50 g with a holding time of 30 s. At least 10 measure-

ments were taken for each structural state.
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Results and discussion

Fig. 1 shows the changes in mechanical properties af-

ter holding quenched and room-temperature-deformed 

samples of the Cu—1.5Pd—3Ag alloy for 1 h in the tem-

perature range of 150 to 450 °C.

The quenched sample has a very low yield strength 

(σ0.2 = 70 MPa), which remains almost unchanged 

after aging in the temperature range below 300 °C 

(Fig. 1, a). After heat treatment of the quenched alloy 

at 400 °C, the yield strength increases significantly to 

~170 MPa, while aging at temperatures above 400 °C 

causes a slight decrease. The increase in strength during 

aging of quenched Cu—Ag alloys has been observed mul-

tiple times before and is attributed to the decomposition 

of the supersaturated solid solution, accompanied by the 

precipitation of fine silver particles along grain boun-

daries and within the grains [14; 15]. The elongation to 

fracture of the initially quenched Cu—1.5Pd—3Ag alloy 

is almost independent of the heat treatment temperature 

and remains at ~40 %.

After 90 % deformation at room temperature, the 

yield strength of the alloy increases to σ0.2 = 520 MPa 

(Fig. 1, b), which is about seven times higher than that 

of the initially quenched sample. Annealing the initial-

ly deformed alloy at temperatures below 250 °C does 

not significantly change its strength properties. Above 

250 °C, there is a sharp decline in yield strength due to 

recrystallization. Since the onset of recrystallization de-

pends on temperature and time conditions [16], compar-

ing this characteristic in different alloys should be done 

under similar heat treatment conditions. In previous 

experiments with deformed pure copper samples, it was 

established that the decrease in strength due to recrys-

tallization begins after annealing for 1 hour at 150 °C 

[8]. Thus, the recrystallization temperature of the inves-

tigated alloy is approximately 100 °C higher than that of 

pure copper. 

After annealing the previously deformed alloy at 

425—450 °C, its elongation to failure increases from 

the initial 2 % to 46—48 %. Notably, after annealing 

within this temperature range, the mechanical proper-

ties of the samples are very similar and practically in-

dependent of their initial state. This result suggests that 

annealing at 425—450 °C creates similar structural 

states in both quenched and deformed samples. Based 

on the obtained data, it can be concluded that heat 

treatment of the initially deformed Cu—1.5Pd—3Ag 

alloy for 1 h in the temperature range of 200—250 °C 

provides sufficiently high strength (σ0.2  520 MPa) 

and ductility (δ = 8÷14 %). It is worth noting that the 

Cu—1.5Pd—3Ag alloy deformed by 90 % does not show 

the anomalous increase in strength after annealing in 

the 150—250 °C range that was observed in the me-

chanical tensile tests of the Cu—3Pd—3Ag alloy. In 

that case, we detected a 40 MPa increase in σ0.2 after 

annealing the initially deformed alloy, and in cryode-

formed alloy, the yield strength anomalously increased 

by ~100 MPa, reaching σ0.2  720 MPa) [12]. 

We also noted that during the aging process, Cu—

Ag alloys are typically cooled in air [17; 18]. To ensure 

a correct comparison with the literature data, subse-

quent experiments in our study were conducted using 

this cooling method. Fig. 2 shows the resistometry re-

Fig. 1. Dependences of the yield strength (σ0.2) and elongation to failure (δ) on annealing temperature of Cu–1.5Pd–3Ag alloy 

samples in the initially quenched (a) or pre-deformed (b) states

Holding time at each temperature – 1 h, cooling in water

Рис. 1. Зависимости предела текучести (σ0,2) и удлинения до разрушения (δ) от температуры обработки образцов 

сплава Cu–1,5Pd–3Ag, находящихся в исходно закаленном (а) или предварительно деформированном (b) 

состояниях

Время выдержки при каждой температуре – 1 ч, охлаждение в воде
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sults for quenched and deformed wire samples of the 

Cu—1.5Pd—3Ag alloy after annealing in the tempera-

ture range of 150 to 450 °C. The holding time at each 

temperature ranged from 1 to 48 h. 

Aging for 1 hour does not lead to significant changes 

in the specific electrical resistivity of the quenched al-

loy (Fig. 2, a); throughout the entire investigated tem-

perature range, ρ remains at ~3,55·10–8 Ohm·m with 

a slight decrease at 450 °C. Extending the heat treat-

ment duration (up to 48 h) results in an increase in 

the resistivity of the initially quenched samples, with 

a maximum observed in the 200—250 °C temperature 

range. The increase in resistivity during aging aligns 

well with the processes of decomposition in the al-

loy, as discussed above. As is known [19—21], fine se-

cond-phase particles act as scattering centers for charge 

carriers, leading to an increase in specific electrical 

resistivity. A precise solution to this problem is consi-

dered in quantum mechanics, specifically in the theory 

of single-channel particle scattering (see, for example, 

[22]). To simplify, the smaller the effective size of the 

interaction potential, the less it distorts the trajectory 

of passing charge carriers. Fewer charge carriers are af-

fected, and distortion of their paths due to scattering 

processes is macroscopically observed as electrical re-

sistivity (or its inverse, electrical conductivity). Indivi-

dual atoms of alloying elements distort the trajectories 

of charge carriers far less than large dispersed particles, 

and therefore, they have a smaller impact on electrical 

conductivity. The increase in the size of precipitates at 

elevated processing temperatures leads to the disap-

pearance of this effect’s contribution to the material’s 

overall resistivity. Indeed, after aging at 450 °C, the 

specific resistivity of the alloy samples does not exceed 

ρ ~ 3.5·10–8 Ohm·m. 

In practice, electrical conductivity, measured ac-

cording to the IACS (International Annealed Copper 

Standard), is increasingly used instead of the specific 

electrical resistivity of a conductor. According to this 

standard, the conductivity of any material is expressed 

as a percentage of the conductivity of pure copper. Ac-

cording to our data, the electrical conductivity of the 

Cu—1.5Pd—3Ag alloy is 49 % IACS. It is worth noting 

that the cathode copper used in this study has a lower 

conductivity than the standard, at 97 % IACS. 

The high defect density in the structure of the ini-

tially deformed alloy slightly increases its resistivity 

compared to the quenched state: ρ ~ 3.7·10–8 Ohm·m. 

During annealing at temperatures up to 250 °C, re-

gardless of the duration, there is a gradual decrease in 

the resistivity of the pre-deformed alloy (Fig. 2, b). An-

nealing above 250 °C causes a sharp drop in ρ, which 

is attributed to recovery/recrystallization processes. 

Extending the annealing duration increases the rate of 

resistivity reduction. After holding at 450 °C for 48 h, 

the resistivity of the alloy reaches ρ ~ 3.25·10–8 Ohm·m 

(53 % IACS). Thus, annealing the deformed alloy re-

sults in a reduction in its resistivity by approximately 

12 %. As is known [16], a reduction in defect density 

during recrystallization leads to a 3—4 % decrease in 

Fig. 2. Dependences of the electrical resistivity of Cu–1.5Pd–3Ag alloy samples quenched form 700 °C (a) and deformed 

by 90 % (b) on temperature (t) and heat treatment duration (τ)

τ, h: 1 – 1, 2 – 6, 3 – 12, 4 – 24, 5 – 48

Рис. 2. Зависимости удельного электросопротивления закаленных от 700 °С (а) и деформированных на 90 % (b) 

образцов сплава Cu–1,5Pd–3Ag от температуры (t) и продолжительности термообработки (τ)

τ, ч: 1 – 1, 2 – 6, 3 – 12, 4 – 24, 5 – 48
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resistivity. Since in our case, annealing the deformed 

alloy reduces its resistivity by approximately 12 %, it is 

likely that structural changes related to the redistribu-

tion of silver in the material also contribute to the spe-

cific resistivity values. The obtained ρ values, alongside 

sufficient strength and ductility, may be of interest for 

using the alloy as an electrical signal conductor. It is 

well known that preliminary cryodeformation is an 

effective method for strengthening copper and copper 

alloys [18; 23; 24].

The change in microhardness after annealing in the 

temperature range of 150 to 450 °C for deformed Cu—

1.5Pd—3Ag alloy samples is shown in Fig. 3. The micro-

hardness of the samples after room and cryogenic defor-

mation is 2000 and 2200 MPa, respectively (Fig. 3, a, b). 

The higher microhardness of the pre-cryodeformed al-

loy is observed across the entire annealing temperature 

range. It is worth noting that the microhardness of the 

cryodeformed sample increases particularly noticeably 

after annealing at 250 °C: a distinct “step” appears in the 

microhardness vs. temperature plot (Fig. 3, b).

Regardless of the temperature-time treatment con-

ditions, all diffractograms of the Cu—1.5Pd—3Ag al-

loy (Fig. 4) show intense peaks from the matrix, which 

represents a face-centered cubic (FCC) solid solution 

of palladium in copper, along with much weaker reflec-

tions from an FCC phase enriched with silver. Notably, 

the (111) peak of this phase is already present in the alloy 

quenched from 700 °C (diffractogram 1 in Fig. 4, a). Af-

ter cryodeformation, the peaks become less intense and 

broader (diffractogram 3 in Fig. 4, a), due to increased 

internal stresses and grain refinement [25]. 

As shown in the XRD data of the studied alloy 

(Fig. 4, a), the addition of palladium and silver in-

creases the lattice parameter of both the quenched 

and deformed alloy across various temperatures to а =

= 0.3644 nm (compared to the lattice parameter of pure 

copper at а = 0.3619 nm). Heat treatments of the alloy 

samples (in all initial states) at 250 °C and 400 °C re-

sult in a reduction of the lattice parameter of the matrix 

(to 0.3639 nm and 0.3625 nm, respectively), causing the 

peaks to shift to the right (Fig. 4, b, c).

When heated to 700 °C, the formation of a silver-en-

riched phase begins, which is retained after subsequent 

quenching (diffractogram 1 in Fig. 4, a). Considering 

that the solubility of silver in copper is very low, it can 

be assumed that this phase consists of regions of pure 

or nearly pure silver. The most favorable regions for the 

precipitation of this phase are grain boundaries, dislo-

cations, and other defects, as these areas have a lower 

concentration of solvent atoms. However, X-ray diffrac-

tion analysis, being an integral method, does not allow 

for precise determination of where the precipitates form. 

Deformation leads to the fragmentation and breakdown 

of the precipitated clusters, resulting in a more uniform 

distribution of silver in the matrix. During heat treatment 

at 250 °C, noticeable diffusion does not occur: the vo-

lume of the silver-enriched phase remains approximately 

the same as before the heat treatment (Fig. 4, b). The lat-

tice parameter of the silver-based phase in the initially 

Fig. 3. Dependence of microhardness of Cu–1.5Pd–3Ag alloy samples on annealing temperature

a – 90 % deformation at room temperature, b – 90 % deformation at cryogenic temperature

τ, h: 1 – 1, 2 – 6, 3 – 12, 4 – 18, 5 – 24, 6 – 48

Рис. 3. Зависимости микротвердости образцов сплава Cu–1,5Pd–3Ag от температуры отжига

а – деформация на 90 % при комнатной температуре, b – деформация на 90 % при криогенной температуре

τ, ч: 1 – 1, 2 – 6, 3 – 12, 4 – 18, 5 – 24, 6 – 48
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quenched alloy is 0.4027 nm, and after heat treatment at 

250 °C, it remains nearly unchanged at 0.4023 nm.

After annealing at 400 °C, silver again forms clusters 

in the material initially deformed at various temperatures 

(diffractograms 2 and 3 in Fig. 4, c). Here, the splitting of 

weak peaks of the silver-enriched phase is observed. This 

may indicate that during annealing, silver segregation 

occurs, forming regions with different levels of palladi-

um enrichment. Some regions may consist of clusters of 

nearly pure silver. Indeed, the lattice parameter of the 

silver-based phase (for the peaks on the left) after an-

nealing at 400 °C (0.4080 nm) becomes close to that of 

pure silver (0.4077 nm). 

The lattice parameter of the second silver-based 

phase (for the peaks on the right) after annealing at 

400 °C is 0.4007 nm. These regions may correspond 

to silver clusters that additionally contain dissolved 

palladium. For example, in study [26], field ion mi-

croscopy, which allows direct observation of atoms on 

the surface of solids, showed that during the early sta-

ges of decomposition in the Cu—50Pd—20Ag (at. %) 

alloy, the precipitate phase represents a solid solution 

of palladium in silver. However, this phase may also 

consist of small silver clusters within the original ma-

trix that have not yet coalesced into larger formations. 

A definitive conclusion regarding the nature of this 

phase cannot be drawn based solely on X-ray diffrac-

tion analysis. 

The diffractograms of the samples deformed at va-

rious temperatures, as well as after annealing at 250 °C, 

show a pronounced texture: the intensity of the (220) 

peak is an order of magnitude higher than the others 

(diffractograms 2 and 3 in Fig. 4, a, b). As is known, 

during cold rolling of face-centered cubic (FCC) al-

loys, the main rolling texture develops with the {110} 

plane parallel to the rolling plane and the <112> direc-

tion parallel to the rolling direction [27]. Additional-

ly, even after prolonged annealing of the initially de-

formed samples at 250 °C, the width of the X-ray peaks 

does not decrease. This indicates that the recrystalli-

zation process is still far from complete at this stage 

of heat treatment. A similar conclusion was previous-

ly drawn from resistometry data and microhardness 

measurements. 

Since the optimal set of functional characteristics 

(strength, ductility, and electrical conductivity) is ob-

served after annealing at 250 °C, SEM analysis was per-

formed on a sample annealed at this temperature. 

Fig. 5 shows an SEM image of the microstructure 

of the Cu—1.5Pd—3Ag alloy after cryodeformation 

and annealing at 250 °C for 48 h. One of the detect-

ed precipitates is highlighted with an oval in Fig. 5, a. 

The particle of the new phase has an elongated “lens-

like” shape, with a thickness of ~10 μm and a length of 

~45 μm. The formation of such a large particle is 

caused by so-called overaging, where prolonged heat 

Fig. 4. X-ray diffraction patterns of Cu–1.5Pd–3Ag alloy 

samples

a – initial state: 1 – quenching from 700 °C, 2 – 90 % deformation 

at room temperature, 3 – 90 % deformation at cryogenic temperature; 

b – initial state + 250 °C, 48 h, air cooling; 

c – initial state + 400 °C, 48 h, air cooling

Рис. 4. Дифрактограммы образцов 

сплава Cu–1,5Pd–3Ag

а – исходное состояние: 1 – закалка от 700 °С, 2 – деформация 

на 90 % при комнатной температуре, 3 – деформация на 90 % 

при криогенной температуре; 

b – исходное состояние + 250 °С, 48 ч, охлаждение на воздухе; 

c – исходное состояние + 400 °С, 48 ч, охлаждение на воздухе 

a

c

b
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treatment leads to the coalescence of small precipitates. 

It is well known that at this stage, the strength proper-

ties of aging alloys significantly decrease [28]. Indeed, 

as seen in the results in Fig. 3, b, the maximum micro-

hardness values are observed after annealing at 250 °C 

for no more than 18 h. 

The relatively large size of the precipitate allows for 

the determination of its elemental composition (Fig. 5, 

b, c). Energy-dispersive analysis performed using SEM 

revealed the following chemical composition of the par-

ticle (wt. %): 54.8 Cu, 1.2 Pd, and 44.0 Ag. The high 

copper content in the precipitated particle raises doubts 

and is more likely due to electrons reflected from the Cu 

matrix reaching the detector. Indeed, in a previous study 

[26] using field ion microscopy, it was established that 

in the Cu—50Pd—20Ag (at. %) alloy, Pd—Ag particles 

precipitate during the atomic ordering of the Cu—Pd 

matrix. Additionally, mathematical analysis of the X-ray 

peak shapes performed in [12] suggested that after cryo-

deformation and annealing at 250 °C in the Cu—3Pd—

3Ag (at. %) alloy, two regions form: one enriched in sil-

ver and the other depleted. 

Conclusions

1. Alloying copper with palladium (1.5 at. %) and sil-

ver (3 at. %) enhances the strength properties through 

the combination of two mechanisms: solid-solution 

strengthening and decomposition. Preliminary cryo-

deformation provides an additional strengthening effect 

of about 10 %.

2. Annealing the Cu—1.5Pd—3Ag alloy at tem-

peratures below 450 °C leads to the precipitation of 

silver-based phase particles in the Cu matrix. The op-

timal combination of properties (high strength, ade-

quate ductility, and electrical conductivity) is observed 

after annealing the preliminarily cryodeformed alloy at 

250 °C for less than 18 hours. Prolonging the annealing 

time results in overaging. 

3. In its optimal structural state, the Cu—1.5Pd—

3Ag alloy exhibits a yield strength of ~500 MPa, a 

higher recrystallization temperature compared to cop-

per (by ~100 °C), and electrical conductivity of 50 % 

IACS. The set of properties found in this alloy may be 

of interest for practical applications.

Fig. 5. Microstructure of the Cu–1.5Pd–3Ag alloy after annealing (t = 250 °С, τ = 48 h) and air cooling 

after cryodeformation by 90 %

a – an elongated silver precipitation is shown by an oval; b – area from which distribution maps of chemical elements were obtained (c)

Рис. 5. Микроструктура сплава Cu–1,5Pd–3Ag после отжига (t = 250 °С, τ = 48 ч) и охлаждения на воздухе 

после криодеформации на 90 %

а – участок, на котором овалом показано вытянутое выделение серебра 

b – участок, с которого были получены карты распределения по химическим элементам (c)

a

Cu Ag Pd

c

b
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