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Research article

Научная статья

©  2025  S. Gantulga, Ts. Tsend-Ayush, B. Altantuya, S.V. Mamyachenkov

Pilot tests for processing oxidized copper ores 
from the Erdenetiin Ovoo deposit 
using heap leaching

S. Gantulga1, Ts. Tsend-Ayush2, B. Altantuyaa1, S.V. Mamyachenkov3

1 Mongolian University of Science and Technology
34 Sukhebator Str., Ulaanbaatar 14191, Mongolia

2 SOE “Erdenet Enterprise”
Friendship Square, Erdenet, Orkhon aimag 61027, Mongolia

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

  Sergey V. Mamyachenkov (svmamyachenkov@yandex.ru)

Abstract: In the current context of declining reserves of high-grade copper sulfide ores, oxidized ores are becoming an important source 

of mineral raw materials containing non-ferrous and precious metals. Traditional flotation processing of these ores results in low-grade 

concentrates with poor metal extraction rates (40–60 %). Heap leaching is considered the most promising method for processing such ores. As 

a result of prolonged intensive mining at the Erdenetiin Ovoo deposit (Erdenet, Mongolia), approximately 800 million tonnes of oxidized ore 

dumps with an average copper content of 0.45–0.48 % have accumulated within the open-pit boundary. Global experience in processing such 

secondary raw materials demonstrates the high economic efficiency of copper extraction through heap leaching, followed by solvent extraction 

and electrowinning (SX-EW) of copper from the pregnant leach solution. For the State-owned Enterprise Erdenet, it is essential to conduct 

leaching studies on oxidized ores and pilot testing of this technology on the ore from existing ore dumps. To achieve this, 35 boreholes were 

drilled in the dumps (16 in dump No. 8a and 19 in dump No. 12), from which core samples were collected. The mineralogical composition of 

the oxidized copper ore samples was analyzed, and the effect of heap leaching parameters (ore particle size, solution acidity, etc.) on copper 

recovery into the pregnant leach solution was determined. To more accurately assess the recoverable copper from the two dumps, composite 

samples were collected from each borehole, and large-scale heap leaching tests were conducted in 30 open-cycle columns. The test results 

showed that copper extraction rate from dump No. 8a ranged from 35.8 % to 69.1 %, with an average of 56.0 %, while dump No. 12 exhibited 

extraction rates ranging from 51.8 % to 77.4 %, with an average of 63.6 %.

Keywords: Erdenetiin Ovoo oxidized copper ore, mineralogical analysis, heap leaching, sulfuric acid consumption, particle size, copper 

extraction.

For citation: Gantulga S., Tsend-Ayush Ts., Altantuyaa B., Mamyachenkov S.V. Pilot tests for processing oxidized copper ores from the 

Erdenetiin Ovoo deposit using heap leaching. Izvestiya. Non-Ferrous Metallurgy. 2025;31(1):5–13. 

https://doi.org/10.17073/0021-3438-2025-1-5-13
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Gantulga S., Tsend-Ayush Ts., Altantuyaa B., Mamyachenkov S.V. Pilot tests for processing oxidized copper ores from the Erdenetiin Ovoo...

Introduction

As of January 1, 2022, the geological services of the 

state-owned mining and processing enterprise Erdenet 

Mining Corporation (Mongolia) estimated the reserves 

of oxidized copper ore in dumps No. 8a and 12 of the 

Erdenetiin Ovoo deposit at 49.0 million tonnes, with 

an average copper content of 0.48 %. In the near future, 

Erdenet Mining Corporation plans to construct a catho-

de copper production plant to process oxidized ore 

using the Heap Leach — Solvent Extraction/Electro-

winning (HL-SX/EW) technology. 

Полупромышленные испытания 
переработки окисленных медных руд 
месторождения Эрдэнэтийн Овоо 
методом кучного выщелачивания

С. Гантулга1, Ц. Цэнд-Аюуш2, Б. Алтантуяа1, С.В. Мамяченков3

1 Монгольский университет науки и технологии
Монголия, 14191, Улан-Батор, ул. Сухэбатора, 34

2 ПГС «Предприятие Эрдэнэт»
Монголия, 61027, Орхонский аймак, г. Эрдэнэт, Площадь Дружбы

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

  Сергей Владимирович Мамяченков (svmamyachenkov@yandex.ru)

Аннотация: В современных условиях сокращения запасов богатых медных сульфидных руд источником минерального сырья, 

содержащего цветные и благородные металлы, становятся окисленные руды. При их переработке традиционным флотацион-

ным методом получают низкосортные концентраты при низком (40–60 %) извлечении металлов. Наиболее перспективным на-

правлением переработки подобных руд является кучное выщелачивание. В результате многолетней интенсивной эксплуатации 

месторождения Эрдэнэтийн Овоо (г. Эрдэнэт, Монголия) в контуре карьера накоплено около 800 млн т отвалов окисленной 

руды со средним содержанием меди 0,45–0,48 %. Мировой опыт переработки такого техногенного сырья показывает высокую 

экономическую эффективность извлечения меди методом кучного выщелачивания с последующим извлечением меди из про-

дуктивного раствора по технологии «экстракция–электролиз». Для ПГС «Предприятие Эрдэнэт» актуально проведение иссле-

дований выщелачивания окисленных руд и укрупненных испытаний технологии на руде существующих отвалов. Для решения 

поставленной задачи в отвалах пробурено 35 скважин (16 – в отвале № 8а и 19 – в отвале № 12), из которых получены керновые 

пробы. Изучен минералогический состав проб окисленной медной руды, определено влияние условий кучного выщелачивания 

(крупности руды, кислотности раствора и др.) на показатели перевода меди в продуктивный раствор. Для более точного опре-

деления количества меди, которое можно получить методом выщелачивания из двух отвалов, из каждой скважины отобрана 

составная (композитная) проба и в 30 колоннах проведены укрупненные испытания кучного выщелачивания в открытом ци-

кле. В результате этих испытаний для отвала № 8а извлечение меди составило от 35,8 до 69,1 % (среднее значение – 56,0 %), а для 

отвала № 12 – варьировалось в диапазоне 51,8–77,4 % (среднее значение – 63,6 %).

Ключевые слова: окисленная медная руда Эрдэнэтийн Овоо, минералогический анализ, кучное выщелачивание, расход серной 

кислоты, крупность, извлечение меди.

Для цитирования: Гантулга С., Цэнд-Аюуш Ц., Алтантуяа Б., Мамяченков С.В. Полупромышленные испытания переработки 

окисленных медных руд месторождения Эрдэнэтийн Овоо методом кучного выщелачивания. Известия вузов. Цветная метал-

лургия. 2025;31(1):5–13. https://doi.org/10.17073/0021-3438-2025-1-5-13

Mined ore that did not meet processing grade re-

quirements was stockpiled in dumps No. 8a and 12 

over many years. This long-term accumulation led 

to significant alterations in the ore properties due to 

natural environmental factors such as precipitation, 

wind, and temperature f luctuations. Representa-

tive samples were collected to determine copper 

content, phase composition, the suite of minerals 

present in the ore, and their solubility. These data 

were then used to forecast the potential technical 
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and economic indicators of heap leaching for this 

material.

The hydrometallurgical heap leaching (HL-SX/EW) 

technology is considered one of the most promising 

methods for processing oxidized copper ore due to its 

low-cost and environmentally friendly characteristics 

[1—3]. Erdenet Mining Corporation aims to build a 

cathode copper production facility based on this pro-

cess, using ore extracted from waste dumps [4; 5].

The ore in dumps No. 8a and 12 has a relatively high 

copper content (0.48 %). Since this oxidized ore was 

stockpiled over an extended period, it exhibits a high de-

gree of oxidation influenced by natural weathering and 

climate conditions. Preliminary leaching tests on these 

dumps have been conducted since 2014 by institutions 

such as the Chinese BGRIMM Institute and the Techno-

logical Research Laboratory (TRL) of MAK LLC (Rus-

sia). Samples for these tests were collected from the dump 

surface using an excavator bucket at depths of 2.0—2.8 m. 

Consequently, the representativeness of these samples is 

considered insufficient [6; 7]. Column leaching tests con-

ducted by BGRIMM established that copper extraction 

rates of 40—50 % could be achieved. Meanwhile, TRL 

tests, which employed additional leaching enhancement 

techniques, indicated that leaching could extract between 

35 % and 80 % of the total copper into the pregnant leach 

solution. These results highlight a broad range of poten-

tial copper extraction rates [8; 9].

To obtain more accurate data, semi-industrial-scale 

tests were performed using samples from 35 boreholes 

drilled in dumps No. 8a and 12 at depths ranging from 

18 to 75 m. These samples exhibited high representative-

ness, and composite samples were prepared based on the 

weight ratio of each borehole. These composite samples 

were then subjected to heap leaching in large-scale test 

columns (30 columns).

Sample preparation

Core samples from dumps No. 8a and 12 were 

screened through a 75 mm mesh sieve. The +75 mm 

fraction was crushed using a jaw crusher with a 35 mm 

discharge gap to achieve a particle size of –75 mm 

(100 % passing) for heap leaching tests. 

The sequence of sample preparation and chemical 

analysis is shown in Fig. 1. 

Pilot column leaching tests

Pilot column leaching tests were conducted in ac-

cordance with widely used methodologies [10—12]. 

Copper extraction depends on numerous factors, such 

as the particle size distribution of the ore, total copper 

content, the distribution of primary sulfide and oxidized 

copper, mineral composition, temperature and leaching 

duration, initial solution concentration, and the flow 

rate of the diluted sulfuric acid solution [13—15]. 

The column leaching tests were carried out under the 

following conditions:

— ore particle size: 100 % passing –75 mm (with 80 % 

of the fraction in the range of 17.8—33.1 mm, corre-

sponding to Р80); 

— leaching duration: 93—95 days; 

— sulfuric acid concentration: 20 g/dm3 during the 

first 5 days, 15 g/dm3 from days 6 to 10, 10 g/dm3 from 

days 11 to day 40, and 5 g/dm3 for the remaining period; 

— leachate application rate: 6.1 dm3/(m2·h);

— acid leaching method: uniform distribution from 

the top of the column;

— number of columns: 30. 

The schematic diagram of the column leaching tests 

is shown in Fig. 2.

When the copper leaching rate slowed down, 

the process was halted by stopping the supply of 

the leaching solution. This was followed by rinsing 

with clean water for 24 h to drain the residual solu-

tion. After drainage, the moist ore samples were ex-

tracted from the columns, air-dried in an open area, 

screened using the standard method, and composite 

samples (collected while maintaining the ratio of the 

original sample and ore particle size) were analyzed 

for each fraction.

Mineralogical analysis

The results of the copper speciation analysis indicate 

that in dump No. 8a, the content of primary copper is 

31.1 %, secondary copper is 42.9 %, and oxidized copper 

Fig. 1. Sequence of sample preparation and chemical analysis

Рис. 1. Последовательность пробоподготовки 

и химического анализа
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is 26.0 %. In dump No. 12, the average content of pri-

mary copper is 28.3 %, secondary copper is 32.1 %, and 

oxidized copper is 39.6 % (Fig. 3). 

The results of the analysis of host rocks and ore min-

erals, conducted using X-ray diffraction (XRD) and a 

automated mineral analyzer (TIMA), are presented in 

Table 1.

The mineral composition of each dump differed sig-

nificantly in the content of major rock-forming minerals 

such as quartz, plagioclase, potassium feldspar, musco-

vite, and pyrite, while the content of other minerals was 

similar.

Copper minerals are present as aggregates tightly 

intergrown with the gangue matrix. Spatially, covellite 

tends to displace and replace chalcopyrite and pyrite 

grains within the gangue matrix.

Fig. 2. Schematic diagram of the leaching tests

Рис. 2. Схема проведения испытаний 

Fig. 3. Diagram of copper phase analyzes (%) in dumps No. 8a (а) and No. 12 (b)

Рис 3. Диаграмма анализов (%) медной фазы в отвалах № 8а (а) и 12 (b)
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Results of pilot column leaching tests

The relationship between copper extraction rate and 

leaching time is shown in Fig. 4.

It is evident that for the oxidized ore dumps No. 8a 

and 12, the copper dissolution process proceeded rela-

tively quickly during the first 17 days, after which it be-

gan to stabilize.

Fig. 5 illustrates the total copper recovery, as well 

as copper extraction rate averaged for each phase and 

across different particle size classes.

A general trend observed is that oxidized copper 

minerals exhibit good solubility across all particle size 

classes, while primary and secondary sulfide copper 

minerals show relatively lower dissolution rates. Copper 

extraction rate into the solution is highest for samples 

with a particle size of –6.3 mm. For particle sizes rang-

ing from –25 mm to +6.3 mm, the copper extraction 

can be described as moderate, while for coarser par-

ticles, it is minimal. This behavior is attributed to the 

fact that the leaching rate in a heterogeneous system 

strongly depends on the reactive surface area. Additio-

nally, due to the large number of copper mineral particles 

in the finer fractions—liberated from the rock-forming 

materials—favorable conditions are created for effective 

interaction with sulfuric acid. This, in turn, enhances 

the leaching process [16—20].

For the pilot column leaching test samples, copper 

extraction values were calculated, chemical analyses 

were conducted, and the particle size distribution of 

the loaded samples (P80) from dumps No. 8a and 12 

was determined. The results are presented in Tables 

2 and 3. 

For dump No. 8a, copper extraction rate ranged 

from 35.8 % to 69.1 % with sulfuric acid consumption 

between 2.0 and 22.6 kg/t (average value — 23.11 kg/t). 

The ore particle size, represented by the Р80 value (the 

sieve size through which 80% of the material passes), 

ranged from 17.8 to 33.1 mm. In dump No. 12, copper 

extraction rate ranged from 51.81 % to 77.4 %, with 

sulfuric acid consumption between 22.8 and 24.6 kg/t 

(average consumption — 23.3 kg/t), and the Р80 value 

ranged from 18.1 to 29.3 mm.

Copper extraction rate was calculated using two 

methods based on the copper content in the leaching 

residue and the pregnant leach solution [21]: 

— comparing the copper content in the leaching 

residue with the copper content in the pre-leaching 

samples; 

— comparing the amount of copper in the total solu-

tion collected during leaching with the amount of cop-

per in the pre-leaching sample.

Conclusions

1. Previously, the average copper content in the oxi-

dized ore dumps No. 8a and 12 of the Erdenetiin Ovoo 

deposit was estimated using Micromine software at 

0.47—0.49 %, with a degree of oxidation of 14.7—20.5 %. 

According to the results of this study, the average copper 

content was found to be 0.30—0.38 %, and the oxidation 

degree ranged from 25.6 % to 41.2 %. This demonstrates 

the influence of natural factors on changes in ore pro-

Table 1. Mineral composition (%) 
of dumps No. 8a and 12

Таблица 1. Минеральный состав (%) отвалов № 8а и 12

No. Type
Mineral 

composition

Dump No.

8а 12

1 Quartz 25.8 28.7

2

Gangue 

minerals

Plagioclase 37.4 29.7

3 Feldspar 9.2 6.8

4 Muscovite 15.7 18.1

5
Clay 

minerals
7.43 13.05

6 Carbonates 0.36 0.35

7 Other minerals 1.27 1.34

8

Ore 

minerals

Pyrite 1.48 0.66

9
Copper-bearing 

minerals
0.82 0.76

10 Hematite 0.32 0.36

11 Sphalerite 0.13 0.14

12 Molybdenite 0.02 0.01

100 100

Fig. 4. Copper extraction rate during the leaching process

Рис. 4. Извлечение меди в процессе выщелачивания 
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perties within the dumps. It was established that the 

oxidation rate of dump ores in the Erdenet region ex-

ceeds 0.6 % per year.

2. Based on the pilot column leaching tests, copper 

extraction rate ranged from 35.8 % to 69.0 % for dump 

No. 8a, with an average of 56.0 %, and from 51.8 % to 

77.4 % for dump No. 12, with an average of 63.6 %. 

Since dump No. 12 has a higher oxidation degree, its 

copper extraction rate was also higher compared to 

dump No. 8a.

3. In borehole samples from dumps No. 8a and 12, 

the quartz content was 25.86 % and 29.46 %, plagiocla-

se — 37.46 % and 34.72 %, potassium feldspar — 9.21 % 

and 6.88 %, muscovite — 15.74 % and 18.05 %, and py-

rite — 1.48 % and 0.66 %, respectively. Summarizing 

the mineral composition for each dump revealed signifi-

cant differences in the content of major rock-forming 

minerals (quartz, plagioclase, potassium feldspar, and 

muscovite), while the content of other minerals was simi-

lar. dump No. 8a showed higher pyrite content and the 

presence of sulfide minerals with relatively larger partic-

le sizes. A distinctive feature of dump No. 12 samples 

was the relatively low number of pyrite particles, reduced 

grain sizes of sulfide minerals, and chalcopyrite observed 

as rims surrounded by secondary copper minerals. 

4. Particle size and copper phase distribution signi-

ficantly affect copper extraction rate during heap leach-

ing. For both dumps, approximately 60 % of the total 

dissolved copper was extracted from the –1.7 mm size 

fraction, which accounted for less than 30 % of the to-

tal ore weight. However, the recovery of coarse fractions 

during screening and the copper extraction rate from 

coarse-grained fractions remained low.

5. It was determined that when the mass fraction of 

fine particles (–1.7 mm) exceeds 30 %, there is an in-

creased risk of reduced solution permeability. Fine-

Fig. 5. Diagram of total copper recovery and copper extraction rate by particle size fraction for dump No. 8а (а) and dump No. 12 (б)

Рис. 5. Диаграмма общего извлечения меди и извлечения меди по каждой фракции 

для отвала № 8а (а) и отвала № 12 (b)
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Table 3. Generalized test results (dump No. 12)

Таблица 3. Обобщенные результаты испытаний (отвал № 12)

No.
Time, 
days

Particle size 
Р80, mm

Cutotal

Phase analysis, %
Fetotal

Extraction, %

Cuprim Cuox Cusec Cu Fe 

1 95 19 0.29 22.3 58.9 18.8 2.35 72.0 6.0

2 95 22 0.37 27.4 29.1 43.5 2.76 54.0 13.0

3 95 25 0.33 24.8 40.2 35.0 2.84 63.7 10.4

4 95 27 0.44 28.7 33.7 37.6 2.47 62.9 10.3

5 95 25 0.55 26.2 46.2 27.6 2.83 65.4 11.8

6 95 29 0.60 23.7 42.1 33.9 3.29 67.3 7.6

7 95 21 0.37 27.9 33.0 38.9 2.74 55.4 8.1

8 95 23 0.27 30.8 40.2 28.9 2.99 60.9 6.0

9 95 19 0.42 25.3 45.2 29.6 2.92 77.4 7.8

10 95 24 0.34 28.4 39.5 32.5 2.59 67.0 9.4

11 95 18 0.45 20.4 50.0 29.6 3.10 60.6 5.8

12 95 21 0.40 22.7 46.3 31.0 2.93 60.9 9.9

13 95 24 0.31 36.5 32.3 31.6 2.21 59.2 9.8

14 95 29 0.42 23.9 35.4 40.7 2.00 67.6 14.8

15 95 21 0.28 32.0 34.5 33.8 2.64 51.8 10.0

16 95 23 0.28 33.9 50.9 15.2 2.57 71.2 9.4

Average values 23 0.38 27.1 41.1 31.8 2.70 63.6 9.4

Table 2. Generalized test results (dump No. 8a)

Таблица 2. Обобщенные результаты испытаний (отвал № 8а)

No.
Time, 
days

Particle size 
Р80, mm

Cutotal

Phase analysis, %
Fetotal

Extraction, %

Cuprim Cuox Cusec Cu Fe

1 95 18 0.36 26.4 25.6 48.0 3.17 54.5 2.5

2 95 25 0.26 29.3 27.4 42.9 3.28 61.7 3.4

3 95 22 0.29 28.1 31.5 40.1 2.91 68.1 8.3

4 95 18 0.34 35.2 34.6 29.9 2.96 50.8 4.1

5 95 27 0.45 20.3 27.1 52.6 2.56 69.1 10.5

6 95 33 0.29 34.3 23.1 42.7 2.84 61.0 8.7

7 95 21 0.32 25.0 36.4 38.6 2.63 54.7 8.6

8 95 25 0.28 28.3 20.4 51.3 3.27 57.3 5.1

9 95 25 0.27 35.1 18.7 46.3 2.96 46.5 6.6

10 93 22 0.25 37.5 15.1 47.4 2.99 47.5 8.6

11 93 21 0.32 26.7 32.6 40.7 3.11 60.7 6.0

12 95 18 0.27 46.4 16.1 37.1 3.31 35.8 8.4

13 95 19 0.25 34.4 24.3 41.3 3.10 50.0 6.4

14 93 20 0.29 18.9 25.2 55.9 3.61 66.1 10.2

Average values 22 0.30 30.5 25.6 43.9 3.05 56.0 7.0

grained materials, which have a significant impact on 

copper extraction rate, may undergo agglomeration to 

improve solution permeability and enhance copper ex-

traction rate.

6. Based on the pilot column leaching test results 

conducted on ores from the Erdenetiin Ovoo deposit, 

it is necessary to develop a mathematical model [22] 

that defines the relationships between factors affect-

ing copper extraction rate. This model will be used to 

explore the possibility of achieving efficient copper 

extraction through heap leaching in a shorter time 

frame.
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Abstract: The study presents the results of gold dissolution in cyanide solutions using the cyclic voltammetry method. A methodology was 

developed to investigate the mechanism of gold leaching in cyanide solutions by determining the relationship between current and potential 

under varying cyanide and oxygen concentrations. It is known that as the electrode potential increases, the gold dissolution current rises 

until the passivation potential is reached, after which it sharply decreases due to the formation of an oxide film, resulting in gold passivation. 

It was established that the maximum passivation current is achieved at oxygen and sodium cyanide concentrations of 7.5 mg/dm3 and 300–

400 mg/dm3, respectively. Mathematical relationships for the passivation potential and current as functions of sodium cyanide and oxygen 

concentrations were determined, described by polynomial equations with approximation coefficients R2 > 0.7. When the polarization direction 

is reversed, the current polarity changes, producing a cathodic curve with a peak at the depassivation potential, corresponding to the dissolution 

of the passive gold film. The depassivation potential and current show weak dependence on sodium cyanide concentration. The cyclic 

voltammetric curve terminates at the initial point with the same current and potential values, indicating the complete removal of the oxide film 

from the gold surface. The oxide film thickness, calculated based on the amount of passed charge, was found to be 0.007 μm. Metallographic 

studies demonstrated that the film thickness could not be determined by this method. A gold surface diffractogram revealed that the passive 

film formed after heating to 125 °C has the crystallochemical formula Na0.66Au2.66O4. The study highlights the potential for enhancing gold 

recovery from refractory ores through electrochemical treatment in alkaline conditions.

Keywords: gold, cyanidation, oxygen, electrochemistry, potentiostat, passivation, depassivation, current, potential, electron microscope, 

cyclic voltammetry, XRD patterns, redox potential. 
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  Анатолий Никитич Баранов (baranov@istu.edu)

Аннотация: Представлены результаты исследования растворения золота в цианистых растворах с применением метода цикличе-

ской вольтамперометрии. Разработана методика исследования механизма выщелачивания золота в цианистых растворах путем 



Известия вузов. Цветная металлургия  •  2025  •  Т. 31  •  № 1 •  С. 14–26

15

Баранов А.Н., Ёлшин В.В., Колодин А.А., Филиппова Е.В. Исследование растворения золота в цианистых растворах методами...

Introduction

At present, cyanidation remains the primary me-

thod for extracting gold from ore. This process involves 

leaching precious metals using dilute solutions of cya-

nide salts in the presence of atmospheric oxygen, as 

shown in the reaction [1]:

2Au + 4NaCN + 0.5O2 + H2O =

= 2NaAu(CN)2 + 2NaOH.  (1)

Gold dissolution follows an electrochemical me-

chanism, in which the ionization of metal atoms de-

pends on the electrode potential. Electrochemical 

studies on the dissolution of gold in cyanide solutions 

at varying oxygen concentrations have been conducted 

in studies [2—4]. It is known that increasing the anod-

ic potential raises the current intensity, thereby en-

hancing gold dissolution according to Faraday’s law. 

Once a certain potential is reached, the current in-

tensity sharply decreases due to gold passivation. This 

potential is defined as the passivation potential (Еpas). 

The passive state is attributed to the formation of a 

protective layer on the metal surface under specific 

conditions due to interactions with the environment. 

Corrosion studies of metals have shown that the dis-

solution rate increases as acid concentrations rise 

but then drops sharply and abruptly once a specific 

oxidant concentration is reached. This phenomenon 

has been extensively documented for iron, aluminum, 

chromium, and other metals in acidic solutions [5]. 

This behavior has also been observed for gold using 

определения зависимости силы тока от потенциала при различных концентрациях цианида натрия и кислорода. Известно, что с 

повышением электродного потенциала ток растворения золота возрастает до потенциала пассивации, а затем резко снижается в 

связи с образованием оксидной пленки, и происходит пассивация золота. Установлено, что максимальное значение тока пасси-

вации достигается при концентрациях кислорода и цианида натрия в растворе 7,5 и 300–400 мг/дм3 соответственно. Определены 

математические зависимости потенциала и тока пассивации от концентраций цианида натрия и кислорода, которые описыва-

ются полиномиальными уравнениями с коэффициентами аппроксимации R2 > 0,7. При смене направления поляризации поляр-

ность тока меняется, и образуется катодная кривая с максимумом при потенциале депассивации, которая связана с растворе-

нием пассивной пленки золота. Потенциал и ток депассивации слабо зависят от концентрации цианида натрия. Циклическая 

вольт-амперная кривая заканчивается в начальной точке при том же значении тока и потенциала, что свидетельствует об удале-

нии оксидной пленки с поверхности золота. Толщина оксидной пленки установлена расчетными методами с учетом количества 

пропущенного электричества и составляет 0,007 мкм. Металлографические исследования показали, что толщина пленки этим 

методом не определяется. Дифрактограмма поверхности золота свидетельствует о том, что образующаяся пассивная пленка 

после нагрева до температуры 125 °С имеет кристаллохимическую формулу Na0,66Au2,66O4. Показана возможность повышения 

извлечения золота из упорных руд путем электрохимической обработки щелочи. 

Ключевые слова: золото, цианирование, кислород, электрохимия, потенциостат, пассивация, депассивация, ток, потенциал, 

электронный микроскоп, циклическая вольтамперометрия, дифрактограммы, окислительно-востановительный потенциал.

Для цитирования: Баранов А.Н., Ёлшин В.В., Колодин А.А., Филиппова Е.В. Исследование растворения золота в цианистых рас-

творах методами циклической вольтамперометрии. Известия вузов. Цветная металлургия. 2025;31(1):14–26.
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potentiostatic polarization measurements [6]. Cyclic 

voltammetry (CV) is currently employed for more 

detailed investigations into corrosion mechanisms 

[7—11]. CV methods have been used to study the elect-

rochemical behavior of electrodes made from various 

materials, such as glassy carbon and graphene/glassy 

carbon with deposited Au nanoparticles [12]. How-

ever, data on gold dissolution in cyanide solutions 

using these methods are lacking. 

Enhancing the efficiency of the cyanidation pro-

cess is of great importance, and various methods have 

been employed, including hydroacoustic [12], auto-

clave [13—15], electrochemical [16], photochemical 

[14], and other treatments to influence gold dissolution 

processes [17—22]. These methods, to varying degrees, 

alter the electrode potential of the noble metal. There-

fore, studying the mechanism of gold electrochemi-

cal dissolution under different conditions using CV is 

highly relevant. The aim of this work is to investigate 

the kinetics of gold dissolution in cyanide solutions 

through CV measurements to elucidate the dissolution 

mechanism and the formation of passive films on the 

gold surface at different oxygen and sodium cyanide 

concentrations. 

Methodology of experiments

Electrochemical studies were conducted by re-

cording CV dependencies in cyanide solutions using a 

PI-50-PRO potentiostat-galvanostat. A 0.5 dm3 cell was 
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used, containing a working gold electrode with a surface 

area of 0.567 cm2, a platinum auxiliary electrode (EPV-1), 

a silver chloride reference electrode (EVP-08), and a 

WTW FDO 925 dissolved oxygen sensor. The oxygen 

concentration in the cell was regulated by supplying 

either argon or compressed air. 

For the experiments, solutions with sodium cya-

nide (NaCN) concentrations ranging from 20 to 

500 mg/dm3 and a pH of 10—10.5 were prepared. The 

gold electrode was immersed to its maximum possible 

depth near a rotating magnetic stirrer. To reduce the 

diffusion resistance of gold dissolution, the stirrer was 

set to a high speed of 650 rpm, with a potential sweep 

rate of 3.74 mV/s. A 0.450 dm3 solution with a specific 

NaCN concentration was added to the cell. The initial 

oxygen concentration in the solution was 7.5 mg/dm3. 

Argon was used to adjust the oxygen concentration as 

needed. 

The PI-50-PRO potentiostat was set to a polariza-

tion range of 100 to 1000 mV in both forward and re-

verse directions, with a sweep rate of 3.74 mV/s. After 

recording CV curves, argon was introduced into the 

solution to reduce the oxygen concentration to a speci-

fied level, and CV measurements were repeated. Thus, 

the oxygen concentration was gradually reduced from 

7.5 to 0.01 mg/dm3. At the end of each experiment, the 

solution was drained, and the cell was rinsed. Before 

and after each experiment, the NaCN concentration 

was measured using titration. Consequently, CV curves 

were obtained for all prepared solutions with varying 

NaCN concentrations and oxygen levels. 

Results and discussion

Fig. 1 shows the CV curves with potentials referenced 

to the silver/silver chloride (Ag/AgCl) reference elec-

trode.

The analysis of the typical CV dependencies in Fig. 1 

made it possible to determine the passivation potentials 

(Еpas) corresponding to the maximum anodic current 

(Ipas). During the reverse sweep of the CV curves, from 

1000 mV to 100 mV, the current polarity changes, and at 

the maximum cathodic depassivation current (Idep), the 

depassivation potential (Еdep) can be identified.

It is known [5] that the current density serves as an 

electrochemical indicator of the mass rate of electro-

chemical corrosion (Кm), which can be applied to the 

gold leaching process, as this also proceeds sponta-

neously in cyanide solutions: 

Кm = qIt/S.   (2)

Here, Кm = m/(St) is the corrosion rate, g/(cm2·s); 

m is the mass of dissolved gold, g; S = 0.567 cm2 is 

the electrode area; t is time, s; i = I/S is the current 

density, А/cm2; q is the electrochemical equivalent of 

gold, equal to the atomic mass of gold (A) divided by 

the number of electrons (n) and Faraday’s constant (F): 

q = A/(nF) = 196.967/(1·96500) = 0.00204 g/(А·s).

At the initial stage of the CV measurements 

(Fig. 1), the gold corrosion rate was I/S = 29/0.567 =

= 51 μA/cm2, while at the passivation potential, it 

reached Кm = 180/0.567 = 317.5 μA/cm2. This indi-

cates that the gold dissolution rate can increase by a 

factor of 6.2 with a 350 mV positive shift in the gold 

electrode potential. Further increasing the potential to 

600 mV results in reduced gold dissolution due to the 

formation of a passive film.

Two main theories describe the nature of the passi-

vating layer: the phase and adsorption theories of pas-

sivity. According to the phase theory, passivity arises 

from the formation of a relatively thick phase film on 

the metal surface, consisting of corrosion products that 

isolate the metal from the corrosive medium. The phase 

theory links the determining influence of potential 

on the transition of the metal into a passive state with 

changes in the composition and crystalline structure 

of the corrosion products, and therefore, the protective 

properties of the films formed as the electrode potential 

increases. However, an independent phase film is not 

Fig. 1. Example of typical cyclic voltammograms at NaCN 

concentration of 200 mg/dm3

СО2
, mg/dm3: 1 – 7.5; 2 – 3.0; 3 – 2.0; 4 – 1.3; 5 – 0.8; 

6 – 0.4; 7 – 0.05

Рис. 1. Пример типичных цикличных 

вольт-амперных зависимостей 

при концентрации СNaCN = 200 мг/дм3

СО2
, мг/дм3: 1 – 7,5; 2 – 3,0; 3 – 2,0; 4 – 1,3; 5 – 0,8; 

6 – 0,4; 7 – 0,05
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Fig. 2. Cyclic voltammograms at various NaCN 

and O2 concentrations

CNaCN, mg/dm3: а – 20; b – 40; c – 80; d – 140; e – 200; 

f – 260; g – 320; h – 380; i – 500

СО2
, mg/dm3: 1 – 7,5; 2 – 7,0; 3 – 6,0; 4 – 5,0; 5 – 4,0; 6 – 3,0; 

7 – 2,0; 8 – 1,3; 9 – 0,8; 10 – 0,4; 11 – 0,05; 12 – 0,01

Рис. 2. Циклические вольт-амперные зависимости 

при различных концентрациях NaCN и O2

СNaCN, мг/дм3: а – 20; b – 40; c – 80; d – 140; e – 200; 

f – 260; g – 320; h – 380; i – 500

СО2
, мг/дм3: 1 – 7,5; 2 – 7,0; 3 – 6,0; 4 – 5,0; 5 – 4,0; 6 – 3,0; 

7 – 2,0; 8 – 1,3; 9 – 0,8; 10 – 0,4; 11 – 0,05; 12 – 0,01
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always observed on the surface of a metal in a passive 

state. The adsorption theory postulates that the me-

tal transitions to a passive state due to the formation of 

a chemisorbed layer of an oxidant, such as oxygen, on 

its surface. We believe that both theories are applicable 

to the gold dissolution process and must be considered 

during gold leaching.

To establish the mechanism of gold passivation, 

Fig. 2 presents the CV measurement results in NaCN 

solutions with various oxygen concentrations (potentials 

are indicated in mV relative to the Ag/AgCl reference 

electrode).

According to the analysis of the CV dependencies 

(see Fig. 2), a current peak corresponding to the passi-

vation potential is observed at various sodium cyanide 

concentrations. As the potential decreases from 1000 

to 100 mV, the current reverses polarity, indicating 

the dissolution of the passive film. The maximum ca-

thodic current, referred to as the depassivation cur-

rent (Idep), is reached at the depassivation potential 

(Еdep). Based on the obtained results (Fig. 2), the re-

lationships between the passivation and depassivation 

currents and potentials with sodium cyanide concen-

tration at an oxygen concentration of 7.5 mg/dm3 were 

determined, as shown in Fig. 3. These relationships 

(Fig. 3) are described by polynomial equations of the 

following form: 

Еpas = 360.93 + 1.0621СNaCN – 0.0011С 2
NaCN, 

R2 = 0.6587,  
(3)

Ipas = 12.637 + 0.9925СNaCN – 0.0012С 2
NaCN, 

R2 = 0.7342,  
(4)

Еdep = 229.9 + 0.3791СNaCN + 0.00060012С 2
NaCN, 

R2 = 0.1954,  
(5)

Idep = 13.069 + 0.0723СNaCN + 0.3797С 2
NaCN, 

R2 = 0.3797.  
(6)

The analysis of the dependencies shown in 

Fig. 3, a, b indicates that they can be described by 

polynomial equations with approximation coeffi-

cients around 0.7, making them statistically sig-

nificant. In contrast, the depassivation processes 

(Fig. 3, c, d) have lower approximation coefficients 

(R2 < 0.4) and are not statistically significant. This 

suggests that the dissolution of the passive film is 

independent of the sodium cyanide concentration. 

Fig. 3. Dependence of passivation potential (a), passivation current (b), depassivation potential (c), and depassivation current (d) 

on sodium cyanide concentration

Рис. 3. Зависимость потенциала пассивации (а), тока пассивации (b), потенциала депассивации (c), 

тока депассивации (d) от концентрации цианида натрия
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The maximum passivation currents, according to 

equation (4), are reached at СNaCN = 400 mg/dm3. 

However, two visual maxima are observed at cyanide 

concentrations of 200 and 400 mg/dm3. This could 

be attributed to the high uncertainty in determining 

the passivation current, and the application of sta-

tistical methods for data processing is necessary to 

improve reliability.

During the experiments, the sodium cyanide 

concentration in the solution was monitored before 

and after recording a series of CV curves at various 

cyanide concentrations. Fig. 4 presents the results of 

the reduction in NaCN concentration as a percentage 

of its initial value during CV measurements, with oxy-

gen levels varying from 7.5 to 0.01 mg/dm3 as shown 

in Fig. 2.

The change in sodium cyanide concentration as a 

function of its initial concentration is described by the 

following polynomial equation: 

СNaCN = 0.2776Сн NaCN – 0.0004С 2
н NaCN – 28.584, 

R2 = 0.9649.  
(7)

The maximum reduction in NaCN concentration 

is 25.3 % at an initial sodium cyanide concentration of 

370 mg/dm3. Given that 0.45 dm3 of solution was added 

to the cell, the maximum NaCN loss amounts to 42 mg 

during 12 CV measurements at different oxygen concen-

trations in a sodium cyanide solution with an initial con-

centration of 370 mg/dm3.

To provide more comprehensive information for 

selecting optimal leaching conditions based on oxy-

gen concentration, three-dimensional diagrams were 

constructed to show the dependence of current or 

potential on sodium cyanide and oxygen concentra-

tions. 

Figures 5 and 6 present three-dimensional diagrams 

illustrating the dependence of current and potential on 

sodium cyanide and oxygen concentrations.

According to Fig. 5, the maximum passivation 

potential reaches 600 mV at a cyanide concentra-

Fig. 4. Reduction in sodium cyanide concentration based 

on its initial concentration during CV measurements 

with varying oxygen levels

Рис. 4. Снижение концентрации цианистого натрия 

в зависимости от начальной его концентрации 

при снятии серии ЦВА с различной концентрацией 

кислорода

Fig. 6. Dependence of passivation current on NaCN and O2 

concentration

Рис. 6. Диаграмма зависимости тока пассивации 

от концентраций NaCN и O2

Fig. 5. Dependence of passivation potential on NaCN and O2 

concentration

Рис. 5. Диаграмма зависимости 

потенциала пассивации от концентраций NaCN и O2
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tion of 400 mg/dm3 and an oxygen concentration of 

7.5 mg/dm3. 

According to Fig. 6, the maximum passivation cur-

rent of 300 μA is observed at СNaCN = 380 mg/dm3 and 

СО2
 = 7.5 mg/dm3. Notably, at an oxygen concentration 

of 0.05 mg/dm3, the passivation current, and conse-

quently the gold solubility, is 50 μA. This indicates that 

gold dissolves in cyanide solutions under anodic polari-

zation even in the absence of oxygen. If oxygen does not 

participate in gold dissolution via reaction (1), the me-

chanism of anodic gold dissolution can be represented 

by the following reactions:

Au + 2(CN)– – 2e = Au(CN)–
2.  (8)

At the cathode, in the presence of oxygen, electrons 

are consumed by oxygen:

O2 + 2H2O + 2e = 4OH–.  (9)

In the absence of oxygen, electrons are consumed 

during hydrogen evolution at the auxiliary platinum 

electrode:

2H+ + 2e = H2.  (10)

In [1], it was demonstrated that cyanide gold can 

form during leaching without anodic polarization via 

the following mechanism: 

Аu+ + CN– = AuCN.  (11)

This is possible considering that gold in the ore is of-

ten in contact with metal sulfides (pyrite, galena, etc.) 

that have high positive potentials. Cyanide gold does not 

dissolve directly but reacts with excess cyanide to form a 

complex compound, dicyanoaurate, which is capable of 

entering the solution:

AuCN + NaCN = Na[Au(CN)2].  (12)

Thus, to enhance the electrochemical dissolution of 

gold, it is recommended to increase the oxygen con-

centration and the electrode potential up to the passi-

vation potential. When the electrode potential in a cy-

anide solution of 380 mg/dm3 exceeds the passivation 

potential of 450 mV, a passive film forms, leading to 

a sharp decrease in current and, consequently, in gold 

dissolution.

To calculate the thickness of the passive gold film 

during CV measurements, the following electroche-

mical reaction occurring at the anode was considered: 

Au – 1e = Au+. The obtained CV curves (see Fig. 2, e) 

show that as the potential increases, the current rises, 

and the amount of dissolved gold (m) can be calculated 

using Faraday’s law: 

m = qIt,  (13)

where I is the current, А; t is the time, s; q is the elect-

rochemical equivalent of gold, equal to 0.002 g/(А·s).

The time can be determined based on the poten-

tial sweep rate v = 3.74 mV/s during CV measurements: 

t = (Еpas – Еn)/v = (450 – 100)/3.74 = 93.58 s. The cur-

rent is obtained from the I—E (see Fig. 1) as the average 

between the initial current and the maximum current: 

I = (182 – 27)/2 = 77.5 μA = 77.5·10–6 А. Let us cal-

culate the amount of dissolved gold during a single CV 

measurement at a sodium cyanide concentration of 

200 mg/dm3 (see Fig. 1). For one CV measurement, the 

amount of dissolved gold is: m = qIt = 0.002·77.5·10–6 ×
× 93.58 = 14.5·10–6 g = 14.5 μg.

During passivation, the current decreases to its 

initial state, and a passive film forms through the fol-

lowing reactions: Au – 3e = Au3+, Au3+ + 3ОН– =

= Au(OH)3. The amount of dissolved gold, based on 

equation (13), is m = qIt = 0.00068·77.5·10–6·93.58 =

= 4.93·10–6 g, where the electrochemical equivalent 

for Au3+ is 0.00068 g/(А·s). The mass of the passive 

Au(OH)3 film (molecular mass = 237) can be calcu-

lated stoichiometrically as 237·4.93·10–6/196.97 =

= 5.93·10–6 g. The thickness of the film is determined 

[23] by dividing the film mass by the product of the 

electrode area and the film density. Since the density 

of the film is not provided in reference data, it is cal-

culated based on the additive properties of the speci-

fic densities. Considering that Au(OH)3 contains 

0.784 parts gold (ρ = 19.3 g/cm3) and 0.215 parts (OH)3 

(ρ = 1 g/сm3), the film density is 14.9 g/сm3. The film 

thickness, given the electrode area of 0.567 cm2, is 

calculated as h = 5.93·10–6/(0.567·14.9) = 0.7·10–6cm =

= 0.007 μm. Table 1 presents the results of the calcu-

lations for the mass of dissolved gold, the stoichio-

metric calculation of cyanide consumption based on 

reaction (1) considering the mass of dissolved gold, 

and the calculated thickness of the passive film in 

the CV region, accounting for the formation of gold 

hydroxide. 

The calculated thickness of the passive film 

(0.007 μm) is significantly smaller than passive films 

formed on metals like aluminum (0.01—1 μm). It is like-

ly that the adsorption theory of passivity applies to films 

on gold, where a sharp decrease in anodic current oc-

curs due to the formation of a chemisorbed oxygen layer, 

as observed on platinum with 1—6 % monolayer oxy-

gen coverage [23]. Based on sodium cyanide consump-
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tion, previous calculations showed that during 12 CV 

measurements, the reduction in cyanide concentration 

amounted to 42 mg, which greatly exceeds the amount 

required for the electrochemical dissolution of gold 

(66.1·10–6 g). This suggests that sodium cyanide decom-

poses during CV measurements.

To determine the actual thickness of the films on the 

obtained gold samples, metallographic studies were con-

ducted. Microstructure imaging was performed using an 

inverted metallographic microscope (Olympus GX-51). 

Fig. 7 shows the microstructures of the gold electrode 

before and after passivation. 

In Fig. 7, a, the clean gold surface shows visible lines 

from grinding and polishing. In Fig. 7, b, after passiva-

tion, the surface appears gray with no signs of rough-

ness—likely due to the formation of a gold oxide film, 

the thickness of which cannot be determined using this 

method.

To investigate the composition of the film, a frag-

ment of the Pourbaix diagram for gold is provided in 

Fig. 8 [24; 25]. 

The E—рН diagram for the Au—H2O system in-

dicates that gold hydroxide (Au(OH)3) forms at рН =

= 2÷11 and E > 0.8 V. At рН = 10 and E > 2.0 V AuО2 

is expected to form. Accordingly, on the recorded CV 

dependencies (see Fig. 2) at рН = 10 and E > 0.8 V, 

Au(OH)3 likely forms. However, it is important to note 

that the Pourbaix diagram pertains to aqueous solu-

tions, whereas the passive film in this study was formed 

in sodium cyanide solutions. To determine the compo-

sition of the passive film, an X-ray diffraction (XRD) 

analysis was performed using a Shimadzu XRD-7000 

automatic powder diffractometer. A pure gold sample 

(1 cm2) was prepared by grinding, polishing, degreas-

ing in acetone, rinsing with distilled water, and passi-

vating in a sodium cyanide solution (200 mg/dm3) at 

E > 650 mV for 1 h. After drying at room temperature, 

the surface of the gold sample exhibited a dark brown 

coloration. The diffraction pattern of the passivated 

sample revealed no characteristic peaks corresponding 

to gold oxides or hydroxides, indicating that the pas-

sive film lacks a crystalline structure. According to [26; 

27], gold hydroxide undergoes dehydration upon heat-

ing to 125 °C, initially forming AuO(OH), followed by 

sesquioxide (Au2O3), which decomposes into Au and 

O2 at temperatures exceeding 160 °C. Therefore, in the 

second stage of the investigation, the gold sample was 

heated at 125 °C for 1 hour prior to recording the dif-

Table 1. Results of passive film thickness calculations

Таблица 1. Результаты расчетов толщины пассивной пленки

CV range, mV 

(see Fig. 2, e)

Mass of dissolved 

gold, μg

Cyanide consumption 

per reaction (1), μg

Calculated passive film 

thickness, μm

100–450 

(old dissolution)
4.94 2.54 –

450–700 

(passive film formation)
5.96 2.97 0.007

Results of 12 CVs 

(at various oxygen 

concentrations)

130.9 66.1 –

Fig. 7. Microstructures of the gold electrode before passivation (a) and after passivation (b)

Рис. 7. Микроструктуры золота на электроде до пассивации (а) и после пассивации (b)

a b
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fraction pattern to further analyze the composition of 

the passive film.

Fig. 9 shows the diffraction pattern of the gold 

sample after passivation and heating, identifying the 

following compounds and their respective contents: 

Au (83 %); Au(CN) (0.05 %); Na0.66Au2.66O4 (14 %); 

Cu (3 %). This indicates that sodium, cyanide, and 

oxygen participate in forming the passive film on 

gold. For the first time, a compound with the crys-

tallochemical formula Na0.66Au2.66O4, has been dis-

covered, which can be interpreted as a double salt 

of the type m(Na2O)n(Аu2O3). This compound was 

likely formed as a result of heating the gold sam-

ple. Consequently, the passive film in sodium cy-

anide solution consists of a hydroxide compound 

mNa(OH)nAu(ОН)3, which exists in an amorphous 

phase and does not produce diffraction lines. This 

supports the conclusion that gold passivation aligns 

with the adsorption theory of passivity.

Analyzing the obtained CV results on gold suggests 

the following dissolution mechanism. At an initial 

steady-state potential of 100 mV, the dissolution cur-

rent ranges from 5 to 25 μA, depending on the oxygen 

concentration in the solution. During anodic pola-

rization, the current increases exponentially, reaching 

70—180 μA, with gold solubility increasing by a fac-

tor of 7—14, depending on the oxygen concentration. 

When the potential reaches 400—450 mV, the current 

increase stops. As an oxide film, mNa(OH)nAu(OH)3, 

forms, the current decreases to 5—25 μA (depending 

on the oxygen concentration) at a complete passivation 

potential of 600 mV. This well-known property of metal 

passivation is generally attributed to the formation of 

an oxide film. Passivation is a well-documented phe-

nomenon associated not only with electrode polariza-

tion but also with the oxidative properties of the envi-

ronment. For example, iron dissolves readily in sulfuric 

acid solutions but hardly dissolves in concentrated sul-

furic acid. This factor should also be considered for 

gold. In gold extraction plants, setting an electrode po-

tential of 400 mV on gold via electrochemical methods 

is challenging. However, such tests were conducted in 

[16], where the pulp was subjected to electrochemical 

treatment on insoluble electrodes. Although the change 

in gold potential was not monitored, which prevented 

theoretical justification of the optimal current and po-

tential during pulp treatment, an increase in gold re-

covery was observed.

Fig. 8. Pourbet diagram for the Au–H2O system at 25 °С [24; 25]

1, 2 – equilibrium lines of the hydrogen and oxygen electrodes; 

3 – equilibrium line Au–Au(OH)3; 4 – equilibrium line Au(OH)3–AuO2; 

5 – equilibrium line AuO2–H2AuO3
–

I – region of thermodynamic stability of gold; II – region of gold 

hydroxide (Au(OH)3) formation; III – region of gold dioxide (AuO2) 

formation

Рис. 8. Диаграмма Пурбе для системы Au–H2O 

при температуре 25 °С [24; 25]

1, 2 – линии равновесия водородного и кислородного электродов; 

3 – равновесная линия Au–Au(OH)3; 4 – равновесная линия 

Au(OH)3–AuO2; 5 – равновесная линия AuO2–H2AuO3
–

I – область термодинамической устойчивости золота; 

II – область образования гидроксида золота Au(OH)3; 

III – область образования диоксида золота AuO2

Fig. 9. XRD pattern of the gold sample after passivation and 

heating at 125 °C

Рис. 9. Дифрактограмма образца золота, подвергнутого 

пассивации и нагреву при температуре 125 °C
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Another approach to modifying the gold poten-

tial involves the use of oxidants or reductants, which 

shifts the resulting gold dissolution potential into 

the passivation and depassivation range. The redox 

potential (ORP) of the pulp can be increased by in-

troducing oxidants such as oxygen, ozone, or hydro-

gen peroxide. Electrochemical treatment of reagents, 

such as an alkali solution, can also increase the 

ORP. Using such treated alkali in cyanide leaching 

enhances gold recovery. Laboratory studies on the 

electrochemical treatment of alkali in an electrolyzer 

demonstrated the potential for increasing ORP [28]. 

The dependence of ORP on treatment time is shown 

in Fig. 10.

Electrochemical treatment of alkali at optimal cur-

rent and potential values for 10 minutes increases the 

ORP by a factor of 8. 

Table 2 presents the results of gold leaching from re-

fractory ores in cyanide solutions with the addition of 

electrochemically treated alkali [28].

Table 2 demonstrates that the application of elec-

trochemically treated alkali results in an 18 % and 

15 % increase in the extraction of gold and silver into the 

solution, respectively. Thus, to optimize the gold leach-

ing process at extraction facilities, it is crucial to sys-

tematically monitor the electrode potential of gold and 

regulate it through the addition of oxidizing or reducing 

agents, or by employing electrochemical treatment of 

the pulp or reagents. 

Conclusion

The cyclic voltammetric measurements on a gold 

electrode in cyanide solutions at varying oxygen concen-

trations revealed the relationship between passivation 

current and potential with sodium cyanide concentra-

tion. It was found that increasing the electrode potential 

leads to a rise in current, and upon reaching the passi-

vation potential, a passive film forms. This results in a 

significant decrease in current and, consequently, a re-

duction in gold dissolution. The thickness of the passive 

film, calculated based on the charge passed during CV 

measurements, was determined to be 0.007 μm. X-ray 

diffraction analysis of the gold sample’s surface indi-

cated that after heating to 125°C, the passive film had 

the crystallochemical formula Na0,66Au2,66O4. This 

film likely forms when a gold hydroxide passive film of 

the type nNa(OH)mAu(ОН)3, which is amorphous and 

undetectable via diffraction, is subjected to heating. The 

study highlights the potential for enhancing gold reco-

very from refractory ores through the use of electro-

chemically treated alkali. 
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Abstract: Cast master alloys of the Mo–Cr, W–Cr, and Cr–Al systems with high chromium content were produced using the methods of 

centrifugal SHS metallurgy. A thermodynamic analysis was performed to evaluate the combustion temperature and the equilibrium composition 

of the reaction products depending on the ratios of the initial components in the mixture. Based on this analysis, optimal compositions were 

identified for further experimental studies. The effectiveness of functional additives, namely calcium fluoride CaF2 (fluorspar) and sodium 

hexafluoroaluminate Na3[AlF6] (cryolite), was experimentally confirmed. These additives were shown to lower the melting point of the slag phase 

(reducing its viscosity), which facilitated phase separation during the production of cast master alloys from refractory metals using centrifugal 

SHS metallurgy. The experiments demonstrated the need to introduce excess amounts of MoO3 and WO3 during the production of Mo–Cr and 

W–Cr master alloys, respectively, due to incomplete reduction of molybdenum and tungsten from their oxides. Microstructural analysis of the 

obtained master alloys revealed a dendritic structure, which is typical for cast materials. EDS microanalysis showed that the chemical compositions 

of all synthesized alloys closely matched their calculated and target compositions. Composition analysis at different locations within the ingots 

revealed no significant variations in composition. X-ray phase analysis confirmed the presence of solid solution phases formed from the target 

elements. The results of inductively coupled plasma mass spectrometry (ICP-MS) confirmed that the chemical compositions of the synthesized 

Cr–W, Cr–Mo, and Cr–Al alloys fully comply with the permissible concentrations of both target elements and impurities.
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Аннотация: Методами центробежной СВС-металлургии получены литые лигатуры Mo–Cr, W–Cr и Cr–Al с высоким содержани-
ем Cr. Выполнен термодинамический анализ температуры горения и состава равновесных продуктов в зависимости от соотно-
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Introduction

Alloying technologies for modern industrial al-

loys have become widely used across various indust-

ries. The optimal selection of alloying component 

compositions and alloying methods enables the 

resolution of complex challenges in the design and 

manufacturing of diverse products, achieving the 

desired combination of performance characteristics 

[1; 2]. The introduction of master alloys with a speci-

fied composition allows for precise control of al-

loying element concentrations and ensures the ef-

ficient introduction of easily oxidizable or volatile 

components into the melt at high temperatures, as 

these components are supplied in a stable cast (pre-

alloyed) form. 

Currently, the primary industrial method for pro-

ducing most master alloys involves the direct melting 

of metals using electrometallurgical techniques. This 

method is associated with high energy and material 

costs, largely due to the need for high-purity starting 

materials. Moreover, when using components with sig-

nificantly different melting points, losses of volatile 

elements increase, which negatively affects both the 

quality of the master alloy and the final production cost 

of industrial alloys. 

Cast chromium-based master alloys of various 

compositions (Cr—Al, Cr—Cu, Cr—Fe, Cr—Ti, 

Cr—V—Al, etc.) have already become well-estab-

lished in the metallurgical industry as alloying ad-

ditives in the production of high-alloy steels, heat-

resistant nickel alloys, aluminum alloys, and others 

[3; 4]. Since chromium has a melting point of appro-

ximately 1900 °C, it cannot be melted in a vacuum due 

шения исходных компонентов смеси. На основе анализа определены оптимальные составы для проведения экспериментальных 

исследований. Экспериментально установлена эффективность применения функциональных добавок CaF2 (плавиковый шпат) 

и гексафтороалюмината натрия Na3[AlF6] (криолит) с целью снижения температуры плавления шлаковой фазы (уменьшения 

ее вязкости) и облегчения процесса фазоразделения при производстве литых лигатур из тугоплавких металлов методом цен-

тробежной СВС-металлургии. Анализ экспериментов показал необходимость ввода избыточного содержания MoO3 и WO3 при 

производстве лигатур Mo–Cr и W–Cr соответственно ввиду неполного восстановления Mo и W из их оксидов. Анализ микро-

структуры полученных лигатур свидетельствует о наличии дендритной структуры, что типично для литого состояния сплавов. 

По результатам микроанализов (EDS), все полученные лигатуры близки к своим расчетным и целевым значениям химических 

составов. Микроанализ состава разных участков слитков не выявил заметных различий по составу сплава. Проведенные рент-

генофазовые анализы синтезируемых лигатур показали наличие пиков твердых растворов, сформированных на основе соот-

ветствующих целевых элементов. Анализ данных химического состава, полученного с помощью метода масс-спектроскопии с 

индуктивно-связанной плазмой, для синтезированных сплавов систем Cr–W, Cr–Mo и Cr–Al выявил их полное соответствие 

значениям по допустимым концентрациям как целевых элементов, так и примесных компонентов.

Ключевые слова: лигатура, хром, молибден, вольфрам, алюминий, самораспространяющийся высокотемпературный синтез, 

центробежная СВС-металлургия.
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to sublimation (direct transition from solid to gas) [3]. 

Therefore, the production of high-chromium master 

alloys requires melting the starting metals in an inert 

gas atmosphere at pressures exceeding 760 mmHg, 

which significantly complicates the technological 

process. 

As a result, the production of chromium-contain-

ing master alloys, where components have significant-

ly different melting points, presents several challenges 

when using conventional metallurgical methods [5]. 

The large difference in melting points between alumi-

num and chromium makes the production of Cr—Al 

master alloys particularly costly due to the significant 

evaporation of aluminum during melting, or it neces-

sitates the use of multi-stage powder metallurgy tech-

niques requiring extremely pure starting materials [5]. 

The high melting points of tungsten, molybdenum, 

and chromium make it impossible to produce these al-

loys using traditional melting of charge materials. Due 

to this characteristic, the conventional production of 

Mo—Cr and W—Cr alloys relies on two main techno-

logical approaches: 

— expensive vacuum arc and electron beam remelt-

ing processes, which result in significant material losses 

due to evaporation at high temperatures; 

— powder metallurgy methods, which involve multi-

stage pressing of high-purity metal powders, usually fol-

lowed by sintering in inert or reactive gas atmospheres 

(nitrogen, argon, or hydrogen). 

Therefore, there is a clear need to improve the ener-

gy efficiency of master alloy production for systems with 

significantly different melting points, while reducing 
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production costs without compromising material pro-

perties and quality.

One of the relatively recent methods for producing 

cast and powder materials based on metals and their 

compounds is Self-Propagating High-Temperature 

Synthesis (SHS) [6; 7], which has already been ap-

plied in the production of master alloys used to de-

velop new high-strength structural alloys, including 

those intended for service in Arctic conditions [8—

10]. One important technological branch of SHS pro-

cesses is centrifugal SHS metallurgy [11—13], which 

combines SHS with metallothermy [14]. The key 

feature of SHS metallurgy lies in conducting highly 

exothermic reduction reactions while applying addi-

tional physical forces (centrifugal forces), which enab-

les the production of high-quality cast combustion 

products. This approach also serves as an additional 

tool for controlling the formation of composition and 

structure in the resulting cast SHS materials [11; 15; 

16—18]. 

The objective of this study was to develop the chem-

ical and technological foundations for the synthesis of 

high-chromium alloys (Cr—Mo, Cr—W, Cr—Al) by 

means of centrifugal SHS metallurgy.

Research materials and methods

The process used to produce the alloys under inves-

tigation is based on an exothermic reaction between the 

oxides of the target metals (Cr, W, and Mo) and alumi-

num (acting as a metallic reducing agent), which pro-

ceeds in a self-propagating combustion (SHS) mode. 

This reaction is accompanied by the melting (casting) 

of the final products, followed by their phase separation 

under the influence of centrifugal forces generated in the 

centrifugal SHS setup.

The overall chemical equations describing the syn-

thesis of the studied alloys can be represented as follows:

Cr2O3 + MoO3 + αAl + FA →

→ Cr—Mo (Al) + Al2O3,  (1)

Cr2O3 + WO3 + αAl + FA →

→ Cr—W (Al) + Al2O3,  (2)

[Cr2O3 /CrO3] + αAl + FA →

→ Cr—Al + Al2O3,  (3)

where FA denotes a functional additive based on fluorite 

CaF2 (fluorspar) and cryolite Na3[AlF6] (sodium hexa-

fluoroaluminate).

Table 1 presents the grades and selected characteris-

tics of the raw materials reagents used in the study. The 

functional additives were introduced into the reaction 

mixture as a combination of these two compounds (cryo-

lite and fluorspar) to facilitate phase separation of the 

reaction products. 

The target compositions of the Mo—Cr, W—Cr, 

and Cr—Al master alloys were selected based on ac-

tual chemical compositions used at leading metallurgi-

cal enterprises in Russia (Table 2). The permissible con-

centration ranges for the elements in this group of alloys 

were provided by a potential end user of the research re-

sults — Electrostal Metallurgical Plant JSC (Electrostal, 

Moscow Region). 

Table 1. Selected characteristics of raw materials and functional additives

Таблица 1. Некоторые характеристики исходных веществ и ФД

Material Grade Standard (GOST/TU) Particle size, μm Purity, %

Main components  for  synthesis

Cr2O3 Ch TU 6-09-4272-84 <20 99.00

WO3 ChDA TU 48-4205-122-2019 <20 99.90

MoO3 ChDA TU 6-09-4471-77 <50 99.00

Al PA-4 GOST 6058-73 <140 98.00

Functional  addit ives  (FA)

CaO Pure GOST 8677-76 <150 96.0

Na3[AlF6] KP GOST 10561-80 <150 97.0

CaF2 FF-97 GOST 29219-91 <100 97.2
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Before being introduced into the technological pro-

cess, all oxide powder components were dried to remove 

adsorbed moisture in a SNOL-type drying oven (t =

= 90 °C, τ = 1 h). After dosing the components to achieve 

the target alloy composition, the reagents were mixed in 

an MP4/5.0 planetary ball mill with a drum volume of 

up to 5 L for 15—20 min, with a ball-to-powder mass 

ratio of 1:10. 

To prepare the reaction mold, a pre-dried (for at 

least 1 h at 90 °C) refractory mold made of electrolytic 

corundum (Al2O3) produced by NTC Bakor (Shcher-

binka, Moscow Region) was used. The mold was placed 

on a vibration table, where the mixture was loaded 

and compacted. Depending on the mold volume, the 

batch weight during different stages of the experiments 

ranged from 0.5 to 2.6 kg. 

The prepared mold containing the mixture was in-

stalled on the rotor of the centrifugal SHS setup, an ex-

ternal view of which is shown in Fig. 1. The design of 

the SHS setup is proprietary [6; 7; 13] and includes the 

following systems: laser initiation; automatic rotor speed 

control to maintain the specified overload level (g); wa-

ter cooling of the reaction (melting) chamber; and video 

monitoring with real-time recording of the combustion 

process. 

The synthesis of the target alloy was carried out in 

an open-type reaction mold at atmospheric pressure 

and a steady rotor speed corresponding to an overload 

of 55 ± 5g. The combustion temperature exceeded 

3000 K, which was higher than the melting point of 

the final products. After the combustion process was 

completed, phase separation and crystallization of the 

reaction products took place under the action of cen-

trifugal forces and due to the mutual immiscibility of 

the phases. Cooling of the reaction mass was carried 

out by forced cooling through a water-cooled jacket 

of the reaction chamber. The combustion products 

formed an ingot consisting of two distinct layers with 

a clearly defined interface: the upper (slag) layer com-

posed of corundum, and the lower layer containing the 

target alloy.

Table 2. Permissible element concentrations 
in the chemical compositions of the studied alloys

Таблица 2. Допустимые концентрации элементов 

по химическому составу для исследуемых сплавов

Element, 

wt. %

Alloy system

Cr–W (Al) Cr–Mo (Al) Cr–Al

Cr Balance Balance Balance

Mo 1.0 50–65 –

W 40–60 – –

Al – – 10–25

Impurit ies,  not  more than

Al 5.0 5.0 –

C 0.05 0.05 0.04

Si 0.3 0.3 0.5

S 0.01 0.01 0.01

P 0.01 0.01 0.01

Fe 1.0 1.0 0.7

Cu 0.05 0.05 0.2

Co 0.1 0.1 –

О 0.04 0.05 0.04

N 0.04 0.04 0.04

Mg – – 0.5

Ti – – 0.1

Ni – – 0.2

Mn – – 0.4

Zn – – 0.2

Fig. 1. External view of the centrifugal setup for producing 

cast materials using centrifugal SHS casting

1 – rotor of the centrifugal setup, 2 – reaction chamber, 

3 – electric drive, 4 – laser initiation system

Рис. 1. Внешний вид центробежной установки 

для получения литых материалов 

методом центробежного СВС-литья

1 – ротор центробежной установки, 

2 – реакционный блок, 3 – электропривод, 

4 – система подачи лазерного инициирования
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Analysis of the alloys. The quantitative analysis of 

major elements and impurities was performed using an 

iCAP 6300 inductively coupled plasma atomic emis-

sion spectrometer (Thermo Fisher Scientific, USA), 

equipped with a double-focusing Nier—Johnson geo-

metry mass analyzer. Carbon and sulfur contents were 

measured using an SC844 analyzer (LECO, USA), 

while oxygen, nitrogen, and hydrogen contents were de-

termined using an ONH836 analyzer (LECO, USA). 

The phase composition was analyzed by X-ray dif-

fraction (XRD) using a DRON 3M diffractometer 

(ARL X’TRA, Switzerland). Microstructural studies 

were carried out using a Zeiss Ultra Plus Field Emis-

sion Scanning Electron Microscope (Ultra 55 platform, 

Zeiss, Germany).

Thermodynamic analysis. To estimate the maximum 

achievable adiabatic synthesis temperature for different 

initial component ratios, a preliminary thermodynam-

ic analysis was performed using the Thermo software 

package. Functional additives were excluded from the 

thermodynamic calculations due to their low concentra-

tions. The calculations provided the equilibrium com-

position of both condensed and gaseous products, along 

with the adiabatic reaction temperature.

Results and discussion

The thermodynamic calculation results obtained us-

ing the Thermo software package are shown in Fig. 2—4.

Analysis of the obtained data, including adiabatic 

temperature and component concentrations under con-

ditions of thermodynamic equilibrium, showed that in 

the Mo—Cr system, the combustion temperature of the 

exothermic mixture can reach up to 3500 °C. It should 

be noted that in the molybdenum concentration range 

of 50—65 wt. %, the temperature ranges from 2800 to 

3200 °C, which exceeds the melting points of the com-

ponents. These conditions are sufficient for obtaining 

cast materials during the combustion of the investigated 

mixtures, with the concentration of gaseous products re-

maining relatively low (less than 0.1 wt. %).

Analysis of the data for the W—Cr system revealed 

a similar qualitative trend. In the tungsten concentra-

tion range of 40—60 wt. %, the combustion temperature 

exceeds 3000 °C, which ensures complete dissolution of 

W in molten Cr. At the same time, the content of gaseous 

products is negligible (less than 0.05 wt. %).

Based on these results, it can be concluded that for 

the production of cast materials in the studied Mo—Cr 

and W—Cr systems, at molybdenum oxide (αMoO3) 

and tungsten oxide (αWO3) concentrations exceeding 

α = 0.3, there are no thermodynamic barriers to synthe-

sis. In other words, the calculated combustion tempe-

ratures are sufficient to produce cast materials with the 

target compositions. 

The thermodynamic analysis of the Al—Cr system 

was carried out considering the use of either chromium 

(VI) oxide (Fig. 4, a) or chromium (III) oxide (Fig. 4, b) 

as the initial component. The results showed that with-

in the target concentration range of 10—25 wt. % Al in 

the master alloy, the adiabatic combustion temperature 

reaches approximately 2300 °C for the Cr2O3—Al system 

and around 3000 °C for the CrO3—Al system. Based on 

these results, and considering the melting point of chro-

mium, it was decided to use a combined chromium oxide 

mixture [Cr2O3 + CrO3] in a 50/50 ratio during synthesis. 

Fig. 2. Results of thermodynamic analysis 

for the Cr–Mo system at varying composition ratios

(1 – α)(Cr2O3 + Al) + α(MoO3 + Al)

Рис. 2. Результаты термодинамического анализа 

системы Cr–Mo при варьировании соотношения 

составов (1 – α)(Cr2O3 + Al) + α(MoO3 + Al)

Fig. 3. Results of thermodynamic analysis 

for the Cr–Mo system at varying composition ratios

(1 – α)(Cr2O3 + Al) + α(WO3 + Al)

Рис. 3. Результаты термодинамического анализа 

системы Cr–W при варьировании соотношения 

составов (1 – α)(Cr2O3 + Al) + α(WO3 + Al)
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This approach was justified by the resulting increase in 

adiabatic temperature to approximately 2500—2700 °C, 

as well as the formation of pure chromium (complete 

reduction of chromium oxide) in the reaction products.

When developing the charge compositions and se-

lecting process parameters to obtain alloys with the tar-

get compositions, it is essential to have general data on 

the interaction characteristics of the studied materials as 

a function of temperature under equilibrium conditions. 

Such data can be extracted from the analysis of phase 

diagrams. The phase diagrams used in this study are 

provided in sources [19—24]. 

Analysis of the Mo—Cr system [19; 20; 22] showed 

that both components exhibit unlimited mutual solubi-

lity, which will naturally contribute to a more uniform 

distribution of components within the ingot during syn-

thesis. 

A similar interaction pattern was found for the 

W—Cr system [23], where both components also have 

unlimited mutual solubility. It should be noted that 

within the specified component ratio range, the melting 

point is approximately 2100 °C.

Analysis of the Al—Cr system [24] showed that 

the general interaction characteristics of the main 

components favor the formation of various phases 

(AlCr, AlCr2, αAl8Cr5, βAl8Cr5, etc.) during cooling 

and crystallization. It is important to emphasize that 

within the specified composition range, the melting 

point is ~1650÷1700 °С.

Effect of FAs on phase separation efficiency

The effect of functional additives on the formation 

of the sample’s macrostructure and the efficiency of 

phase separation was evaluated using the Cr—Mo alloy 

system as an example. Two compounds were introduced 

into the mixture as functional additives: fluorite CaF2 

(fluorspar) and sodium hexafluoroaluminate Na3[AlF6] 

(cryolite). The primary role of these additives is to lower 

the melting point of the slag phase and, consequently, to 

reduce its viscosity. This creates favorable conditions for 

more complete phase separation between the metallic 

(target) phase and the oxide (slag) phase, ensuring the 

formation of a clearer phase boundary. 

Fig. 5 shows the external appearance of a Cr—Mo 

alloy sample produced without the use of functional 

additives in the initial composition. It can be seen that 

the phase separation process was incomplete, as no 

distinct phase boundary is observed across the entire 

cross-section of the ingot. This results in reduced re-

covery of the target product and significantly compli-

cates phase separation after crystallization and cooling. 

The loss of the target alloy can reach up to 25 wt. %, 

which is unacceptable. According to the literature [25; 

26], the introduction of calcium oxide (CaO) into an 

aluminum oxide melt leads to a reduction in melting 

temperature. Analysis of the CaO—Al2O3 phase diag-

ram indicates that even a minor CaO addition (less 

than 10 %) reduces the melting temperature by ap-

proximately 150 °C.

Both the combined FA and a specified amount of 

calcium fluoride (CaF2) mixture were used in the ex-

periments. This made it possible to lower the melting 

temperature of the slag phase by 100—120 °C and to 

solve two additional problems. At temperatures above its 

melting point (CaF2 melts at 1360 °C), this compound 

decomposes into Ca and F. Each of these elements plays 

a distinct role when entering the high-temperature melt 

of combustion products. Fluorine, being highly reactive, 

interacts with harmful impurities, helping to remove 

Fig. 4. Results of thermodynamic analysis for the Al–Cr 

system performed in the “Thermo” software package, 

considering the use of CrO3 (а) and Cr2O3 (b)

Рис. 4. Результаты термодинамического анализа 

системы Al–Cr в программном пакете «Thermo» 

с учетом применения CrO3 (а) и Cr2O3 (b)



Известия вузов. Цветная металлургия  •  2025  •  Т. 31  •  № 1 •  С. 27–40

33

Кубанова А.Н., Икорников Д.М., Санин В.Н., Мартынов Д.А. Получение литых лигатур с высоким содержанием Cr методами...

them. In particular, fluorine reacts with sulfur accord-

ing to the reaction S + 3F2 → SF6 forming a colorless, 

odorless gas. The beneficial effect of elemental calcium 

is twofold. In the initial stage, calcium acts as a getter 

in the melt and actively participates in the deoxidation 

reaction (Са + О → CaO) of the melt by reacting with 

residual (dissolved) oxygen in the alloy, thereby reduc-

ing its concentration. In the second stage, calcium oxide 

(CaO), acting as part of the slag phase, floats to the sur-

face and interacts with molten aluminum oxide, reduc-

ing the melting point of the slag phase. This increases 

the time the melt remains in the liquid state, thus im-

proving the efficiency of phase separation between the 

metallic and oxide layers. 

The phase diagram of the Na3AlF6—Al2O3 system 

is relatively simple, with a low eutectic temperature of 

961 °C, which further promotes more complete phase 

separation of the reaction products.

Therefore, the introduction of FAs positively in-

fluences phase separation, ensuring a sharply defined 

boundary, which simplifies the separation of phases after 

minimal mechanical impact (e.g., tapping).

The optimized concentrations of the mixture com-

ponents and FA (total content in the initial mixture) are 

not disclosed, as they constitute proprietary know-how.

All subsequent synthesis experiments for the studied 

alloys were performed with FA added. The external ap-

pearance of the ingot macrostructures obtained for each 

of the studied alloy systems is shown in Fig. 6.

Cr–Mo (Al) system

The synthesis reaction for this alloy was calculated to 

achieve the target composition of Cr40Mo56Al4 (wt. %). 

It is worth noting that the calculated concentrations 

of the main components for the studied alloys fit well 

within the permissible ranges specified in Table 2.

As established during the preliminary stage of the 

study, the ingots produced in the Cr—Mo (Al) alloy ini-

tially showed a slight (1—2 %) deficiency in molybde-

num content, indicating incomplete reduction. Consi-

Fig. 5. Cr–Mo alloy sample produced without 

functional additives

a – external view of the sample (cross-sectional fracture) 

after combustion of the mixture); b – ceramic mold

Рис. 5. Полученный образец системы Cr–Mo 

без использования функциональной добавки

а – внешний вид образца (поперечный скол) после 

сжигания смеси; b – керамическая форма 

Fig. 6. External view of the macrostructure of ingots (mass 1–1.45 kg) synthesized 

for the Cr–Mo (Al) (а), Cr–W (Al) (b), and Cr–Al (c) alloys

Рис. 6. Внешний вид макроструктуры слитков (массой 1–1,45 кг) синтезированных сплавов 

Cr–Mo (Al) (а), Cr–W (Al) (b) и Cr–Al (c)

a

a

cb

b
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dering this, a minor adjustment was made in the following 

experiments, slightly increasing the proportion of mo-

lybdenum oxide in the initial mixture compared to the 

calculated composition. 

Fig. 7 presents micrographs of the synthesized cast 

Cr—Mo (Al) alloy produced under optimized conditions 

(55g, batch weight 1.7 kg, with functional additives). 

Structural analysis of the obtained material showed a 

dendritic structure (Fig. 7, a), which is characteristic of 

cast alloys. According to EDS microanalysis performed 

on a polished cross-section (Fig. 7, b), the alloy com-

position closely matches the calculated target composi-

tion (Fig. 7, c) in terms of the concentrations of the key 

elements (see Table 2). This confirms that the selected 

ratios of the initial components in the mixture were ap-

propriate. Microanalysis of the composition at different 

locations (top, bottom, and center) of the Cr—Mo (Al) 

alloy ingot revealed no significant variation in elemental 

composition across the ingot.

X-ray phase analysis of the synthesized alloy de-

tected only peaks corresponding to the target alloy 

(a solid solution of Cr in Mo), as shown in Fig. 8. The 

main XRD parameters for the obtained Cr—Mo (Al) 

master alloy were: anode — Cu, start angle — 20°, end 

angle — 100°, step size = 0.02°, scan speed — 0.5 °/s, 

maximum count — 2063.

The obtained data indicate that no interaction pro-

ducts were formed between the ceramic mold material 

and the high-temperature melt of the synthesis products, 

despite the elevated melt temperature. The resulting al-

loy composition falls within the permissible concentra-

tion range specified for the studied alloys (see Table 2).

Cr–W (Al) system

Due to the higher melting point of tungsten, it was 

decided to slightly reduce the concentration of this re-

fractory component compared to the base composition 

Spectrum
Content, wt. %

Al Cr Mo Σ

1 3.38 38.00 58.62 100.00

Fig. 7. Microstructure (а, b) and EDS composition analysis (b, c) of the Cr–Mo (Al) alloy sample 

(from a polished cross-section)

Рис. 7. Микроструктура (а, b) и микроанализ (EDS) состава (b, c) полученного образца сплава 

на основе системы Cr–Mo (Al) (со шлифа)

Fig. 8. X-ray diffraction analysis of the Cr–Mo (Al) alloy ingot

Moss – Mo-based solid solution

Рис. 8. Рентгенофазовый анализ полученного слитка 

системы Cr–Mo (Al)

Moss – твердый раствор на основе Mo

a

c

b
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calculated for the first system (Cr—Mo (Al)). As a result, 

the Cr43W53Al4 (wt. %) composition was selected as the 

base composition for the experiments. 

Micrographs of the structure and structural compo-

nents of the synthesized cast Cr—W (Al) alloy samples 

are shown in Fig. 9, a—c. Structural analysis confirmed 

that the obtained alloy also exhibits a well-defined den-

dritic structure. At higher magnification (Fig. 9, b), 

contrast variations reveal dendritic redistribution of the 

target alloying elements. The central part of the dendrite 

arms is enriched in W, while the peripheral region is en-

riched in Cr. This allowed for detailed point chemical 

analysis using the INCA Energy 350 XT microanaly-

sis system, installed on the ultra-high-resolution field 

emission scanning electron microscope. However, this 

redistribution occurs at the microscale and does not af-

fect the overall quality of the produced alloy.

Microanalysis of the composition at different loca-

tions (top, bottom, and center) of the Cr—W (Al) alloy 

sample showed no significant variations in composi-

tion. This is primarily explained by the specific features 

of SHS metallurgy and the action of centrifugal forces, 

which promote thorough mixing of the melt compo-

nents prior to crystallization. The most representative 

composition data for the obtained alloy are presented in 

Fig. 9, c, d. It can be seen that the alloy composition 

meets the target element concentration requirements 

(see Table 2), confirming the correct selection of the 

initial component ratios in the starting mixture. 

X-ray phase analysis of the synthesized Cr—W (Al) 

alloy revealed the presence of peaks corresponding to 

a solid solution formed based on the target elements 

(a solid solution of Cr in W), as shown in Fig. 10. The 

main XRD parameters for the Cr—W master alloy were: 

anode — Cu, start angle — 20°, end angle — 100°, step 

size — 0.02°, scan speed — 0.5 °/s, maximum count — 

1780.

As shown, no unwanted secondary phases were de-

tected in the obtained alloy. Even at this stage of re-

search, it can already be confidently concluded that 

Fig. 9. Microstructure (а, b) and EDS composition analysis (c, d) of the Cr–W (Al) alloy sample 

(from a polished cross-section)

Рис. 9. Микроструктура (а, b) и микроанализ (EDS) состава (c, d) полученного образца сплава 

на основе системы Cr–W (Al) (со шлифа)

Spectrum
Content, wt. %

Al Cr W Σ

1 2.91 46.73 50.36 100.00

2 3.85 46.13 50.02 100.00

a c

d

b

Fig. 10. X-ray diffraction analysis of the Cr–W (Al) alloy ingot

Wss – W-based solid solution

Рис. 10. Рентгенофазовый анализ полученного слитка 

системы Cr–W (Al)

Wss – твердый раствор на основе W
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the use of alundum molds is justified for producing the 

studied alloys via centrifugal SHS metallurgy.

Cr–Al system

Micrographs of the synthesized cast Cr—Al al-

loy sample at different magnifications are shown in 

Fig. 11, a, b. At higher magnification (Fig. 11, b), 

non-metallic inclusions (slag phase) can be seen in 

the ingot, which is an expected result at this stage of 

research (preliminary series of experiments). This is 

because the reactive mixture mass for this system was 

insufficient, not exceeding 550  g. During combustion, 

due to intense heat transfer, the sample cools rapidly, 

resulting in incomplete phase separation of the syn-

thesis products. This issue is typically resolved by in-

creasing the reactive mixture mass, which is planned 

for future experiments.

EDS microanalysis performed on the fracture sur-

face (Fig. 11, c, d) confirms that the alloy composition 

meets the target element concentration requirements 

(see Table 2). The residual oxygen content indicates the 

presence of non-metallic inclusions, resulting from the 

short “lifetime” of the liquid phase (melt). This limited 

time prevented the complete reduction of the chromium 

oxide and did not allow the formed Al2O3 to fully transi-

tion into the slag phase. 

X-ray phase analysis of the synthesized Cr—Al al-

loy detected only peaks corresponding to the target 

alloy formed from the main elements (Fig. 12). The 

main XRD parameters for the Cr—Al master alloy 

were: anode — Cu, start angle — 20°, end angle — 

100°, step size — 0.02°, scan speed — 0.5 °/s, maxi-

mum count — 1570.

Chemical analysis of the synthesized alloys

When developing chemical methods for alloy pro-

duction, such as SHS metallurgy, the composition of the 

reaction mixture is one of the most critical parameters. 

This composition determines key process conditions, 

including temperature, reduction efficiency (complete-

ness of reduction of the initial components), and the 

separation of the slag and metallic phases. In addition to 

ensuring that the alloy meets the target chemical com-

position in terms of the main elements, it is also impor-

tant to monitor the presence and concentrations of im-

purities. Comprehensive composition control, including 

all trace elements, is essential for achieving stable and 

Spectrum
Content, wt. %

Cr Al O Σ

1 87.71 11.42 0.87 100.00

Fig. 11. Microstructure (а, b) and EDS composition analysis (c, d) of the Cr–Al alloy sample (from a polished cross-section)

Рис. 11. Микроструктура (а, b) и микроанализ (EDS) состава (c, d) полученного образца сплава 

на основе системы Cr–Al (со шлифа)

Fig. 12. X-ray diffraction analysis of the Cr–Al alloy ingot

Рис. 12. Рентгенофазовый анализ полученного слитка 

системы Cr–Al

a c

d

b
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reproducible physical and mechanical properties in ad-

vanced high-strength metallic materials. 

Tables 3—5 present the full chemical analysis of 

the synthesized alloys, performed using inductively 

coupled plasma mass spectrometry (ICP-MS). This 

method combines an inductively coupled plasma ion 

source with a mass spectrometer for ion separation and 

detection and is considered one of the most advanced 

techniques in modern materials analysis. 

In modern metallurgical production, considerable 

attention is given to the mass fraction of various gases 

present in metals. The key gases that influence alloy 

properties are nitrogen, oxygen, and hydrogen. The 

most commonly used method for determining gas con-

tent in metals is combustion analysis, which enables the 

detection of gas impurities with an accuracy of up to 

0.00001 %. Table 6 presents the results of the analysis of 

the synthesized Cr—Mo and Cr—W alloys for carbon, 

sulfur, and gas impurities. 

Table 3. Chemical composition of the synthesized 
Cr–Mo (Al) alloy

Таблица 3. Результаты химического анализа 

синтезированного сплава системы Cr–Mo (Al)

Element

Mass 

fraction, 

wt. %

Element

Mass 

fraction, 

wt. %

Element

Mass 

fraction, 

wt. %

Li <0.0005 Zn <0.0005 Sm <0.0003

Be <0.0003 As <0.0005 Eu <0.0003

B <0.0002 V <0.0003 Gd <0.0004

Al 4.27 Rb <0.0005 Tb <0.0003

Na 0.0018 Sr <0.0002 Dy <0.0007

Mg <0.0003 Y <0.0002 Ho <0.0003

Si 0.4271 Ga <0.0007 Er <0.0003

Ca <0.0003 Ge <0.0008 Tm <0.0001

P 0.0010 Zr 0.0005 Yb <0.0002

K 0.0020 Nb <0.001 Lu <0.0005

Sc <0.0003 Mo 53.02 Hf <0.0001

Ti 0.0025 Sn <0.001 Pt-е <0.002

Cr 42.51 Sb <0.0003 Re <0.0002

Fe 0.2110 Ba <0.0001 W 0.0564

Mn <0.0002 La <0.0003 Pb <0.0003

Co <0.0005 Ce <0.0006 Th <0.0002

Ni 0.0043 Pr <0.0005 U <0.0005

Cu <0.001 Nd <0.0007 Ta 0.0011

Table 5. Chemical composition 
of the synthesized Cr–Al alloy

Таблица 5. Результаты химического анализа 

синтезированного сплава системы Сr–Al

Element

Mass 

fraction, 

wt. %

Element

Mass 

fraction, 

wt. %

Element

Mass 

fraction, 

wt. %

C 0.015 Ni 0.02 Pb <0.0005

Si 0.15 W 0.06 Sn <0.001

S 0.002 Fe 0.17 As 0.0006

P 0.012 N 0.0076 Sb 0.001

Cr 85.2 O 0.0017 Bi <0.0001

Al 12.43 H 0.0021 Zn 0.002

Mo 0.02 Cu <0.001 Cd <0.0001

Table 4. Chemical composition of the synthesized 
Cr–W (Al) alloy
Таблица 4. Результаты химического анализа 

синтезированного сплава системы Cr–W (Al)

Element

Mass 

fraction, 

wt. %

Element

Mass 

fraction, 

wt. %

Element

Mass 

fraction, 

wt. %

Li <0.0005 Zn 0.0010 Sm <0.0003

Be <0.0003 As <0.0005 Eu <0.0003

B <0.0002 V <0.0003 Gd <0.0004

Al 4.82 Rb <0.0005 Tb <0.0003

Na 0.0019 Sr 0.0006 Dy <0.0007

Mg <0.0003 Y <0.0002 Ho <0.0003

Si 0.4509 Ga <0.0007 Er <0.0003

Ca <0.0003 Ge <0.0008 Tm <0.0001

P 0.0011 Zr 0.0020 Yb <0.0002

K 0.0062 Nb <0.001 Lu <0.0005

Sc <0.0003 Mo <0.0006 Hf <0.0001

Ti 0.0218 Sn <0.001 Pt-е <0.002

Cr 42.17 Sb <0.0003 Re <0.0002

Fe 0.2131 Ba <0.0001 W 52.61

Mn 0.0036 La <0.0003 Pb 0.0019

Co <0.0005 Ce <0.0006 Th <0.0002

Ni 0.0061 Pr <0.0005 U <0.0005

Cu <0.001 Nd <0.0007 Ta <0.0005



38

Izvestiya. Non-Ferrous Metallurgy  •  2025  •  Vol. 31  •  No. 1 •  P. 27–40

Kubanova A.N., Ikornikov D.M., Sanin V.N., Martуnov D.A. Production of cast master alloys with high chromium content using centrifugal...

amount of MoO3 and WO3, respectively, due to the in-

complete reduction of Mo and W from their oxides. 

6. Microstructural analysis of the obtained master 

alloys revealed the presence of a dendritic structure, 

which is typical for cast alloys. 

7. X-ray phase analysis results highlighted the im-

portance of using a ceramic mold to ensure uniformity 

of the material’s phase composition.

8. The chemical composition analysis of the synthe-

sized Mo—Cr (Al), W—Cr (Al), and Cr—Al alloys, per-

formed using ICP-MS, confirmed that the target com-

positions were achieved and fully met the permissible 

concentration requirements for both target elements and 

impurities. Particularly noteworthy is the low content of 

harmful impurities such as sulfur and hydrogen.

References

1. Goldshtein M.I., Grachev S.V., Veksler Yu.G. Special 

steels. Moscow: MISIS, 1999. 408 p. (In Russ.).

 Гольдштейн М.И., Грачев С.В., Векслер Ю.Г. Специ-

альные стали. М: МИСИС, 1999. 408 с.

2. Solntsev Yu.P., Pryakhin E.I., Pirainen V.Yu. Special 

materials in mechanical engineering. Saint Petersburg: 

Khimizdat, 2004. 640 p. (In Russ.).

 Солнцев Ю.П., Пряхин Е.И., Пирайнен В.Ю. Спе-

циальные материалы в машиностроении. СПб.: 

Химиздат, 2004. 640 с.

3. Lyakishev N.P., Gasik M.I. Metallurgy of chromium. 

Moscow: Eliz, 1999. 581 p. (In Russ.)

 Лякишев Н.П., Гасик М.И. Металлургия хрома. М.: 

Элиз, 1999. 581 с. 

4. Yukhvid V.I., Gorshkov V.A., Sanin V.N., Andreev D.E., 

Vdovin Yu.S. SHS metallurgy of refractory materials 

based on molybdenum. In: Explosive production of new 

materials: science, technology, business, and innovations: 

14th International Symposium (Saint Petersburg, 14—18 

May 2018). Ed. M.I. Alymov, O.A. Golosova. Moscow: 

Torus Press, 2018. Р. 294—297.

5. Structural chromium alloys. Ed. V.I. Trefilov. Kyiv: 

Naukova Dumka, 1986. 216 p. (In Russ.).

 Конструкционные сплавы хрома: Сб. науч. трудов. 

Отв. ред. В.И. Трефилов. Киев: Наукова думка, 1986. 

216 c.

6. Kolobov Yu.R., Manokhin S.S., Kudymova Yu.E., Kli-

menko D.N., Sanin V.N., Ikornikov D.M., Andreev D.E. 

SHS-produced cast Ni—Cr—W alloy: structural charac-

terization and mechanical properties. In: Book of abstracts 

of XIV International Symposium on Self-Propagating High 

Temperature Synthesis (SHS-2017) (Tbilisi, Georgia, 25—

28 September 2017). 2017. Р. 230—231.

Analysis of the obtained chemical composition data 

allows us to conclude that the synthesized alloys meet all 

key requirements for permissible concentrations of both 

target elements and impurities. It is particularly worth 

noting the low content of harmful impurities such as 

sulfur and hydrogen.

Conclusion

This study included thermodynamic analyses of 

combustion temperatures for the investigated exother-

mic systems Mo—Cr, W—Cr, Cr2O3—Al, and CrO3—

Al. These analyses confirmed that there are no thermo-

dynamic barriers to the synthesis of the target materials 

using SHS metallurgy. 

The main conclusions drawn from this work are as 

follow:

1. A comprehensive series of experiments demon-

strated that in the production of master alloys based on 

refractory elements (Mo—Cr and W—Cr), as well as 

systems with a significant difference in melting points 

(Cr—Al), the mass of the reaction mixture should be 

increased to 1.5—2.0 kg in order to extend the time the 

melt remains in the liquid state (the melt “lifetime”).

2. The centrifugal acceleration applied should be at 

least 50 g.

3. To increase the synthesis temperature when pro-

ducing ingots in the Cr—Al system, a combined oxi-

dizer should be used, consisting of a mixture of chro-

mium (III) oxide and chromium (VI) oxide, with the 

Cr2O3 /CrO3 ratio ranging from 70/30 to 40/60.

4. The experiments confirmed the necessity of intro-

ducing functional additives at 3 % of the oxidizer mass. 

These additives should be a combination of cryolite and 

fluorite, to lower the melting temperature of the slag 

phase and thereby improve the phase separation between 

the metallic and oxide phases.

5. Analysis of the Cr—Mo (Al) and Cr—W (Al) mas-

ter alloys demonstrated the need to introduce an excess 

Table 6. Results of chemical analysis of the synthesized 
Cr–Mo (Al) and Cr–W (Al) alloys for carbon, sulfur, 
and gas impurities

Таблица 6. Результаты химического анализа 

синтезированных сплавов Cr–Mo (Al) и Cr–W (Al) 

на наличие углерода, серы и газовых примесей

Alloy
Mass fraction, wt. %

C S O N H

Cr–Mo (Al) 0,011 0,0028 0,042 0,019 0,0014

Cr–W (Al) 0,0091 0,00078 0,12 0,0072 0,0012
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Abstract: In the investment casting process, in addition to wax patterns, water-soluble salt patterns made of urea are also used. It is known 

that urea-based patterns provide high strength and allow the patterns to maintain their shape even if the temperature in the foundry increases. 

However, due to environmental and production-related reasons, there is currently a growing demand for transitioning to a technological 

process involving colloidal silica binder. This transition presents challenges related to the manufacturing of ceramic shell molds due to the 

interaction between the pattern compound and the colloidal silica binder slurry. This study examines the effectiveness of protective coatings 

based on repair wax, varnish (AK 593), and varnish with rosin, applied to water-soluble urea-based patterns containing additives such as 

magnesium sulfate, potassium nitrate, polyvinyl alcohol, and dimethylglyoxime. The degree of interaction was assessed by measuring the 

wetting angle and the spreading area of the colloidal silica binder over the surface of pattern samples with various coatings. It was found 

that all coatings contributed to an increase in the wetting angle and a reduction in the spreading area. Additionally, ceramic molds and 

castings made of nickel superalloy were produced using a series of pattern compounds with protective coatings. The surface roughness and 

dimensional accuracy of the castings were evaluated. It was demonstrated that the protective properties of the repair wax-based coating were 

insufficient, leading to the formation of cracks and sagging in the mold. This resulted in penetration defects in the castings and a significant 

decrease in dimensional accuracy. In contrast, when using coatings based on varnish and varnish with rosin, no defects were observed in the 

mold or castings, making these coatings recommended as protective solutions for urea-based pattern compounds in contact with colloidal 

silica binder slurries.

Keywords: urea-based pattern compounds, water-soluble salt patterns, colloidal silica binders, protective coatings, wetting angle.

Acknowledgments: This research received financial support from the Ministry of Science and Higher Education in the Russian Federation 

(Agreement No. 075-11-2022-023 from 06 April 2022) under the program “Scientific and technological development of the Russian Fede-

ration” according to governmental decree No. 218 dated 09 April 2010.

For citation: Bazhenov V.E., Kovyshkina E.P., Nikitina A.A., Tselovalnik Yu.V., Belova A.A., Koltygin A.V., Belov V.D., Hvatskov B.E. 

Influence of coatings for urea-based patterns on the quality of shell molds produced using colloidal silica binders. Izvestiya. Non-Ferrous 

Metallurgy. 2025;31(1):41–57. https://doi.org/10.17073/0021-3438-2025-1-41-57



42

Izvestiya. Non-Ferrous Metallurgy  •  2025  •  Vol. 31  •  No. 1 •  P. 41–57

Bazhenov V.E., Kovyshkina E.P., Nikitina A.A. et al. Influence of coatings for urea-based patterns on the quality of shell molds produced...

Introduction

Among the currently applied foundry technologies 

for the production of large thin-walled castings from 

nickel superalloys, the investment casting method is 

predominantly used [1—2]. This method is based on 

obtaining a pattern of the future casting in a metallic 

die, most often from pattern compounds based on wa-

xes [3]. However, wax-based pattern compounds have 

several drawbacks, prompting aerospace enterprises to 

Влияние покрытий для карбамидных моделей 
на качество оболочковых форм, 
полученных с применением водных связующих
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Аннотация: При изготовлении отливок методом литья по выплавляемым моделям наряду с восковыми выплавляемыми ис-

пользуют и водорастворимые солевые модели на основе карбамида. Известно, что карбамидные модельные массы обеспечи-

вают высокую прочность и позволяют сохранять форму моделей даже в случае повышения температуры в цехе. Тем не менее в 

силу экологических и производственных причин в настоящее время актуальным является переход на технологический про-

цесс с применением готовых водных связующих на основе силиказоля. При этом возникают проблемы, связанные с изго-

товлением керамической оболочковой формы, из-за взаимодействия модельной массы и суспензии на водном связующем. 

В работе рассмотрена эффективность защитных покрытий на основе ремонтного воска, лака (АК 593) и лака с канифолью, 

нанесенных на водорастворимые модели на основе карбамида с добавками сульфата магния, нитрата калия, поливинило-

вого спирта и диметилглиоксима. Степень взаимодействия оценивали по краевому углу смачивания и площади растекания 

водного связующего по поверхности образцов модельных масс с различными покрытиями. Было установлено, что все покры-

тия обеспечивают увеличение краевого угла смачивания и уменьшение площади растекания. Также с использованием ряда 

модельных составов с защитными покрытиями были получены керамические формы и отливки из никелевого жаропрочного 

сплава, для которых оценивали шероховатость и размерную точность. Было показано, что в случае нанесения покрытия на 

основе ремонтного воска защитные свойства недостаточны, что приводит к появлению трещин и наплывов в форме. В отливке 

это выражается в образовании механического пригара и значительном снижении размерной точности. В случае применения 

покрытий на основе лака и лака с канифолью каких-либо дефектов в форме или отливке не наблюдается, и именно эти покры-

тия можно рекомендовать в качестве защитных при использовании модельных составов на основе карбамида и суспензий на 

основе водных связующих.

Ключевые слова: литье по выплавляемым моделям, карбамидные модельные массы, растворимые солевые модели, водные свя-

зующие, защитные покрытия, краевой угол смачивания.
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continue using water-soluble salt patterns made of urea 

(CH4N2O) for the production of large shell castings 

[4—9]. The advantages of water-soluble salt patterns 

include high strength, hardness, low linear shrinkage, 

and low ash content [10; 11]. In addition to minimal 

shrinkage, the absence of softening and creep of the 

water-soluble salt pattern at elevated temperatures, 

which is typical for wax patterns, contributes to the 
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high dimensional accuracy of the resulting castings 

[12]. Urea is also used in the production of foamed 

materials by the investment casting method [13—15]. 

Alongside the conventional method of producing wa-

ter-soluble salt patterns in dies, additive manufacturing 

technologies can also be employed [16]. 

Since salt-based patterns are water-soluble, it is 

necessary to prevent their dissolution during the for-

mation of the ceramic shell [17]. One of the solutions 

to this problem is the use of slurries that do not con-

tain chemically free water, such as those based on hyd-

rolyzed ethyl silicate solution (ETS) [18]. However, 

several issues arise with the use of ETS in production. 

It is known that the curing of ETS-based slurry occurs 

in an acidic environment, while urea has a nearly neu-

tral to alkaline pH [17]. As a result, contact between 

the pattern and the slurry leads to a deterioration of the 

inner mold layer quality and its weakening, which af-

fects the quality of the castings [10]. At the same time, 

the use of ETS-based slurries in modern production is 

environmentally unfriendly due to the requirement for 

ammonia vapor to dry the investment shell layers, and 

the ETS-based mold manufacturing process cannot be 

automated [18]. 

Currently, slurries with colloidal silica binders are 

gradually replacing ETS-based slurries. Unlike the 

latter, they are non-flammable and cure by air drying, 

making them suitable for automated or robotic foundry 

production. However, the issue of dissolution and sub-

sequent interaction with salt patterns is even more acute 

for colloidal silica binder-based slurries compared to 

hydrolyzed ethyl silicate-based slurries [17]. 

One way to reduce the intensity of interaction bet-

ween salt patterns and shell molds is to modify the 

composition of the pattern compound, for example, by 

adding components that reduce the dissolution rate of 

the patterns. The main additives to urea in salt pattern 

compounds include magnesium sulfate, potassium 

nitrate, polyvinyl alcohol, ethylene vinyl acetate, and 

wax [19; 20]. In [12], the addition of dimethylglyoxime 

to the pattern compound was proposed to reduce hyg-

roscopicity. The analysis of the wetting angle when 

applying an colloidal silica binder to pattern com-

pounds containing magnesium sulfate, polyvinyl 

alcohol, potassium nitrate, and dimethylglyoxime 

showed that polyvinyl alcohol and dimethylglyoxime 

contribute to an increase in the wetting angle and a 

decrease in the interaction of the binder with the pat-

tern compound [21]. 

A more preferable approach to preventing the in-

teraction of the pattern compound with the colloidal 

silica binder slurry is to protect the salt-based patterns 

by applying water-resistant protective coatings to their 

surface. For example, urea-based patterns can be briefly 

immersed in liquid paraffin or another wax-based pat-

tern compound to form a hydrophobic film on their sur-

face [10]. According to [22], a protective coating formed 

by dissolving 3 wt. % of mixture of stearine and paraf-

fin (1/1) in 100 mL of rubber solvent petrol provides the 

maximum wetting angle and the smallest spreading area 

of the slurry on the pattern surface. The use of such a 

protective coating allowed for the production of cera-

mic shells with low surface roughness. In [23], the use 

of bituminous and perchlorovinyl varnishes with mixed 

solvents is proposed as protective coatings. Depending 

on the degree of dilution, these varnishes allow for pro-

tective film thicknesses ranging from 4 to 10 μm, which 

does not significantly affect the dimensional accuracy of 

the resulting castings. 

Another interesting method for reducing the inter-

action between urea-based patterns and colloidal sili-

ca binders is the application of a mixed mold-making 

technology. In studies [24; 25], it is proposed to apply 

a layer of slurry based on hydrolyzed ethyl silicate solu-

tion first, followed by a layer of slurry with a colloidal 

silica binder. This approach partially protects the wa-

ter-soluble pattern from interacting with the colloidal 

silica binder; however, it introduces additional techno-

logical operations and does not fully resolve the issue 

associated with the use of hazardous components in 

production.

Thus, there are two main ways to limit the inter-

action between the pattern compound and the slurry: 

modifying the composition of the pattern compound 

and applying a hydrophobic coating to the pattern sur-

face. Their combined study presents both scientific and 

practical interest. In this regard, the aim of this study 

was to investigate the interaction of various pattern com-

pounds after applying protective coatings with colloidal 

silica binders.

Materials and methods

Five urea-based pattern compounds with additives of 

magnesium sulfate, polyvinyl alcohol, potassium nitrate, 

and dimethylglyoxime were selected as materials for the 

study (Table 1). Their primary properties having been pre-

viously investigated in [21]. It was shown that the additives 

of polyvinyl alcohol and dimethylglyoxime contribute to 

an increase in the wetting angle between the colloidal si-

lica binder and the pattern compound [21]. 

Water-soluble patterns, featuring a sprue with atta-

ched parallelepiped elements measuring 10 × 25 × 25 mm 

(Fig. 1), were produced using an aluminum alloy die. 
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Protective coatings based on repair wax and varnish 

AK 593 were examined (see Table 2). The varnish is 

based on a copolymer of methacrylic acid and methac-

rylic acid butyl ester. It is uncertain whether the slurry 

will remain on the pattern surface after applying varnish 

AK 593, as it may run off due to an excessively high wet-

ting angle. Therefore, an additional coating option was 

considered, where a layer of rosin was applied over the 

varnish to improve surface wettability [26].

Three protective coatings were applied to the 

water-soluble patterns produced using each of the five 

pattern compound variants. The composition of the 

coatings and the sequence of their application are pre-

sented in Table 2. The coatings used include wax-based 

(#W), varnish AK 593-based (#V), and varnish with 

rosin (#V + R). 

To assess the degree of interaction between the 

pattern compounds and the colloidal silica binder, 

as well as the protective effectiveness of the coatings, 

the wetting angle and the spreading area of the colloi-

dal silica binder on the surface of the coated pattern 

compounds samples were determined. The lower the 

wetting angle and the larger the spreading area, the 

more intensive the interaction between the liquid and 

the substrate.

To determine the wetting angle using the sessile drop 

method and to measure the spreading area, three drops 

(0.08—0.09 mL) of the binder UltraCast One+ were 

Table 1. Composition of pattern compounds

Таблица 1. Состав модельных масс

Compound

Components of the pattern compound and their content, wt. %

Urea 

CH4N2O

Magnesium sulfate 

MgSO4

Polyvinyl alcohol 

(C2H4O)x

Potassium nitrate 

KNO3

Dimethylglyoxime 

C4H8N2O2

#1 98 2 – – –

#2 96 2 2 – –

#3 90 – – 10 –

#4 88 – 2 10 –

#5 88 – – 10 2

Table 2. Investigated protective coatings

Таблица 2. Исследуемые защитные покрытия

Coating type Composition and application sequence

#W
3 g of repair wax (a mixture of ceresin and petrolatum) in 100 mL of rubber solvent, 

applied in 2 layers using a sponge

#V Varnish AK 593, applied in 1 layer by dipping

#V + R
Varnish AK 593, applied in 1 layer by dipping, 

followed by 5 g of pine rosin in 100 mL of ethanol, applied in 2 layers using a sponge

Fig. 1. Schematic representation of the water-soluble pattern

Рис. 1. Схематичное изображение растворимой модели
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applied to the surface of pattern samples using a plas-

tic pipette. The droplet behavior was recorded from the 

side using a SONY NEX EA50H video camera in macro 

mode with a Sony E PZ 18-200 mm F3.5—6.3 macro 

lens and Meike MK-S-AF3A macro rings. Frames were 

extracted from the video at the moment of droplet ap-

plication and subsequently every 10 s during the first 

minute. From the second minute onwards, the frame ex-

traction interval was increased to 1 min. The final frame 

corresponded to a 6-min hold time. After the experi-

ment, a top-view image of the droplet was captured to 

determine the spreading area. For each pattern compo-

sition and type of coating, the experiment to determine 

the wetting angle and spreading area was conducted on 

three samples. The wetting angle and spreading area 

were measured from the extracted frames using the ima-

ge analysis software ImageJ 1.52a (National Institutes of 

Health, USA). 

To assess the quality of the castings obtained using 

the experimental pattern compounds and coatings, ce-

ramic molds were produced and used to cast samples 

from the nickel superalloy. This alloy is widely used in 

domestic aerospace applications for the production of 

large shell castings employed in structural elements of 

combustion chambers. For this reason, the alloy is of-

ten cast into ceramic molds made using fused quartz as 

a filler. 

Patterns produced from compounds #2 and #5 with all 

coating variants were used to fabricate ceramic molds. 

Various properties of colloidal silica binders, slurries, 

and ceramic samples obtained with their use were pre-

viously investigated in [27]. The ceramic mold fabrica-

tion technology and materials described below were se-

lected based on the results of that study. 

The slurry was prepared by mixing 5 L of binder 

with 10 kg of fine fused quartz with fraction 0.045 mm 

(supplied by LLC “Kefron”, Yekaterinburg). The first 

and second ceramic layers were made using the binder 

UltraCast One+, while the subsequent layers were 

made using UltraCast Prime (both produced by LLC 

“Technopark”, Moscow). After mixing, the slurry was 

left to stand for 24 h to ensure proper wetting of the 

micropowder with the binder and to remove air bub-

bles. Before use, the slurry was thoroughly mixed again. 

Its viscosity was determined using a DIN flow cup vis-

cometer. If the viscosity did not meet the target values 

(60 s for the slurry used in the first and second layers, 

and 40 s for the third and subsequent layers), additional 

binder was added, the slurry was remixed, and viscosity 

measurements were repeated until the required values 

were achieved. The slurry was applied to the pattern 

by dipping, followed by stuccoing with fused quartz of 

varying particle sizes: 0.25—0.4 mm (for layers 1—2), 

0.4—0.6 mm (for layers 3—4), and 0.5—1.0 mm (for 

layers 5—7), all supplied by LLC “Kefron”. The fi-

nal 8th layer of slurry was applied without subsequent 

stuccoing (as a finishing layer). The first layer was dried 

in air at a temperature of 21—22 °C and relative humi-

dity of 55—72 % for 2 h, while each subsequent layer 

was dried with air circulation at 21—22 °C and relative 

humidity of 64—85 % for 2 h.

The pattern was removed 24 h after applying the fi-

nal layer by dissolving it in hot water at a temperature of 

95 ± 5 °C.

The prepared molds were placed in a container and 

externally filled with a supporting refractory—coarse 

quartz sand. The molds were then subjected to burn-

out processing, during which they were heated to a 

temperature of 900 °C over 2 h, followed by a 4-hour 

holding period. Before pouring, the container with the 

molds was transferred to the pouring area. A ready-

made nickel-based superalloy (wt. %: Ni — base; C — 

up to 0.08; Cr — up to 20.0; Mo — up to 5.0; Al — up 

to 1.5; Ti — up to 2.9; Nb — up to 2.8; Fe — up to 10), 

produced by VIAM (Moscow), was used as the charge. 

The melting was carried out in an induction furnace 

(SPE “RELEK”, Ekaterinburg) using a periclase 

crucible (STC “Bakor”, Shcherbinka). The mass of 

the melted alloy was 8 kg. The melt was protected by a 

covering f lux of crushed silicate glass. The metal was 

poured into the ceramic molds at a temperature of ap-

proximately 1500 °C. 

A distinctive feature of the investment casting me-

thod is the high dimensional accuracy and low surface 

roughness of the produced castings. Therefore, for the 

castings obtained using different pattern compounds 

and coatings, surface roughness and dimensional devi-

ations were assessed. Additionally, shrinkage was calcu-

lated based on the measured dimensions, as it is an im-

portant parameter to consider when developing casting 

technologies.

The surface roughness of the cast samples was mea-

sured using an M300C profilometer (MarSurf, Ger-

many). The average value was obtained from seven 

measurements. 

To determine the dimensions of the cast samples and 

their linear shrinkage, laser scanning of the castings was 

performed using a handheld 3D scanner KScan Magic 

(ScanTech, China). The device’s measurement accuracy 

was ± 20 μm. The cloud of points was processed using 

Geomagic Design X software (3D Systems, USA). The 

width of the casting (lc) was measured at three points. 

Knowing the width of the mold cavity used to produce 

the pattern (lp = 82 mm), the total linear shrinkage of the 
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pattern, ceramic mold, and alloy was calculated using 

the following equation: ε = [(lp – lc)/lp]·100 %. 

Since high-temperature alloys are prone to interac-

tion with mold materials, the structure of the surface 

layers of the mold and castings was examined. The mic-

rostructure and phase composition of the surface layer of 

the castings and molds were analyzed using a scanning 

electron microscope (SEM) Vega SBH3 (Tescan, Czech 

Republic) equipped with an energy-dispersive micro-

analysis attachment (Oxford, UK), as well as an opti-

cal microscope (OM) Axio Observer. D1m (Carl Zeiss, 

Germany).

Results and discussion

Fig. 2 illustrates the dependence of the wetting an-

gle (θ) on the holding time (τ) of the binder droplet on 

the surface of the tested pattern samples, both with and 

without protective coatings. In the absence of a coating 

(Fig. 2, a), the initial wetting angle upon application of 

the binder ranged from 20° to 40°, while after a 5-minu-

te holding period, it decreased to θ = 2÷13° [21]. The 

presence of polyvinyl alcohol and dimethylglyoxime 

additives in the pattern composition resulted in higher 

values of θ. 

Fig. 2. Wetting angle with colloidal silica binder of the surface of pattern samples without coating (a) [21] and with coatings 

#Wax (b), #Varnish (c) and #Varnish + Rosin (d) (Table 2) as a function of time for pattern compounds #1–#5

#1 – 98 % urea + 2 % magnesium sulfate; #2 – 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol; 

#3 – 90 % urea + 10 % potassium nitrate; #4 – 88 % urea + 10 % potassium nitrate + 2 % polyvinyl alcohol; 

#5 – 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Рис. 2. Краевой угол смачивания (θ) водным связующим поверхности образцов модельных масс 

без покрытия (а) [21] и с покрытиями #В (b), #Л (c), #Л + К (d) (см. табл. 2) в зависимости от времени (τ) 

для модельных составов #1–#5

#1 – 98 % карбамида + 2 % сульфата магния; #2 – 96 % карбамида + 2 % сульфата магния + 2 % поливинилового спирта; 

#3 – 90 % карбамида + 10 % нитрата калия; #4 – 88 % карбамида + 10 % нитрата калия + 2 % поливинилового спирта; 

#5 – 88 % карбамида + 10 % нитрата калия + 2 % диметилглиоксима
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Fig. 2, b presents the wetting angle values for the 

same pattern compositions but after the application of 

the wax-based protective coating. The initial values of 

θ immediately after applying the binder drop to samples 

coated with #W ranged from 35° to 43°, which is quite 

close to the values obtained for uncoated pattern com-

pounds. However, it can be observed that during further 

holding of the droplet on the sample surface, the reduc-

tion in the wetting angle is not as significant compared 

to the case without a coating. Similar results were pre-

viously reported in [22], indicating that the intensi-

ty of interaction between the pattern compound and 

the binder decreases after the application of wax-based 

coatings. It is likely that when coating #W is applied and 

the solvent subsequently evaporates, the coating does 

not fully cover the sample surface, leading to loca-

lized dissolution of the pattern material. It should be 

noted that the composition of the pattern compound 

also affects the wetting angle, with the highest va-

lues of θ observed for the composition containing 

dimethylglyoxime. This additive reduces the hygro-

scopicity of the pattern compound and thus increases 

the wetting angle. Regarding other compositions, the 

values of θ after the application of coating #W range 

from 17° to 27°, which is fairly consistent across dif-

ferent formulations. In this case, no significant effect 

of polyvinyl alcohol on increasing the wetting angle 

was detected.

Fig. 2, c presents the wetting angle values after ap-

plying the varnish coating on the pattern samples. It can 

be observed that the initial values immediately after 

applying the binder drop are approximately 41° for 

compositions #4 and #5, around 32° for compositions 

#1 and #2, and about 23° for composition #3. Thus, the 

lowest wetting angle is observed for the pattern com-

pound that contains only potassium nitrate. Com-

pounds containing magnesium sulfate exhibit slight-

ly higher θ values, and addition of polyvinyl alcohol 

having no significant impact on the wetting angle. 

The highest wetting angle is achieved for compounds 

containing potassium nitrate, polyvinyl alcohol, and 

dimethylglyoxime. The influence of polyvinyl alcohol 

on the wetting angle is attributed to its ability to reduce 

the hygroscopicity of the pattern compound. Previous 

studies have shown that samples made from pattern 

compound #3 exhibit the highest surface roughness 

[21]. This is likely due to differences in the structure of 

the pattern compounds after solidification, which can 

lead to variations in the formation of the coating layer 

on their surface. In the case of varnish coating applica-

tion, the wetting angle changes slightly over the holding 

period, decreasing by 4—15° after a 5-minute exposure. 

The slight reduction in wetting angle over time, as well 

as the influence of the pattern composition on its value, 

may indicate both coating integrity issues and interac-

tions between the coating and the binder. The applica-

tion of an additional rosin layer on top of the varnish 

coating (Fig. 2, d) results in an initial wetting angle 

that is independent of the pattern compound composi-

tion, with an average value of approximately 35°. Over 

time, the wetting angle values exhibit a trend similar 

to that observed for varnish coatings alone. This beha-

vior can be attributed to the fact that, at the initial stage 

after the binder droplet is applied, the wetting angle is 

primarily determined by the interaction between the 

binder and the rosin layer. Over time, degradation of 

the rosin layer occurs, leading to interaction between 

the binder and the underlying varnish coating. On ave-

rage, for all pattern compounds, the wetting angle va-

lues range from 17° to 23°. 

In addition to the wetting angle, the spreading area 

(S) of the binder on the surface of the pattern samples 

can be used to evaluate the protective properties of the 

coatings. Fig. 3 presents the spreading area of the binder 

on the surfaces of the tested pattern compounds with 

different coating options after 2 h (once the binder had 

fully dried). The maximum spreading area of 170—

180 mm2 was observed for urea-based pattern com-

pounds with polyvinyl alcohol additives (#2 and #4) 

coated with the repair wax-based protective coating. 

A relatively high spreading area of S = 140 mm2 was al-

so obtained for the pattern compound containing mag-

nesium sulfate (#1) with the wax-based coating. Con-

sidering the high values of error bars, it can be stated 

that for all pattern compounds coated with varnish or 

varnish with rosin, the spreading area of the binder 

ranged from 90 to 130 mm2. Overall, the obtained S 

values confirm the conclusions drawn from the analysis 

of wetting angles, indicating that varnish-based coat-

ings, unlike wax-based coatings, provide better protec-

tive properties. The wetting angle values and spreading 

areas are primarily determined by the protective pro-

perties of the coatings themselves rather than the pat-

tern compositions.

It should also be noted that when examining the 

influence of various coatings on the spreading area of 

the binder across different pattern compounds, the 

minimum S values (along with the maximum wetting 

angle values θ) were observed for samples containing 

dimethylglyoxime (compound #5). As previously men-

tioned, this additive significantly reduces the hygro-

scopicity of the pattern compound.

Based on the results of wetting angle and spread-

ing area measurements of the binders, two pattern 
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compounds were selected for further investigation: 

#2 (96 % urea + 2 % magnesium sulfate + 2 % polyvinyl 

alcohol) and #5 (88 % urea + 10 % potassium nitrate +

+ 2 % dimethylglyoxime). Fig. 4 presents photographs 

of ceramic molds produced using pattern compounds #2 

and #5 with repair wax-based and varnish-based coat-

ings at different stages of production. 

When applying the first two ceramic layers to the 

pattern made from compound #2 with the repair wax-

based coating, minor sagging was observed (Fig. 4, a). 

The study of the wetting angle and spreading area of 

the binder on the pattern composition revealed that in 

cases of significant interaction between the binder and 

the pattern compound, simultaneous dissolution of the 

pattern occurs, forming indentations in the sample, 

while binder crystals grow at the pattern—binder in-

#1 #2 #3 #4 #5

Fig. 3. Spreading area of the colloidal silica binder on the 

surface of pattern compound samples with coatings #W, #V 

and #V + R (see Table 2) after a 2-hour holding period 

for pattern compounds #1–#5

#1 – 98 % urea + 2 % magnesium sulfate; 

#2 – 96% urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol; 

#3 – 90 % urea + 10 % potassium nitrate; 

#4 – 88 % urea + 10 % potassium nitrate + 2 % polyvinyl alcohol; 

#5 – 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Рис. 3. Площадь растекания водного связующего 

на поверхности образцов модельных масс 

с покрытиями #В, #Л и #Л + К (см. табл. 2) 

после выдержки 2 ч для модельных составов #1–#5

#1 – 98 % карбамида + 2 % сульфата магния; 

#2 – 96 % карбамида + 2 % сульфата магния + 2 % поливинило-

вого спирта; 

#3 – 90 % карбамида + 10 % нитрата калия; 

#4 – 88 % карбамида + 10 % нитрата калия + 2 % поливинило-

вого спирта; 

#5 – 88 % карбамида + 10 % нитрата калия + 2 % диметилглиоксима

Fig. 4. Photographs of ceramic molds produced using various 

pattern compounds and protective coatings

а, b – pattern compound #2 (96 % urea + 2 % magnesium sulfate +

+ 2 % polyvinyl alcohol) repair wax-based coating #W, 2 layers (a) 

and 7 layers (b); 

c–e – pattern compound #5 (88 % urea + 10 % potassium nitrate +

+ 2 % dimethylglyoxime) with a repair wax-based coating #W, 

2 layers (c, d), and varnish-based coating #V, 7 layers (e)

Рис. 4. Фотографии керамических форм, 

полученных с использованием различных модельных 

масс и защитных покрытий 

а, b – модельный состав #2 (96 % карбамида + 2 % сульфата 

магния + 2 % поливинилового спирта) с покрытием на основе 

ремонтного воска (#В) в 2 слоя (а) и 7 слоев (b); 

c–e – модельный состав #5 (88 % карбамида + 10 % нитрата 

калия + 2 % диметилглиоксима) с покрытием на основе 

ремонтного воска (#В) в 2 слоя (c, d) и лака (#Л) в 7 слоев (e)
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terface. Large crystals of the pattern compound extend 

beyond the original sample boundaries, likely contri-

buting to sagging formation due to the insufficient pro-

tective properties of the coating. This partial dissolu-

tion of the pattern compound, accompanied by crystal 

growth, pushes the ceramic layer outward. Despite this 

issue, all seven ceramic layers were successfully applied 

to the pattern. The final appearance of the mold is 

shown in Fig. 4, b. 

In the case of pattern compound #5 containing di-

methylglyoxime and coated with a repair wax-based 

protective layer (#W), the application of the first cera-

Fig. 5. Surface photographs of cast samples produced in ceramic molds using pattern compounds #2 (a–c) and #5 (d, e) 

with protective coatings based on repair wax #W (a), varnish #V (b, d), and varnish with rosin #V + R (c, e)

#2 – 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol; 

#5 – 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Рис. 5. Фотографии поверхности отлитых образцов, 

полученных в керамических формах с использованием модельных масс #2 (а–c) и #5 (d, e) 

с защитными покрытиями на основе ремонтного воска #В (а), лака #Л (b, d) и лака с канифолью #Л + К (c, e)

#2 – 96 % карбамида + 2 % сульфата магния + 2 % поливинилового спирта; 

#5 – 88 % карбамида + 10 % нитрата калия + 2 % диметилглиоксима 

Fig. 6. Microstructure (OM) of cross-sectioned as-cast samples produced in ceramic molds using 

pattern compounds #2 (a–c) and #5 (d, e) with protective coatings based on repair wax #W (a), Varnish #V (b, d), 

and Varnish with Rosin #V + R (c, e)

#2 – 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol; 

#5 – 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime 

Рис. 6. Микроструктура (ОМ) шлифов (поперечное сечение) отлитых образцов, 

полученных в керамических формах с использованием модельных масс #2 (а–c) и #5 (d, e) 

с защитными покрытиями на основе ремонтного воска #В (а), лака #Л (b, d) и лака с канифолью #Л + К (c, e)

#2 – 96 % карбамида + 2 % сульфата магния + 2 % поливинилового спирта; 

#5 – 88 % карбамида + 10 % нитрата калия + 2 % диметилглиоксима
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mic layers resulted in cracking and destruction. Figs. 4, c 

and 4, d clearly show that under the cracked ceramic 

layer, the pattern surface exhibits significant rough-

ness, which was not present before the ceramic appli-

cation—indicating interaction between the pattern and 

the binder. The causes of destruction in this case are 

similar to those previously described for the pattern 

compound #2 with the repair wax-based coating. Re-

garding varnish-based coatings (#V) and varnish with 

rosin (#V + R), no sagging was observed in any case, and 

high-quality ceramic molds were successfully obtained 

for both pattern compounds #2 and #5. An example of 

a high-quality mold produced using the pattern com-

pound with dimethylglyoxime (#5) and coated with var-

nish (#V) is shown in Fig. 4, e. 

Fig. 5 presents photographs of cast samples made of 

nickel superalloy poured into ceramic molds produced 

using pattern compounds #2 and #5 with protective 

coatings based on repair wax, varnish, and varnish 

with rosin. As previously mentioned, it was not possi-

ble to produce a mold using pattern compound #5 con-

taining dimethylglyoxime and a repair wax-based coat-

ing (#W). Although the mold produced with pattern 

compound #2, containing magnesium sulfate and po-

lyvinyl alcohol, and coated with repair wax did not fail 

structurally, the surface of the cast samples exhibited 

penetration defects (Fig. 5, a). These defects formed 

due to the destruction of the ceramic surface layer and 

infiltration of the molten alloy into the damaged layer. 

Previous observations (see Fig. 4, a) showed the pre-

sence of localized bulging of the shell during mold layer 

formation. Regarding the samples coated with varnish 

(#V) and varnish with rosin (#V + R) (Fig. 5, b—e), it 

can be observed that all sample surfaces are free of de-

fects, confirming the high protective properties of the 

varnish coatings. 

Fig. 6 shows cross-sectional micrographs of the sam-

ples presented in Fig. 5. It can be observed that the thick-

ness of the burn-on defect in the sample produced using 

pattern compound #2, coated with a repair wax-based 

protective layer (Fig. 6, a), is approximately 1 mm. The 

other samples, in which varnish-based coatings (#V) 

and varnish with rosin (#V + R) were used on the pattern 

compounds (Fig. 6, b—e), exhibit a minimal number of 

surface defects.

Fig. 7 presents the surface roughness values of the 

cast samples produced in ceramic molds using pattern 

compounds with magnesium sulfate and polyvinyl al-

cohol additives (#2), as well as potassium nitrate and 

dimethylglyoxime additives (#5), coated with protec-

tive coatings based on repair wax, varnish, and var-

nish with rosin. The minimum surface roughness value 

(Rz = 24 μm) was obtained for the cast samples produced 

using pattern compound #5 (with potassium nitrate and 

dimethylglyoxime) and the varnish-based coating. The 

use of the same coatings on pattern compound #2, con-

taining magnesium sulfate and polyvinyl alcohol, resul-

ted in slightly higher roughness values (Rz = 29÷36 μm). 

The cast sample produced using pattern compound #2 

with a repair wax-based coating demonstrated similar 

roughness, with Rz = 29 μm. In this case, the surface 

roughness was measured in areas free of burn-on de-

fects. Thus, all protective coatings provide comparable 

surface roughness values in the range of Rz = 24÷36 μm. 

This is likely due to the fact that after pattern removal 

and mold burnout, no traces of the coating remain, and 

the surface roughness is entirely determined by the cha-

racteristics of the slurry and stucco used in ceramic 

mold production. 

Fig. 8, a presents the SEM microstructure of a 

sample cast in a ceramic mold produced using pattern 

Fig. 7. Surface roughness of as-cast samples produced 

in ceramic molds using pattern compounds #2 and #5 

with protective coatings based on repair wax (#W), 

varnish (#V) and varnish with rosin (#V + R)

#2 – 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol; 

#5 – 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Рис. 7. Шероховатость поверхности отлитых образцов, 

полученных в керамических формах с использованием 

модельных масс #2 и #5 с защитными покрытиями 

на основе ремонтного воска (#В), лака (#Л) 

и лака с канифолью (#Л + К)

#2 – 96 % карбамида + 2 % сульфата магния + 2 % поливинило-

вого спирта; 

#5 – 88 % карбамида + 10 % нитрата калия + 2 % диметилглиоксима 
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Fig. 9. Microstructure of the contact layer of the ceramic mold produced using pattern compound #5 coated with varnish (#V) 

after alloy pouring (a) and EDS maps of Si (b), O (c), Ni (d), Cr (e), Fe ( f )

Pattern composition #5 – 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime 

Рис. 9. Микроструктура контактного слоя керамической формы, полученной с использованием модельной массы #5 

с покрытием на основе лака (#Л), после заливки сплава (а) и карты распределения Si (b), O (c), Ni (d), Cr (e), Fe ( f )

Модельный состав #5 – 88 % карбамида + 10 % нитрата калия + 2 % диметилглиоксима 

Fig. 8. Microstructure of the sample cast in a ceramic mold produced using pattern compound #2 with a repair wax-based 

coating (#W) (a), magnified microstructure area (b), and elemental distribution maps of Ni (c), Si (d), and O (e)

Pattern composition #2 – 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol

Рис. 8. Микроструктура образца, отлитого в керамическую форму, полученную с использованием модельной 

массы #2 с покрытием на основе ремонтного воска (#В) (а), увеличенный участок микроструктуры (b) 

и карты распределения Ni (c), Si (d), O (e)

Модельный состав #2 – 96 % карбамида + 2 % сульфата магния + 2 % поливинилового спирта 
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Fig. 10. Dimensional deviations of as-cast samples produced in ceramic molds using pattern compounds #2 (a–c) and #5 (d, e) 

with coatings based on repair wax #W (a), varnish #V (b, d), and varnish with rosin #V + R (c, e)

#2 – 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol; 

#5 – 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime 

Рис. 10. Отклонения размеров отлитых образцов, полученных в керамических формах с использованием 

модельных масс #2 (а–c) и #5 (d, e) с защитными покрытиями на основе ремонтного воска #В (а), лака #Л (b, d) 

и лака с канифолью #Л + К (c, e)

#2 – 96 % карбамида + 2 % сульфата магния + 2 % поливинилового спирта; 

#5 – 88 % карбамида + 10 % нитрата калия + 2 % диметилглиоксима 

compound #2 (96 % urea + 2 % magnesium sulfate +

+ 2 % polyvinyl alcohol) with a repair wax-based coat-

ing. It can be observed that at the transition zone bet-

ween the high-quality surface and the burn-on defect, 

undercuts are present. The microstructure of such 

an undercut at a higher magnification, along with 

the EDS maps for this area, is shown in Fig. 8, b—e. 

The results of EDS analysis reveal the presence of 

particles containing Si and O within the undercuts. 

Thus, it can be assumed that these are stucco particles 

from the ceramic mold that detached from the mold 

during the casting removal process. This confirms 

the assumption that the previously observed sagging 

during mold formation occurs due to the delamination 

of ceramic layers.

For chemically active melts, it is essential to eva-

luate their interaction with mold materials. Fig. 9, a 

presents the microstructure of the contact layer in 

a cross-section of the ceramic mold surface pro-

duced using pattern compound #5 (88 % urea +

+ 10 % potassium nitrate + 2 % dimethylglyoxime) 

with a varnish-based coating (#V). According to the 

elemental distribution maps of Si and O (Fig. 9, b 

and c), the ceramic mold has a well-defined boun-

dary. A layer enriched with Cr and Fe (Fig. 9, e and 

f ), with a thickness of no more than 50 μm, is pre-

sent on its surface. It should be noted that this layer 

is not continuous, which may be attributed to its 

insufficient strength and partial destruction during 

the preparation of the metallographic specimen. It is 

known that chromium has high vapor elasticity and, 

upon pouring, deposits on the mold surface while 

interacting with atmospheric oxygen. Thus, no signs 

of interaction between the melt and the mold have 

been detected. As previously mentioned, the applied 

coatings are completely removed during the burnout 

of the ceramic mold.

The results of laser scanning of the cast samples 

produced in ceramic molds using pattern compounds 

with magnesium sulfate and polyvinyl alcohol addi-

tives (#2), as well as potassium nitrate and dimethyl-

glyoxime additives (#5), coated with protective coat-

ings based on repair wax, varnish, and varnish with 

rosin, are presented in Fig. 10. It is evident that when 

using the repair wax-based coating (#W), the dimen-

sional deviations in the positive direction reach up to 

2.5 mm (Fig. 10, a). These deviations are attributed to 

the formation of sagging, which resulted from changes 

in the mold geometry during the application of the 

initial ceramic layers. 

Unfortunately, it is not possible to determine the ef-

fect of the coating on dimensional accuracy, as produc-

ing a mold using a urea-based pattern compound and a 

colloidal silica binder slurry without a protective coating 

is not feasible. However, considering the thin protective 

layer (less than 100 μm), it is unlikely that the coating 

significantly affects the dimensional accuracy of the 

castings.
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The results of laser scanning of the cast samples were 

used to determine their linear shrinkage. Fig. 11 pre-

sents the results of the linear shrinkage measurements 

for the cast samples produced in ceramic molds using 

pattern compounds with magnesium sulfate and poly-

vinyl alcohol additives (#2), as well as potassium nitrate 

and dimethylglyoxime additives (#5), coated with pro-

tective coatings based on repair wax, varnish, and var-

nish with rosin. When using the repair wax-based coat-

ing (#W), the linear shrinkage was only 1.5 %, whereas 

for the varnish-based coatings (#V and #V + R), the 

shrinkage ranged from 2.0 % to 2.3 %. The low shrin-

kage observed with the repair wax coating (#W) is attri-

buted to delamination and sagging that occurred during 

the application of the initial mold layers. In [21], it was 

shown that the linear shrinkage of pattern compounds 

#2 and #5 is 0.55 % and 0.3 %, respectively. However, it 

is challenging to observe a significant difference in the 

total shrinkage of the cast samples depending on the 

applied pattern compound composition. Overall, it can 

be concluded that the total shrinkage of the ceramic 

mold and the alloy itself is, on average, ~1.7 %, which is 

almost identical to the shrinkage characteristic of ce-

ramic molds produced using hydrolyzed ethyl silicate 

solution, as well as colloidal silica binders, but with wax 

patterns.

Large-sized castings of the “Outer Casing” and 

“Inner Casing” components made of the heat-resistant 

nickel alloy were produced under industrial conditions 

at PJSC “UEC-Kuznetsov” (Samara, Russia). Water-

soluble patterns made of a urea-based pattern compound 

with a hydrophobic protective coating based on varnish 

with rosin were used for the production of the castings. 

The maximum overall dimension of the produced cast-

ings reached 1136 mm. The use of the protective coating 

#V + R made it possible to produce shell molds using a 

slurry prepared with a colloidal silica binder, achieving 

results comparable to those obtained using the tradi-

tional technology based on hydrolyzed ethyl silicate as 

the binder. The resulting castings met the technical re-

quirements in terms of dimensional accuracy and me-

chanical properties.

Conclusions

1. The wetting angle of the colloidal silica binder 

on the surface of the tested pattern compounds in-

creased from 3—15° to 20—30° when applying protec-

tive coatings based on repair wax, varnish, and varnish 

with rosin. However, no significant influence of the 

coating type on the wetting angle was observed. In all 

cases (with and without coatings), the highest θ value 

was obtained for the pattern compounds containing 

dimethylglyoxime.

2. The minimum spreading area of 90—130 mm2, 

corresponding to minimal interaction between the 

binder and the pattern compound, was achieved using 

varnish-based coatings, as well as varnish with rosin. 

In the case of repair wax-based coatings, the spreading 

area was 170—180 mm2. The modification of the pattern 

compound with various additives, in all likelihood, does 

not have a significant impact on the spreading area of 

the colloidal silica binder on the surface of the pattern 

compound samples. 

3. The use of repair wax-based protective coatings 

in the production of ceramic molds with colloidal si-

lica binder resulted in sagging and cracking, which 

prevented the successful fabrication of molds with 

pattern compound #5 containing dimethylglyoxime. 

The mold produced using pattern compound #2 (with 

magnesium sulfate and polyvinyl alcohol additives) 

Fig. 11. Linear shrinkage of as-cast samples produced 

in ceramic molds using pattern compounds #2 and #5 with 

protective coatings based on repair wax (#W), varnish (#V), 

and varnish with rosin (#V + R)

#2 – 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol; 

#5 – 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime 

Рис. 11. Линейная усадка отлитых образцов, 

полученных в керамических формах с использованием 

модельных масс #2 и #5 с защитными покрытиями 

на основе ремонтного воска (#В), лака (#Л) 

и лака с канифолью (#Л + К)

#2 – 96 % карбамида + 2 % сульфата магния + 2 % поливинило-

вого спирта; 

#5 – 88 % карбамида + 10 % нитрата калия + 2 % диметилглиоксима 
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was successfully fabricated; however, partial destruc-

tion of the inner mold surface and sagging were ob-

served. Molds coated with varnish and varnish with 

rosin exhibited no visible defects or manufacturing 

issues. 

4. The castings produced in the ceramic molds with 

varnish and varnish with rosin as protective coatings 

on the patterns exhibited no visible defects and had a sur-

face roughness of Rz = 25÷35 μm. The casting obtained 

in the mold with a repair wax-based protective coating 

showed mechanical penetration defects, with ceramic 

mold particles detected within the casting. Additional-

ly, it exhibited significant dimensional deviations due 

to sagging caused by the degradation of the inner mold 

surface. 

5. The linear shrinkage of the castings produced us-

ing molds with varnish and varnish with rosin coatings 

on the patterns was higher compared to those with repair 

wax-based coatings. This was also associated with the 

formation of bubbles and sagging on the pattern surface 

during the mold layer formation process.
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Effect of rotary forging on the structure 
and mechanical properties of two eutectic alloys 
of the Al–La and Al–Ca–La systems
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Abstract: Recently developed aluminum alloys based on the eutectic composition of the Al–Ca system exhibit excellent casting properties 

and, unlike silumins, show good deformability. The development of multi-component alloys, where calcium is partially replaced by 

lanthanum, cerium, nickel, and other eutectic-forming elements, improves their properties by producing a finer eutectic structure and 

enhancing their heat resistance. These alloys can all be strengthened through deformation, with severe plastic deformations being especially 

effective. Among these methods, rotary forging is of particular interest due to its ability to produce long billets. Lanthanum, at a specific 

concentration, significantly improves the alloy’s plasticity, making the Al–La system particularly well-suited for deformation processing. 

This study investigates the effect of rotary forging on the microstructure and mechanical properties of two eutectic alloys, Al–10La and 

Al–6Ca–3La (wt. %). Billets in the as-cast state were rotary forged from an initial diameter of 20 mm to a final nominal diameter of 5 mm 

under isothermal conditions: at room temperature for the Al–10La alloy and at 200 °C for the Al–6Ca–3La alloy. The results showed that 

rotary forging led to an elongated structure in both alloys, with micron-sized grains forming inside the dendrites and eutectic particles 

being refined. In the Al–10La alloy, the dislocation density was low, while in the Al–6Ca–3La alloy, the dislocation density was higher. 

The Al–10La alloy showed a slight tendency to soften during rotary forging, whereas the Al–6Ca–3La alloy exhibited a marked tendency 

to strengthen (its strength doubled). Both alloys retained high plasticity (elongation) after forging. After annealing at 300 °C, the strength of 

both alloys remained stable. The tensile strength of the Al–6Ca–3La alloy at 300 °C was higher than that of the Al–10La alloy, with values 

of 53 MPa and 44 MPa, respectively.

Keywords: aluminum alloy, rotary forging, microstructure, mechanical properties.
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Introduction

Aluminum alloys based on the Al—Me eutectic sys-

tem (where Me = Ca, Ce, La, Ni, Fe) feature a composite 

structure comprising an aluminum matrix and eutectic 

phases. These alloys exhibit excellent casting properties 

and good deformability [1—6]. Additionally, alloys such 

as Al—La, Al—Ce, Al—Ni, and, in some cases, Al—Fe 

demonstrate enhanced heat resistance [7; 8]. While these 

alloys have similar strength levels, their plasticity varies 

significantly, as it directly depends on the composition 

of the eutectic. Lanthanum, in certain concentrations, 

effectively increases plasticity [9], making the Al—La 

system particularly suitable for deformation processing. 

Влияние ротационной ковки на структуру 
и механические свойства двух эвтектических сплавов 
систем Al–La и Al–Ca–La

В.А. Андреев1, М.В. Горшенков2, Е.А. Наумова2, С.О. Рогачев1,2

1 Институт металлургии и материаловедения им. А.А. Байкова РАН 
Россия, 119334, г. Москва, Ленинский пр-т, 49

2 Национальный исследовательский технологический университет «МИСИС»
Россия, 119049, г. Москва, Ленинский пр-т, 4, стр. 1

  Станислав Олегович Рогачев (csaap@mail.ru)

Аннотация: Разработанные в последние годы алюминиевые сплавы на основе эвтектики системы алюминий–кальций об-

ладают превосходными литейными свойствами и, в отличие от силуминов, хорошо деформируются. Создание многоком-

понентных сплавов, в которых кальций частично замещен лантаном, церием, никелем и другими эвтектикообразующими 

элементами, позволяет улучшать свойства сплавов за счет формирования более дисперсной эвтектики, а также повышать 

их теплостойкость. Все перечисленные сплавы можно упрочнять деформационными методами, при этом особенно эффек-

тивны методы больших пластических деформаций. Среди них ротационная ковка представляет наибольший интерес ввиду 

возможности получения длинномерных заготовок. Лантан в определенной концентрации эффективно повышает пластич-

ность, поэтому сплав системы Al–La является наиболее подходящим для деформационной обработки. Было изучено влияние 

ротационной ковки на микроструктуру и механические свойства двух эвтектических сплавов: Al–10La и Al–6Ca–3La (мас. %). 

Ротационную ковку заготовок в исходно литом состоянии с начального диаметра 20 мм на конечный номинальный диаметр 

5 мм осуществляли в изотермических условиях: для сплава Al–10La – при комнатной температуре, а для сплава Al–6Ca–3La – 

при t = 200 °С. Установлено, что в результате ротационной ковки структура обоих сплавов становится вытянутой, внутри ден-

дритов формируются зерна микронного размера, а частицы эвтектики измельчаются. При этом в сплаве Al–10La наблюдается 

низкая плотность дислокаций, в то время как в сплаве Al–6Ca–3La – повышенная. Сплав Al–10La склонен к небольшому 

разупрочнению в условиях ротационной ковки, в отличие от сплава Al–6Ca–3La, который проявляет заметную тенденцию к 

деформационному упрочнению (прочность увеличивается в 2 раза); при этом оба сплава в состоянии после ковки сохраняют 

высокую пластичность (относительное удлинение). Уровень прочности обоих сплавов сохраняется после отжига при t = 300 °С. 

Предел прочности сплава Al–6Ca–3La при температуре испытания 300 °С выше в сравнении со сплавом Al–10La – соответ-

ственно 53 и 44 МПа.

Ключевые слова: алюминиевый сплав, ротационная ковка, микроструктура, механические свойства.
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The elongation at fracture for the eutectic composition 

of Al—10La (wt. %) is approximately 22 % [9]. However, 

increasing the lanthanum content beyond this level re-

duces plasticity [10]. A drawback of lanthanum is its high 

cost. On the other hand, among the alloys mentioned 

above, Al—Ca alloys are the most cost-effective. There-

fore, the use of small amounts of lanthanum in complex 

eutectic compositions, such as Al—Ca—La-based al-

loys, is of interest. Complex eutectics have been studied 

in several works [11—13].

All these alloys can be effectively strengthened using 

both traditional deformation methods, such as rolling, 
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and severe plastic deformation techniques [6; 9; 11; 14—

16]. Among these techniques, rotary forging stands out 

due to its ability to achieve high deformation levels while 

also enabling the production of long billets [17—19].

Building on this, the present study examines the 

effect of lanthanum in the eutectic composition on the 

strength and plasticity of the Al—6%Ca—3%La alumi-

num alloy under rotary forging conditions. For com-

parison, the eutectic alloy Al—10%La was selected as 

a reference.

Materials and methods

Two alloys near the eutectic composition, Al—6Ca—

3La and Al—10La (wt. %), were studied. Castings with 

a length of 200 mm and a diameter of 22 mm were turned 

on a lathe to a final diameter of 20 mm and then sub-

jected to rotary forging. The as-cast billets were forged 

to a final nominal diameter of 5 mm using a rotary 

forging machine (RKM1, model V2129.01) in multiple 

passes, with the reduction per pass ranging from 5 % to 

22 % (averaging 13 %). Before each pass, billets of the 

Al—6Ca—3La alloy were heated to 200 °C in an elect-

ric-tube furnace and held at this temperature for 10—

15 min, whereas billets of the Al—10La alloy were forged 

without preheating. For larger diameters (greater than 

10 mm), the billets were fed manually, while for sub-

sequent passes, automatic roller feeding was employed. 

This ensured billet alignment and more uniform defor-

mation distribution along the billet’s length. The final 

diameters of the Al—6Ca—3La and Al—10La alloy bil-

lets were 5.5 mm and 5.4 mm, respectively, correspond-

ing to an equivalent strain of e = 2.6.

The characterization of the specimens was carried 

out using transmission electron microscopy (TEM) 

(JEM-1400 and JEM-2100 microscopes, JEOL, Japan), 

Vickers microhardness measurements (Micromet 5101, 

Buehler, USA), and tensile testing. Two types of spe-

cimens were prepared for tensile tests: cylindrical speci-

mens with a gauge section of ∅ 4×10 mm and flat 

specimens with a gauge section of 5×1,5×1 mm. Ten-

sile tests at room temperature were conducted on both 

cylindrical and flat specimens using Instron 5569 and 

Instron 5966 testing machines (Instron Corp., USA), 

respectively. Tests at 300 °C were performed exclusively 

on cylindrical specimens using an Instron 3382 ma-

chine. The strain rate during tensile testing was main-

tained at 0.002 s–1.

Research results

The as-cast Al—10La alloy exhibited a predomi-

nantly eutectic structure [(Al) + Al11La3] with a small 

fraction of aluminum dendrites (Fig. 1, a). As a result of 

rotary forging, the structural elements of the alloy were 

elongated along the billet axis. Additionally, ultrafine 

grains smaller than 1 μm were formed within the den-

drites (indicated by arrows in Fig. 2, a), and the eutec-

tic particles were fragmented into pieces approximately 

100—200 nm in length due to cleavage. This is evidenced 

by the flat boundary between two fragmented particles 

(Fig. 2, b). Evidently, in certain areas of the structure, 

mixing of dendrites and eutectic phases occurs as a re-

sult of mass transfer. TEM images show that the disloca-

tion density in the alloy is low.

The difference in the microstructure of the as-cast 

Al—6Ca—3La alloy compared to the Al—10La alloy 

lies in the presence of shorter and wider eutectic par-

ticles (Fig. 1, b). According to [20], the Al—Ca—La 

system forms a ternary eutectic [(Al)+Al4(Ca,La) +

+ Al11(La,Ca)3]. During rotary forging of the Al—

6Ca—3La alloy, similar to the Al—10La alloy, mixing 

Fig. 1. Microstructure of the as-cast Al–10La (a) and Al – 6Ca – 3La (b) alloys (bright-field TEM images)

Рис. 1. Микроструктура сплавов Al–10La (а) и Al–6Ca–3La (b) в литом состоянии (светлопольные изображения ПЭМ)

a b
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of dendrites and eutectic phases occurs, the structural 

elements become elongated, and ultrafine grains form 

within the dendrites (indicated by arrows in Fig. 3, a, 

b). The eutectic particles are fragmented to a greater 

extent, reaching sizes of 50—100 nm, with evidence of 

diffusion processes indicated by the rounded shapes 

of the fragmented particles (Fig. 3, c, d). The former 

eutectic structure exhibits a higher dislocation density, 

Fig. 2. Microstructure of the Al–10La alloy after rotary forging (bright-fields TEM images)

Рис. 2. Микроструктура сплава Al–10La после ротационной ковки (светлопольные изображения ПЭМ)

Fig. 3. Microstructure of the Al–6Ca–3La alloy after rotary forging

а, c, d – bright-field TEM images; b – dark-field TEM image in (Al) reflections

Рис. 3. Микроструктура сплава Al–6Ca–3La после ротационной ковки

а, c, d – светлопольные изображения ПЭМ; b – темнопольное изображение ПЭМ в рефлексах (Al)

a

a

c d

b

b
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as reflected by the characteristic contrast in the TEM 

images.

The mechanical properties of the aluminum alloys in 

as-cast and forged conditions, obtained at room tempe-

rature, are presented in Table 1. The yield strength (σ0.2) 

and ultimate tensile strength (σu) of the as-cast Al—10La 

alloy were 113 MPa and 173 MPa, respectively, with a to-

tal elongation (δ) ~22 %. For the as-cast Al—6Ca—3La 

alloy, the values were σ0.2 = 109 MPa, σu = 194 MPa, 

and δ = 20 %.

Typical tensile curves obtained during testing of cy-

lindrical specimens of forged alloys are shown in Fig. 4. 

The main difference between testing flat and cylindri-

cal specimens of the Al—10La alloy is the significantly 

higher elongation of the latter (by a factor of 2, as shown 

in Table 1). In contrast, for the Al—6Ca—3La alloy, the 

difference in mechanical properties between cylindrical 

and flat specimens is negligible (Table 1).

After rotary forging of the Al—10La alloy, its yield 

strength remains unchanged or increases by no more 

than 10 %, while its ultimate tensile strength decrea-

ses by 18 %. At the same time, the total elongation in-

creases slightly (Table 1). Additionally, the shape of the 

tensile curve changes: the uniform plastic deformation 

region (up to necking) decreases significantly, from 

8 % to 1.5 %. As a result, nearly all of the specimen’s 

elongation occurs in the localized deformation region 

(Fig. 4, a). 

Table 1. Mechanical properties of aluminum alloys in various conditions at room temperature

Таблица 1. Механические свойства алюминиевых сплавов в различных состояниях 

при комнатной температуре

Alloy Material condition Specimen type σ0.2, МPа σu, МPа δ, % δu, %

Al–10La

As-cast Flat 113 ± 2 173 ± 3 22 ± 1 8 ± 1

RF*
Flat 126 ± 3 142 ± 1 27 ± 2 1.5 ± 0.5

Cylindrical 101 ± 2 147 ± 3 58 ± 2 2.5 ± 0.5

RF + annealing at 300 °C Cylindrical 123 ± 2 131 ± 2 52 ± 2 8 ± 1

Al–6Ca–3La

As-cast Flat 109 ± 2 194 ± 3 19.5 ± 1.3 8.5 ± 0.5

RF
Flat 252 ± 4 303 ± 3 23.5 ± 0.5 2.5 ± 0.3

Cylindrical 285 ± 3 312 ± 6 21.6 ± 1.5 3.0 ± 0.5

RF + annealing at 300 °C Cylindrical 250 ± 6 283 ± 6 37 ± 2 2.0 ± 0.5

* RF – rotary forging.

Fig. 4. Tensile curves at room temperature for specimens of Al–10La (a) and Al–6Ca–3La (b) alloys after rotary forging (1) 

and after subsequent annealing at t = 300 °С (2)

Рис. 4. Кривые растяжения при комнатной температуре образцов сплавов Al–10La (а) и Al–6Ca–3La (b) 

после ротационной ковки (1) и последующего отжига при t = 300 °С (2)
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In the case of the Al—6Ca—3La alloy, rotary forging 

results in a 2.3-fold increase in its yield strength and a 

1.6-fold increase in its ultimate tensile strength, while 

the total elongation increases only slightly, from 19 % 

to 23 % (Table 1). However, the uniform elongation of 

the forged specimen also decreases, from 8.5 % to 2.5 % 

(Fig. 4, b).

The tensile test results correlate well with the meas-

ured microhardness values (Fig. 5). The average micro-

hardness of the as-cast Al—10La and Al—6Ca—3La al-

loys was 52 ± 2 HV and 58 ± 1 HV, respectively. After 

rotary forging, the microhardness decreased to 42 ± 1 HV 

(softening) for Al—10La and increased to 82 ± 2 HV 

(strengthening) for Al—6Ca—3La. The microhardness 

was uniformly distributed across the cross-section of the 

billets for both alloys.

Annealing of specimens of both alloys at 300 °C 

for 1 h reduces their strength by no more than 10 % (see 

Table 1 and Fig. 4). For the Al—10La alloy, the total 

elongation remains essentially unchanged, but the uni-

form deformation increases significantly (up to 8 %). 

Conversely, for the Al—6Ca—3La alloy, the total elon-

gation increases to 37 %, while the uniform deforma-

tion remains unchanged. The retention of a high com-

bination of mechanical properties in both alloys after 

annealing at 300 °C demonstrates their high thermal 

stability.

Table 2 presents the mechanical properties of the 

forged aluminum alloys tested at 300 °C, and Fig. 6 

shows the corresponding tensile curves. Increas-

ing the test temperature from room temperature to 

300 °C causes significant softening in both alloys. For 

Fig. 5. Microhardness distribution across the cross-section of specimens of Al–10La (a) and Al–6Ca–3La (b) alloys 

before and after rotary forging

Рис. 5. Распределение микротвердости в поперечном сечении образцов сплавов Al–10La (а) и Al–6Ca–3La (b) 

до и после ротационной ковки

Fig. 6. Tensile curves at a test temperature of 300 °C for forged Al–6Ca–3La (a) and Al–10La (b) alloys

Рис. 6. Кривые растяжения при температуре испытания 300 °С кованых сплавов Al–6Ca–3La (а) и Al–10La (b)
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the Al—10La alloy, the yield strength and ultimate 

tensile strength decrease to 34 MPa and 44 MPa, re-

spectively, which is a 3-fold reduction, while the total 

elongation decreases by a factor of 2.5. For the Al—

6Ca—3La alloy, the yield strength and ultimate tensile 

strength decrease to 36 MPa and 53 MPa, respectively, 

representing reductions by factors of 8 and 6. Howe-

ver, the total elongation, in contrast, doubles. This level 

of strength is comparable to D18 or AMts alloys and 

slightly lower than AMg2 alloy. Despite undergoing 

more intense softening, the Al—6Ca—3La alloy ex-

hibits slightly higher strength at a test temperature of 

300 °C compared to the Al—10La alloy.

Discussion of results

According to the microhardness measurements and 

tensile test results, the Al—10La alloy exhibits slight 

softening under rotary forging conditions, in contrast 

to the Al—6Ca—3La alloy, which demonstrates a sig-

nificant tendency for deformation strengthening. Ad-

ditionally, in both alloys, uniform deformation (up to 

necking) decreases after deformation processing, while 

total elongation to fracture increases. The low strength 

of the Al—10La alloy after rotary forging, comparable 

to its as-cast condition, is supported by the low disloca-

tion density observed in its microstructure (see Fig. 2, a), 

which may be attributed to recovery processes. On the 

other hand, the low dislocation density in the alloy’s 

structure contributes to its high plasticity. Previous stu-

dies have shown that eutectic Al11La3 particles, due to 

their specific crystallographic relationship with the alu-

minum matrix, are easily cut by dislocations [9], which 

also positively affects plasticity. Interestingly, despite 

the low dislocation density in its structure, the uniform 

deformation of the Al—10La alloy is only about 2 %, 

with elongation mainly occurring in the localized defor-

mation region, i.e., after necking begins.

In contrast, the Al—6Ca—3La alloy accumulates 

a high dislocation density and undergoes significant 

eutectic particle refinement as a result of rotary forging, 

leading to a substantial increase in strength. Despite its 

high strength, the alloy also retains high plasticity (with 

elongation primarily occurring in the localized deforma-

tion region, similar to the Al—10La alloy). This behavior 

may be attributed to the presence of ultrafine aluminum 

grains (which, being defect-free, form layers between the 

former eutectic, see Fig. 3, a) that promote stress rela-

xation, as well as the positive effect of lanthanum in the 

complex eutectic on dislocation slip processes.

Conclusion

Rotary forging was performed on billets of the 

eutectic aluminum alloys Al—10La and Al—6Ca—3La 

in the as-cast condition, reducing their initial nominal 

diameter of 20 mm to a final nominal diameter of 5 mm. 

It was found that as a result of forging, the structure of 

both alloys becomes aligned along the billet axis, with 

new ultrafine grains (less than 1 μm) forming within 

the dendrites and eutectic particles becoming refined 

(to 100—200 nm in the Al—10La alloy and 50—100 nm 

in the Al—6Ca—3La alloy). In the Al—10La alloy, a 

low dislocation density was observed, while the Al—

6Ca—3La alloy exhibited a high dislocation density. 

The structural changes in the alloys significantly affect 

their mechanical properties: the Al—10La alloy under-

goes slight softening under rotary forging, while the 

Al—6Ca—3La alloy exhibits a pronounced tendency for 

deformation strengthening, with its strength doubling. 

The ultimate tensile strength of the forged Al—10La and 

Al—6Ca—3La alloys was approximately 150 MPa and 

300 MPa, respectively. Both alloys retained high plas-

ticity after forging, with total elongation exceeding 20 %. 

The strength of both alloys remained stable after an-

nealing at 300 °C. At a test temperature of 300 °C, the ul-

timate tensile strength of the Al—6Ca—3La alloy slight-

ly exceeded that of the Al—10La alloy, at 53 MPa and 

44 MPa, respectively.
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Abstract: The effect of thermo-mechanical treatment on the structure and mechanical properties of the hot-rolled orthorhombic titanium 

aluminide alloy VIT1 was investigated. The evolution of the microstructure and mechanical behavior of the alloy during hot deformation 

in the temperature range of 850–1050 °C was studied. It was established that at a temperature of 950 °C, a strain rate of ε· = 5 ·10–4 s–1 and a 

strain of ε = 70 %, the microstructure formed during hot deformation, due to the processes of recrystallization and spheroidization, consisted 

of grains ~1 μm in size, comprising β-, α2-, and O-phases. It was shown that increasing the deformation temperature led to the dissolution 

of O-phase particles and a significant deceleration in the development of dynamic recrystallization. Homogeneous fine-grained billets were 

obtained via multi-directional isothermal forging, and the effect of heat treatment (quenching and aging) on the structure and mechanical 

properties of the alloy was examined. Based on a preliminary study of the influence of heating temperature on the alloy’s structure and 

properties, the temperature ranges for quenching and aging were determined. It was demonstrated that the most balanced levels of strength, 

ductility, and heat resistance were achieved after heat treatment under the following conditions: holding for 4 h at 1025 °C followed by air 

cooling, and aging at 850 °C for 6 h.

Keywords: orthorhombic titanium aluminide Ti2NbAl, VIT1 alloy, multi-directional isothermal forging, quenching, aging, mechanical 

properties.
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Introduction

The intermetallic alloy VIT1 (density ρ ~ 5.3 g/cm3) 

based on orthorhombic titanium aluminide Ti2NbAl 

was developed at FSUE “VIAM” (Moscow, Russia) [1]. 

It is characterized by high specific properties, an ope-

rating temperature of up to 700 °C, and is considered a 

promising material for high-pressure compressor (HPC) 
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Аннотация: Исследовано влияние деформационно-термической обработки на структуру и механические характеристики сплава 

на основе орторомбического алюминида титана ВИТ1 в горячекатаном состоянии. Проведено изучение эволюции микрострук-

туры и механического поведения сплава при горячей деформации в температурном интервале 850–1050 °С. Установлено, что 

при температуре t = 950 °С, скорости деформации ε· = 5 ·10–4 с–1 и степени деформации ε = 70 % в сплаве, вследствие протека-

ния при горячей деформации процессов рекристаллизации и сфероидизации, формируется микроструктура с размером зерен 

~1 мкм, состоящая из β-, α2- и О-фаз. Показано, что повышение температуры деформации ведет к растворению частиц О-фазы 

и резкому замедлению развития динамической рекристаллизации. Всесторонней изотермической ковкой получены заготовки с 

однородной мелкозернистой структурой и исследовано влияние термической обработки (закалки и старения) на структуру и ме-
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blades in modern gas turbine engines [1; 2]. Alloys based 

on Ti2NbAl are deformable and undergo hot forging 

and/or rolling in the single-phase β-region [3—7]. In the 

as-cast state, the alloy exhibits extremely low ductili-

ty [1]. Hot forging or rolling in the β-, followed by the 

(β + α2)-phase regions significantly refines the struc-
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ture, which simultaneously enhances both ductility 

and strength [3]. For example, a notable improvement 

in these properties was achieved in the Ti—20.3Al—

22.1Nb—1.2Zr—1.3V—0.9Mo—0.3Si alloy through 

multi-directional isothermal forging, resulting in a sub-

micron grain/particle size of 0.3 μm and achieving ul-

timate tensile strength σu = 1400 MPa and elongation 
δ = 25 % [8]. The grain refinement effect is retained 

during heat treatment. In the VTI-4 alloy, after forging 

and rolling in the (β + α2)-phase region, followed by a 

two-step heat treatment (1025 °C quenching in oil +

+ 750 °C for 3 h with air cooling), satisfactory values of 

σu = 1081 MPa and δ = 7.2 % were obtained [9]. In the 

Ti—22Al—27Nb alloy, reducing the β-grain size from 

200 to 5 μm through hot rolling in the (β + α2)-phase 

region and subsequent heat treatment (heating to the 

(β + α2)-phase region followed by furnace cooling) in-

creased the σu from 900 to 1050 MPa and the δ from 

5 % to 15 % [5]. 

It is important to emphasize that grain refinement 

in orthorhombic titanium aluminide alloys leads to 

reduced creep resistance [9]. Therefore, when deter-

mining their mechanical properties, it is essential to 

balance strength, ductility, and heat resistance. How-

ever, systematic studies in this direction are practically 

absent. The formation of a fine-grained structure also 

significantly enhances the hot ductility of these alloys, 

which can be utilized in the manufacturing of com-

plex-shaped components.

Another equally important microstructural param-

eter is the size of the O-phase particles, which form 

during the aging of quenched alloys and significant-

ly affect their mechanical characteristics [10—13]. For 

instance, it was shown in [11] that increasing the aging 

temperature from 750 to 850 °C led to an increase in 

elongation from 0.4 % to 5.0 %, while the yield strength 

decreased from 1295 to 960 MPa. However, the litera-

ture lacks systematic data that could recommend speci-

fic conditions of deformation and heat treatment for or-

thorhombic titanium aluminide alloys to achieve a high 

combination of mechanical properties. In this regard, 

the aim of the present study was to develop processing 

conditions for structure refinement through isothermal 

forging and heat treatment of the VIT1 alloy to ensure 

a balance of strength, ductility, and heat resistance.

Materials and methods

The material studied was a 35-mm-thick hot-rolled 

plate of the VIT1 alloy, based on orthorhombic titanium 

aluminide. Isothermal uniaxial compression tests were 

conducted at temperatures of 850, 900, 950, 1000, and 

1050 °C and a strain rate of ε· = 5·10–4 s–1. Specimens 

with a diameter of 10 mm and a height of 15 mm were 

cut from the plate parallel to the rolling direction using 

wire electrical discharge machining. The tests were per-

formed on an Instron 300LX universal testing machine. 

The specimens were placed in a furnace preheated to the 

deformation temperature, held for 10 min, deformed to a 

strain of ε = 70 %, and then quenched in water.

Billets measuring 35×40×100 mm, cut from the plate 

in the rolling direction, were annealed at 1100 °C for 

0.5 h. Subsequently, multi-directional isothermal forg-

ing was performed at 950 °C on a DEVR 400 press 

equipped with a die block, with final-stage upsetting 

[14]. The initial strain rate was ~10–3 s–1, and the total 

strain was — εΣ = 750 %. As a result, forgings with di-

mensions of 120 ×120 ×14 mm were obtained. 

For heat treatment, specimens with dimensions of 

5×5×5 mm were cut. Quenching was carried out af-

ter a 2-hour hold at 950—1100 °C, followed by water 

cooling. Aging was conducted at 750, 800, 820, and 850 °C 

for holding times of 0.5, 1, 2, 4, 6, 8, 12, 24, 48, 96, 

and 192 h. 

The microstructure was evaluated using a scan-

ning electron microscope (SEM) FEI Quanta 600 

and a transmission electron microscope (TEM) Jeol 

JEM-2100. Electron backscatter diffraction (EBSD) 

mapping was performed using the TSL Data Collection 

version 6.2 software, with a scanning step of 100 nm. 

Data processing was carried out using TSL OIM 

Analysis version 6. The volumetric phase fraction was 

determined from SEM images according to ASTM 

E562-11, and the fraction of recrystallized grains was 

evaluated from EBSD data. TEM foils were prepared 

at –35 °C using an electrolyte consisting of methanol 

(60 %), butanol (34 %), and perchloric acid (6 %). The 

Vickers microhardness was measured using a Wolpert 

402MVD hardness tester, following GOST 9450-76. 

The measurements were taken using a diamond pyra-

mid with a base angle of 136° under a load of 500 g and 

a dwell time of 10 s.

For tensile testing, cylindrical specimens were pre-

pared in accordance with GOST 1497-84, with a gauge 

section diameter of 3 mm and a length of 15.35 mm, 

and tested on an Instron 5882 machine at an initial 

strain rate of 10–3 s–1. Creep tests were conducted 

on cylindrical specimens prepared according to 

GOST 10145-81, with a gauge section diameter of 

5 mm and a length of 27 mm, using an ATS Creep 

Tester 2330 machine. Three thermocouples were at-

tached to the specimen to monitor temperature, and 

an extensometer was installed to record elongation. 

The specimens were heated at a rate of 550 °C/h to 
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650 °C, held for 30 min, and then automatically loaded 

to a stress of 380 MPa.

Results and discussion

Fig. 1 shows the initial microstructure of the hot-

rolled VIT1 alloy plate. The microstructure consists 

of β-grains elongated along the rolling direction, with 

an average length and width of approximately 500 μm 

and 150 μm, respectively (Fig. 1, a, c). Particles of the 

α2-phase, averaging 3 μm in size, are predominantly lo-

cated along the grain boundaries (Fig. 1, a, b). Electron 

diffraction patterns obtained via TEM also revealed the 

presence of needle-shaped O-phase particles with an 

average diameter of 200 nm and lengths ranging from 

0.2 to 3 μm (Fig. 1, d).

To determine the optimal conditions for isother-

mal forging, the effect of deformation temperature 

on the mechanical behavior and structural evolution 

during uniaxial compression was studied. In specimens 

cut from the plate, the elongated grains formed during 

rolling were oriented parallel to the deformation 

axis (Fig. 1, c). At t = 850 °C, the σ–ε curve exhi-

bits a peak followed by a sharp softening (Fig. 2), in-

dicating the development of dynamic recrystallization 

(Fig. 3) and likely the localization of plastic deforma-

tion. With a further increase in temperature to 950 °C, 

the peak stresses decrease, and the steady-state plas-

tic deformation stage becomes more prolonged. At 

t = 975÷1050 °C, the curves show no initial strength-

ening during f low, and a slight increase in stress with 

strain is attributed to the frictional contribution at the 

specimen surface.

After the tests, the specimens were cut along the 

deformation axis for further microstructural analysis. 

The microstructure of the deformed alloy at t = 850 °C 

is shown in Fig. 3, a. During deformation, recrystalliza-

tion occurs in the β-phase, accompanied by spheroidi-

zation of O- and α2-phase particles [15], resulting in the 

formation of a fine-grained structure in the central part 

of the specimen (Fig. 3, a). The average grain/particle 

size was 0.5 μm. Increasing the deformation tempera-

ture to 900 °C led to an increase in grain/particle size to 

0.6 μm (Fig. 3, b).

Fig. 1. Microstructure of the hot-rolled VIT1 alloy plate

a – overview SEM image; b – magnified SEM section; c – inverse pole figure map, with the rolling direction indicated by an arrow; 

d – electron diffraction patterns of the β-, α2-, and O-phases

Рис. 1. Микроструктура горячекатаной плиты сплава ВИТ1

а – обзорный снимок СЭМ; b – увеличенный участок структуры СЭМ; c – карта обратных полюсные фигур, 

стрелкой показано направление прокатки; d – ПЭМ-картины электронной дифракции β-, α2- и О-фаз
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An important factor influencing structural evolu-

tion is the phase composition of the alloy and its changes 

during heating (Fig. 4). As the temperature increases 

from 850 to 900 °C, the volume fraction ratio of O- 

and β-phases changes slightly: the O-phase fraction de-

creases from 86 to 73 vol. %, while the β-phase fraction 

increases from 13 to 24 vol. % and the α2-phase frac-

tion from 1 to 3 vol. %. The microstructure of the alloy 

after deformation at t = 950 °C is characterized by sig-

nificantly larger β-phase grains (2 μm), with O-phase 

(1 μm) and α2-phase particles (1.5 μm) located both 

within the grains and along their boundaries (Fig. 3, c). 

The volume fraction of the O-phase decreases signifi-

cantly to 22 vol. %, accompanied by an increase in the 

β-phase fraction to 75 vol. % and the α2-phase fraction 

to 13 vol. % (Fig. 4).

The microstructural study using EBSD analysis re-

vealed that during deformation, the initial grains align 

along the metal flow direction, forming a texture that 

becomes sharper at lower temperatures (Fig. 4). It can be 

observed that at t = 950 °C, the main structural chang-

Fig. 2. σ–ε curves of the VIT1 alloy at t = 850÷1050 °C 

and ε· = 5·10–4 s–1

t, °С: 1 – 850, 2 – 900, 3 – 925, 4 – 950, 5 – 975, 6 – 1000, 7 – 1050

Рис. 2. Кривые σ–ε сплава ВИТ1 при t = 850÷1050 °С 

и ε· = 5·10–4 с–1

t, °С: 1 – 850, 2 – 900, 3 – 925, 4 – 950, 5 – 975, 6 – 1000, 7 – 1050

Fig. 3. Microstructure of the VIT1 alloy after deformation (SEM)

t, °С: а – 850, b – 900, c – 950; ε· = 5·10–4 s–1; ε = 70 %. The deformation axis is oriented vertically

Рис. 3. Микроструктура после деформации сплава ВИТ1 (СЭМ)

t, °С: а – 850, b – 900, c – 950; ε· = 5·10–4 с–1; ε = 70 %. Ось деформации ориентирована вертикально

Fig. 4. Microstructure of the VIT1 alloy after deformation (EBSD IPF maps)

t, °С: a – 950, b – 975, c – 1000; ε· = 5·10–4 s–1; ε = 70 %. The deformation axis is oriented vertically

Рис. 4. Микроструктура после деформации сплава ВИТ1 (EBSD IPF-карты)

t, °С: а – 950, b – 975, c – 1000; ε· = 5·10–4 с–1; ε = 70 %. Ось деформации ориентирована вертикально

a

a

c

c

b
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es occur predominantly within the original β-grains, 

which exhibit highly curved boundaries due to their 

migration (Fig. 4, a).

A further increase in the deformation temperature 

to 975 °C leads to the complete dissolution of O-phase 

particles, an increase in the β-phase fraction (89 vol. %), 

and a reduction in the α2-phase fraction (11 vol. %) 

(Fig. 4, b). As a result, dynamic recovery dominates 

during deformation, with only slight curvature ob-

served at some boundaries and the appearance of new 

recrystallized grains, approximately 10 μm in size. The 

average size of the large elongated β-phase grains is 

160 × 30 μm, which is significantly smaller than in the 

initial state. The size of the α2-phase particles remains 

unchanged at 1.5 μm. Thus, the dissolution of O-phase 

particles, a reduction in the α2-phase fraction, and an 

increase in temperature significantly suppress dyna-

mic recrystallization in the β-phase, as evidenced by the 

small number of new grains and the formation of pre-

dominantly low-angle boundaries within the original 

β-grains (Fig. 4, b). At a deformation temperature of 

1000 °C, the alloy’s microstructure consists of rela-

tively large elongated β-phase grains with an average 

size of 200 × 70 μm and a small number of equiaxed 

α2-phase grains, approximately 2 μm in size (4 vol. %) 

(Fig. 4, c). Further temperature increases lead to a no-

ticeable growth of β-grains.

Thus, the results of the conducted tests demonstrate 

that deformation of the alloy via uniaxial compression 

under isothermal conditions can produce a fine-grained 

structure at a temperature of 950 °C. Lowering the defor-

mation temperature below 950 °C leads to significant lo-

calization of plastic deformation, while increasing it re-

sults in the complete dissolution of the O-phase, which 

severely slows the kinetics of dynamic recrystallization 

and prevents grain refinement. Achieving a uniform 

fine-grained structure throughout the entire specimen 

volume requires increasing the degree of deformation 

during processing, which is possible through multi-

directional isothermal forging [8; 14; 16].

An additional effect can be achieved by annealing the 

billets above the polymorphic transformation tempera-

ture, which helps mitigate the inheritance of the rolling 

texture during subsequent forging. It was observed that 

heating to 1100 °C and holding for 0.5 h results in the 

formation of polygonal grains with an average size of 

200 μm (Fig. 5, a). The annealed billets were subjected 

to multi-directional isothermal forging at 950 °C [17—

19], resulting in a homogeneous microstructure with an 

average grain/particle size of ~1 μm (Fig. 5, b). 

As noted earlier, the balance of strength, ductili-

ty, and heat resistance in orthorhombic titanium alu-

minide alloys is determined by a combination of mic-

rostructural factors: β-grain size, the dispersion, and 

volume fraction of strengthening α2- and O-phase 

particles. The dispersion and volume fraction of the 

O-phase are governed by the supersaturation of alloy-

ing elements in the β-phase, which depends signifi-

cantly on the selected quenching temperature. From 

the results, it is evident that complete dissolution of the 

O-phase occurs at temperatures above 950 °C. There-

fore, potential quenching temperatures are in the range 

of 975 °C and above. The upper temperature limit is 

clearly constrained by β-grain growth, necessitating a 

study of its temperature dependence. 

To determine quenching temperatures, the alloy was 

heated after forging in the temperature range of 950—

1100 °C with a holding time of 2 h. At t = 950 °C, the 

β-phase grain size increased to 2 μm, and the particle 

size was 1 μm (Fig. 6, a). Heating to 975 °C resulted in 

Fig. 5. Microstructure of еру VIT1 alloy after annealing at t = 1100 °C for 0.5 h (EBSD IPF map) (a) 

and after multi-directional isothermal forging at t = 950 °C, strain rate of 10–3 s–1, and accumulative strain of 750 % (b)

Рис. 5. Микроструктура сплава ВИТ1 после отжига при t = 1100 °С, τ = 0,5 ч (EBSD IPF-карта) (а) 

и после всесторонней изотермической ковки при t = 950 °С, скорости деформации 10–3 с–1, 

накопленной степени деформации 750 % (b)
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complete dissolution of the O-phase and a reduction 

in the α2-phase volume fraction from 13 to 11 vol. % 

(Fig. 6, b). The β-phase grain size increased to 4 μm, 

while the α2-phase particle size remained unchanged. 

After heating to 1000 °C, the β-phase grain size in-

creased to 6 μm (Fig. 6, c), and at 1025 °C, it reached 

8 μm (Fig. 6, d). At these temperatures, the α2-phase 

fraction decreased to 5 and 3 vol. %, respectively. Fur-

ther temperature increases to 1050 and 1075 °C caused 

a sharp growth in β-phase grains to 50 and 100 μm, re-

spectively, while the α2-phase volume fraction decreased 

to 1—2 vol. % (Fig. 6, e, f). Complete dissolution of the 

α2-phase was observed after heating and holding at 

1100 °C, where the average β-phase grain size reached 

200 μm (Fig. 6, f).

Hus, as the heating temperature for quenching in-

creases within the range of 950—1025 °C, a gradual in-

crease in β-grain size from 4 to 8 μm is observed. How-

ever, heating to 1050—1100 °C results in a sharp growth 

of β-grains due to a reduction in the α2-phase fraction. 

A quenching temperature of 975 °C was preliminarily 

selected for determining the aging conditions.

Fig. 7 shows the evolution of the microstructure 

of the quenched VIT1 alloy during aging at t = 750, 

800, and 850 °C for 0.5, 6, 48, and 192 h. It can be ob-

served that, with increasing aging time, needle-shaped 

O-phase particles precipitate within the β-phase and 

form interlayers along the grain boundaries. The lower 

the aging temperature, the thinner the O-phase parti-

cles at all holding times (Table 1, Fig. 7). As the hold-

ing time increases, coarsening and spheroidization 

of the O-phase particles are observed, and, at longer 

holding times, some α2-phase particles transform into 

the O-phase [20; 21] (Fig. 7, g—l). Thus, it was estab-

lished that during aging, O-phase particles of varying 

dispersion precipitate, with dispersion decreasing as 

both temperature and holding time increase.

The change in the microhardness of the alloy cor-

relates with the evolution of its microstructure during 

aging (Fig. 8). The formation of fine acicular O-phase 

particles at the initial stage of aging (τ = 0.5 h) leads 

to a sharp strengthening of the quenched alloy, with 

a greater effect observed at lower temperatures. With 

a further increase in aging time (τ > 1 h), softening 

occurs due to the coarsening of the O-phase par-

ticles. However, after τ > 4 h, the microhardness 

changes only slightly. The most significant decrease 

in microhardness is observed after aging times ex-

ceeding 48 h at all temperatures. This is likely due to 

the continued coarsening and spheroidization of the 

O-phase particles, along with the transformation of 

α2 → O. The fact that the microhardness of the alloy 

stabilizes after the initial softening suggests a certain 

structural stabilization at this stage of aging. Based 

Fig. 6. Microstructure of the VIT1 alloy forged under isothermal conditions and quenched at various temperatures (SEM)

t, °С: a – 950, b – 975, c – 1000, d – 1025, e – 1050, f – 1075

Рис. 6. Микроструктура кованного в изотермических условиях сплава ВИТ1 после закалки 

при различных температурах (СЭМ)

t, °С: а – 950, b – 975, c – 1000, d – 1025, e – 1050, f – 1075

a

d

c

f

b

e
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on these findings, an aging time of 6 h was selected 

for further studies. 

The results of tensile testing for the alloy after heat 

treatment (quenching at t = 975 °C, holding for 2 h, 

and aging at t = 750, 800, and 850 °C for 6 h [22]) 

are presented in Table 2. It is evident that the lowest 

aging temperature corresponds to the highest strength 

(σu = 1450 MPa) and the lowest ductility (δ = 2 %). 

Increasing the aging temperature to 800 °C slightly re-

duces the yield strength but significantly increases duc-

tility to 6.2 %. Further increasing the aging temperature 

to 850 °C reduces σu to 1200 MPa while raising δ to 

8.0 %. Meanwhile, creep testing at t = 650 °C and 

σ = 380 MPa for the alloy aged at t = 800 °C revealed 

a time-to-failure of only τ = 40 h. This short time-to-

failure is evidently related to the small β-grain size 

(4 μm) in this alloy state (Table 2). 

Therefore, additional studies were conducted to eva-

luate the mechanical properties of the alloy with larger 

β-grain sizes. To achieve coarser grains, the quenching 

temperature was increased to 1000 and 1025 °C, while 

the aging temperature was maintained at 850 °C to 

Fig. 7. Microstructure of the VIT1 alloy after quenching at t = 975 °C and aging (SEM)

Рис. 7. Микроструктура сплава ВИТ1 после закалки с t = 975 °C и старения (СЭМ)

0,5 h

750 °С 800 °С 850 °С

6 h

48 h

192 h
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compensate for the loss of ductility (Table 2). The most 

balanced combination of strength (σu = 1260 МПа), 

ductility (δ = 5.8 %), and time-to-failure (299 h) was 

observed with a β-grain size of 12 μm, achieved after 

heat treatment under the following conditions: quench-

ing at t = 1025 °C, holding for 4 h, and aging at t =

= 850 °C for 6 h. The obtained mechanical properties 

surpass those reported in [1; 2], where the VIT1 alloy 

subjected to multi-stage forging and rolling followed by 

heat treatment demonstrated σu = 1150 MPa and δ =

= 4 %. A clear advantage of using multi-directional iso-

thermal forging as a preliminary processing step is the 

significant improvement in hot ductility, which is cha-

racteristic of fine-grained alloys [23—26]. 

Conclusions

1. The effect of hot deformation by uniaxial com-

pression in the temperature range of 850—1050 °C on 

the mechanical behavior and structural evolution of 

the VIT1 alloy in a hot-rolled coarse-grained state was 

investigated. It was shown that the most intense micro-

structure refinement (average grain size ~1 μm) occurs 

in the (α2 + β + О)-phase region at 950 °C due to active 

dynamic recrystallization and spheroidization. As the 

temperature increases and transitions into the (α2 + β)- 

phase region, the activation of dynamic recovery, caused 

by the dissolution of O-phase particles, reduces the de-

gree of microstructure refinement.

2. Multi-directional isothermal forging of hot-

rolled VIT1 billets at 950 °C with a total strain of 750 % 

produced forgings with a homogeneous fine-grained 

structure (~1 μm grain size). It was demonstrated that 

the uniformity of the microstructure could be improved 

by preliminary annealing at 1100 °C. The temperature 

dependence of grain size in fine-grained billets re-

vealed a gradual increase from 4 to 8 μm in the range 

of 950—1025 °C (2-hour hold), with a sharp growth to 

Table. 1. Thickness of O-phase particles after quenching at t = 975 °C and aging

Таблица 1. Толщина частиц О-фазы после закалки с t = 975 °C и старения

t, °С
Thickness of O-phase particles, nm, at τ, h

0,5 6 12 48 96 192

750 65 ± 15 68 ± 25 70 ± 30 95 ± 35 100 ± 30 120 ± 50

800 70 ± 20 100 ± 30 130 ± 40 150 ± 40 180 ± 50 230 ± 100

850 75 ± 35 120 ± 70 160 ± 75 190 ± 20 240 ± 111 310 ± 120

Fig. 8. Dependence of the microhardness of the VIT1 alloy after quenching (t = 975 °C) and aging (t = 750÷850 °C) 

on holding time

Рис. 8. Зависимость микротвердости сплава ВИТ1 после закалки (t = 975 °С) и старения (t = 750÷850 °С) 

от времени выдержки
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50 μm at 1050 °C and further to 200 μm at 1100 °C, 

due to a reduction in the volume fraction of α2-phase 

particles. 

3. The changes in microhardness and the evolution 

of microstructure during the aging of the quenched al-

loy were studied. It was found that the formation of fine 

acicular O-phase particles at the initial stage leads to a 

sharp strengthening of the quenched alloy, with a greater 

effect observed at lower temperatures. Prolonged aging 

results in softening caused by the coarsening and sphe-

roidization of O-phase particles, as well as α2-phase 

degradation due to the α2 → О. 

4. Based on the conducted studies, the quenching 

temperature range (975—1025 °C) and aging tempera-

ture range (750—850 °C) were selected to ensure a ba-

lance of strength, ductility, and heat resistance in 

the alloy processed by multi-directional isothermal 

forging. Mechanical testing results indicate that quench-

ing at 1025 °C with a 4-hour hold, followed by aging at 

850 °C for 6 h, provides the most balanced combination 

of strength (σ0.2 = 1180 MPa, σu = 1260 MPa), ducti-

lity (δ = 5.8 %), and heat resistance (time-to-failure of 

299 h at 650 °C and 380 MPa).
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Abstract: This study investigates the process of enhancing the efficiency of the afterburning chamber in the Vanyukov furnace. Various 

operational modes of the furnace and the chamber were analyzed to identify optimal conditions for sulfur oxidation and afterburning, as well 

as methods for reducing accretions. Measurements and analyses of off-gas compositions were conducted, and the dust content was determined. 

Simplifications and assumptions were applied in the calculations, enabling the modeling of gas flow, thermodynamic processes, velocity 

profiles, and interaction zones. Some thermodynamic calculations of counter-penetrating gas jets were based on hypotheses derived from heat 

exchange theories in mixing devices. Experimental results of numerical modeling and predictive simulations within the afterburning chamber 

are presented. Parameters were measured, and aerodynamic characteristics of the tuyeres were charted at an average oxygen supply to the 

chamber of no more than 2500 n.m3/h (38 n.m3 per ton of batch load). Recommendations for effective technological operations were proposed. 

The expertise of specialists from the Sredneuralsk Copper Smelter, along with the results of trials and process modeling, facilitated the selection 

of the optimal tuyere air distribution. The findings reveal the complexity of aerodynamic and thermodynamic processes occurring within the 

afterburning chamber. These include interactions between tuyere cooling airflows, heat release from exothermic oxidation reactions, and 

forced and natural convection of off-gases with varying temperature gradients, all visualized within a single projection.
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Аннотация: В исследуемом процессе повышения эффективности использования камеры дожигания в печи Ванюкова изучены 

различные эксплуатационные варианты работы печи и камеры, найдены режимы оптимального окисления и дожигания серы, 

выявлены способы снижения настылеобразования. Проведены измерения и анализ отходящих газов. Определен состав пыли. 
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Introduction

The domestic smelting technology — known as the 

Vanyukov process, employed for processing sulfide-cop-

per concentrates — has several advantages over foreign 

analogs, including high specific productivity, process 

flexibility, simplicity and reliability of the metallurgical 

unit, and low capital and operating costs. The smelting 

technology, in general, can be characterized as a semi-

autogenous process [1—3].

During the testing period, the charge materials com-

position was as follows (wt. %): Cu — 17.97, S — 26.16, 

SiO — 15.28, Zn — 1.75, Pb — 0.25, others — 38.59.

In the horizontal section, the furnace consists of 

smelting-oxidation and sedimentation zones, while 

in the vertical section, it is divided into superstratum, 

supra-tuyere, and sub-tuyere zones. The furnace, in 

cross-section, is a rectangular-trapezoidal unit into 

which the blast is introduced through tuyeres. Charge 

materials are fed into the working space of the unit via 

loading devices. During the first stage of processing, 

heating, oxidation, and melting of the charge materials 

dominate [4]. The process characteristics are heavily 

influenced by the chemical, mineralogical, and granu-

lometric composition of the ore [5]. In the supra-tuyere 

zone, processes such as melting, dissolution of refractory 

components, sulfide oxidation, and the coalescence of 

matte droplets take place [6—8]. Oxidation of off-gases 

occurs in the afterburning chamber, which is equipped 

with four tuyeres. 

The issues related to improving efficiency and 

the simulation and optimization of the afterburning 

chamber’s operation in the Vanyukov furnace will be 

examined in detail, as enhancing operational energy 

efficiency holds both practical and theoretical signi-

ficance [9].

По результатам выполненных расчетов применяли ряд упрощений и допущений, позволяющих представлять движение газов, 

термодинамические процессы, профиль скоростей, области взаимодействия. Некоторые варианты термодинамических расче-

тов взаимопроникающих встречных струй построены на гипотезах, заимствованных из теории теплообмена в смешивающих 

аппаратах. Представлены экспериментальные результаты численного моделирования и варианты некоторых прогнозных си-

муляций, происходящих в камере дожигания печи Ванюкова. Проведены замеры параметров, построены графики аэродина-

мических характеристик фурм при среднем значении подачи кислорода в пространство камеры дожигания не более 2500 н.м3/ч 

(38 н.м3/т загрузки шихты). Предложены мероприятия для эффективной технологической эксплуатации. Опыт специалистов 

Среднеуральского медеплавильного завода, результаты испытаний и моделирования процесса способствовали выбору наилуч-

шего распределения дутья по фурмам. Полученные результаты свидетельствуют о достаточно сложных аэродинамических и тер-

модинамических процессах, происходящих в пространстве камеры дожигания, представлении в одной проекции взаимодействий 

явлений динамики фурменных дутьевых потоков охлаждения, выделения тепловой энергии экзотермических реакций окисления, 

принудительной и естественной конвекции отходящих расплавных газов с различными температурными градиентами.

Ключевые слова: камера дожигания, повышение эффективности, моделирование, процесс Ванюкова.
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Research methodology

The methodology for determining the optimal modes 

of blast supply to the tuyere row of the afterburning 

chamber and optimizing the sulfur afterburning process 

was divided into practical and methodological compo-

nents, with elements of visual representation.

In the methodological component, based on the re-

sults of the calculations, a number of simplifications and 

assumptions were applied to model gas flow, velocity 

profiles [10], thermal processes, and surface interaction 

zones. Some thermodynamic calculations of interpene-

trating counter jets were built on concepts borrowed from 

the theory of heat exchange in mixing devices [11; 12]. For 

the numerical theoretical aspects of modeling hydrody-

namic characteristics, the following formulas were used:

W2 = [0.5gh–1Ld–1γ0μ(1 + βt)]0.5,  (1)

Re = Wdt /ν,  (2)

where γ0 — specific mass of the gas; β — coefficient of 

volumetric gas expansion; L — space length; d — space 

diameter; h — geometric head; g — gravitational acce-

leration; μ — friction coefficient; t — temperature; ν — 

viscosity coefficient; W — blast velocity; W2 — gas flow 

velocity; dt — tuyere outlet diameter; Re — Reynolds 

number (dimensionless coefficient).

During the numerical modeling of heat release in the 

afterburning chamber, combustion reactions of sulfur 

and sulfur dioxide were considered:

S + O2 = SO2 + 297 kJ,  (3)

2SO2 + O2 = 2SO3 + 192 kJ.  (4)

To analyze the thermal processes in the studied Oxyz 

space, the area of off-gas flow, A, was divided into grid 
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sections ΔN1, ΔN2, …, ΔNn with volumes ΔV1, ΔV2, …, 

ΔVn. The integral sum for the function f (x,y, z) over 

area A is given by

Mn =  f (xj,yj, z j)ΔVj. (5)

The volumetric region of heat release from the jet 

streams was determined as:

∫dx ∫dy ∫ f (x,y, z)dz,   (6)

a  x  b, c  y  e, m  z  n.  (7)

For each operational mode, technological data were 

monitored, and the composition of the off-gases was 

determined. Based on the balance indicators, the after-

burning efficiency was evaluated (Table 1).

Table 1 includes the following parameters: Sa — 

amount of sulfur dioxide after the afterburning cham-

ber; Sv — sulfur content in dust; Ssh — sulfur content in 

the charge materials; Kv — oxygen concentration in the 

off-gases exiting the afterburning chamber; Kd — oxygen 

supplied to the afterburning chamber.

To determine afterburning efficiency, the oxygen 

and gas blast parameters at the furnace’s tuyere rows 

were recorded. Oxygen was supplied for afterburning 

at a rate not exceeding 2500 n.m3/h (38 n.m3 per ton of 

charge). Operating parameters were determined using 

measurement instrument readings. For comprehensive 

analysis, data from the information system’s hourly and 

shift reports on furnace performance were used. Infor-

mation on the composition of matte, slag, and dust was 

considered, and the composition of off-gases was ana-

lyzed.

Results and discussion

In the studied gas flow process, the operational fea-

tures of the afterburning chamber and the dynamic 

effects of jets emerging from the furnace tuyeres were 

examined, despite the presence of thermal and gas-

dynamic inhomogeneities. Various operational modes 

of the furnace and afterburning chamber were ana-

lyzed, leading to the identification of optimal oxidation 

regimes and methods for enhancing the efficiency of 

accretion reduction. Schematic of the tuyere row is pre-

sented in Fig. 1.

During the tests, the oxygen pressure at the tuyere 

was regulated using shut-off and control valves, with the 

pressure readings recorded on the installed manometer, 

as well as the flow rate monitored via the information 

system. The resulting characteristics are presented in 

Fig. 2 and Table 2.

The provided tuyere characteristics enable individual 

regulation of the oxygen flow rate through each tuyere in 

varying proportions, while maintaining an approximate 

overall oxygen supply to the afterburning chamber de-

pending on the furnace load.

A more detailed examination of the blast supply 

through the tuyeres of the afterburning chamber re-

veals that, due to turbulence, the free jet mixes with the 

surrounding medium as it moves away from the source. 

Free boundary layer forms within the jet, expanding 

Table. 1. Combustion efficiency assessment

Таблица 1. Оценка полноты сжигания

Mode Ssh Sa Sv Kv Kd Effect

Baseline const ↕ ↕ ↕ ↕

1 const ↑ ↓ ↑ ↑ +

2 const ↓ ↑ ↓ ↓ –

3 const ↑ ↓ ↕ ↕ +

4 const ↓ ↑ ↑ ↕ –

Note. ↑ – increase, ↓ – decrease, ↕ – baseline values, 

«+» or «–» – indicates the afterburning efficiency achieved.

Fig. 1. Afterburning chamber tuyeres

Рис. 1. Фурмы камеры дожигания
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outward from the nozzle, with primary mixing begin-

ning at this boundary. This velocity adjustment within 

the jet leads to the formation of vortex regions in the 

cross-sectional plane. In other words, the most active 

interaction area is the collision point of the jets. This 

is because the velocities of the opposing jets are si-

milar, causing the laminar f low zone to transition into 

turbulence [13—15]. Fig. 3 illustrates the vortex col-

lision structures at relatively similar velocities of the 

opposing jets.

Due to the characteristics of off-gas flow and the 

non-uniformity caused by the connection of the furnace’s 

tuyere rows and its geometry, jet flow modeling in the af-

terburning chamber represents a specific case [16—26]. 

The concentration of thermal energy in the jet inter-

action zones was calculated for both sulfur oxidation and 

Table. 2. Calculated blast velocity modes

Таблица 2. Расчетные скорости дутьевых режимов

Right side of the afterburning chamber Left side of the afterburning chamber

Tuyere 1 Tuyere 2 Tuyere 3 Tuyere 4

W, m/s Re, 104 W, m/s Re, 104 W, m/s Re, 104 W, m/s Re, 104

102.1

26–67

min

93.8

24–60

min

74.1

19–60

min

81.66

21–61

min

124.3 105.9 93.8 102.83

142.2 118.0 110.4 115.69

155.0 133.1 128.5 134.59

166.3 143.7 139.1 146.69

189.0

max

163.3

max

158.8

max

166.35

max

211.7 181.5 177.7 181.47

242.7 196.6 196.6 201.13

264.6
219.3 214.7 219.27

235.9 234.4 240.45

Fig. 2. Oxygen flow rate as a function of pressure

a – left side of the afterburning chamber, tuyere 1; b – left side of the afterburning chamber, tuyere 2; 

c – right side of the afterburning chamber, tuyere 3; d – right side of the afterburning chamber, tuyere 4

Рис. 2. Зависимости расхода кислорода от давления

а – левая сторона камеры дожигания, фурма 1; b – левая сторона камеры дожигания, фурма 2; 

c – правая сторона камеры дожигания, фурма 3; d – правая сторона камеры дожигания, фурма 4



84

Izvestiya. Non-Ferrous Metallurgy  •  2025  •  Vol. 31  •  No. 1 •  P. 80–90

Kirsanov V.A., Poberezhny Yu.F., Mikhailov N.G. et al. Enhancing efficiency and modeling the operation of the afterburning chamber...

natural gas combustion processes. It was assumed that 

the Mach number for jets during sulfur oxidation does 

not exceed 0.52.

The calculated surface areas were determined 

for the jet collision zones and the jet f low regions. 

Within the boundaries of the interaction zone, a ge-

ometric figure was constructed with its axis aligned 

to the axis of the analyzed regions. Using polynomial 

distribution, it was assumed that a certain amount of 

sulfur is probabilistically combusted within the sur-

face interaction zone.

As a result, the following volumetric heat loads were 

obtained: 500—1500 kW for oxidation processes and 

1100—2200 kW for natural gas combustion. The norma-

tive heat load values for these processes were applied to 

the volumetric space of the afterburning chamber, while 

the actual heat load was determined based on the con-

structed surface interaction zones. The results are sum-

marized in Table 3.

Examples of gas f low and jet stream are shown 

in Fig. 4.

The three-dimensional representation of the gas 

flows in the furnace reveals a variety of circulation 

zones. Velocity adjustments lead to the dominant jet, 

with the highest momentum and exit velocity, restruc-

turing the opposing jet. This results in displacement 

starting from the turbulent boundary layer, causing jet 

separation. The flows enveloping the restructured jet 

acquire turbulent properties and a lower velocity, vecto-

rially directed toward the boundaries of the afterburning 

chamber space. Considering the dynamics of opposing 

jets, it can be concluded that changes in velocity charac-

teristics not only alter the thermal interaction zone but 

also influence the exhaust gas flow. It has been estab-

lished that the structure of the collision zone depends on 

the design and operational parameters of the jet flow’s 

swirl [26, 27]. Understanding the behavior of opposing 

colliding jets can be utilized for cleaning and preventing 

active accretion formation, as well as optimizing sulfur 

Table. 3. Assessment of thermal energy 
concentrations

Таблица 3. Оценка концентраций тепловой энергии

Process 

Heat load, kW/m3 Local heat 

load coefficient 

[26]Normative Actual

Sulfur 

oxidation
40 1500 37

Natural 

gas 

combustion

65 2200 34

Fig. 3. Vortex collision structures

a – thermal zone of vortex collision; b – thermal structure of vortex collision; c – free turbulent jets in the afterburning chamber space; 
d – sections of a free turbulent jet: laminar (1), transitional (2), fully turbulent (3)

Рис. 3. Структуры вихревого соударения

a – термическая область вихревого соударения; b– термическая структура вихревого соударения; c – свободные турбулентные 

струи в пространстве камеры дожигания; d – участки свободной турбулентной струи: ламинарный (1), переходной (2) и свободный 

турбулентный (3)

a

dc

b
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oxidation processes. The parameters of the off-gas are 

presented in Table 4.

Observations indicate that the rate of tuyere fouling 

depends on the external environment, blast pressure, as 

well as the direction and composition of the particles in 

the exhaust gases. Dust samples were collected from se-

veral points along the gas duct: waste heat boiler, cooling 

tower, and electrostatic precipitator. The results of the 

dust composition analysis are shown in Table 5.

Comparative analysis of sulfur content in dust and 

charge under different operating modes of the afterburn-

ing chamber is presented in Fig. 5.

The tests revealed that sulfur afterburning regulation 

can be performed both quantitatively and qualitatively. 

Increasing oxygen supply to the afterburning chamber, 

up to certain limits, raises the sulfur dioxide concentra-

tion in the off-gas and reduces the sulfur mass fraction 

in the dust.

Using computer modeling, various cases of accre-

tion formation on one of the afterburning chamber walls 

were visualized is presented in Fig. 6.

The illustrated accretion formation variants, which 

occur during operation as a result of dust particle sin-

tering in the off-gas, affect the performance of the blast 

tuyeres. Tuyere fouling is detected either by changes 

in blast pressure, during tuyere cleaning, or visually 

through open “inspection windows”.

During operation, spontaneous tuyere cleaning may 

Table. 4. Off-gas parameters

Таблица 4. Параметры отходящих газов

Gas component Gas density, kg/n.m3 Mass fraction, kg/kg Volume fraction, n.m3/n.m3

N2 1.25 0.0483 0.0746

CO 1.25 – –

CO2 1.963 0.0768 0.0755

SO2 2.855 0.07087 0.479

H2O 0.863 0.139 0.334

O2 1.427 0.027 0.0365

Note. The off-gas temperature is 1250 °C.

Fig. 4. Gas flow and jet stream

a – jet streams and off-gas flow; b – flow of high-temperature gases; c, d – formation of collision structures at different jet velocities: 

1, 2 – variations in jet velocity; e – velocity scale of high-temperature gases (m/s)

Рис. 4. Движение газов и струйный поток

a – струйный поток и движение уходящих газов; b – движение расплавных газов; c, d – формирование структур соударения 

на разных струйных скоростях: 1, 2 – варианты скоростных изменений струй; e – шкала скорости расплавных газов, м/с
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occur, with the accretion breaking off due to the jet’s 

own pressure. Installing a gas burner in the tuyeres of 

the third row is currently the primary method of com-

bating accretion formation in the working space of the 

afterburning chamber. Table 6 shows the changes in the 

working space volume of the afterburning chamber due 

to accretion formation.

The data in Table 6 demonstrate that the working 

space volume of the afterburning chamber can signifi-

cantly decrease due to perimetric accretion formation. 

This reduction leads to changes in the particle flow 

trajectories of the off-gases, deviations in the dynamic 

resistance during gas removal, and a decline in sulfur 

oxidation efficiency. 

To determine the most efficient operation of the af-

terburning chamber, including the optimal oxygen flow 

through its tuyeres, calculation schemes and gas flow 

ratios were developed and evaluated for several existing 

and prospective operating modes. The optimal mode for 

the current system was identified, meeting the require-

ments for optimal afterburning, improved chamber effi-

ciency, and enhanced sulfur oxidation. The results of gas 

composition measurements under different operating 

modes are presented in Table 7.

The results in Table 7 indicate that the uniformity of 

optimal sulfur oxidation and afterburning depends on jet 

dynamics. Various design options for modernizing the 

afterburning chamber are proposed in Fig. 7. Additional 

simulations and studies are necessary to confirm the ef-

fectiveness of these modernizations.

Conclusion

The findings highlight the complexity of the aero-

dynamic and thermodynamic processes within the 

afterburning chamber. The study employed turbulent 

jet theories and physical modeling. The blast supply 

was optimized for various experimental modes, with 

parameters measured and aerodynamic characteris-

tics of the tuyeres charted at an average oxygen sup-

ply rate to the afterburning chamber of no more than 

2500 n.m3/h (38 n.m3 per ton of charge). Gas analyses 

were performed, and the dust composition was deter-

mined at several points along the gas duct, including 

the waste heat boiler, cooling tower, and electrostatic 

precipitator.

Several schemes for modernizing the afterburning 

chamber and optimizing tuyere blast distribution were 

proposed. It was determined that the highest sulfur af-

terburning efficiency can be achieved by supplying a 

specific oxygen flow rate to each tuyere without altering 

the overall oxygen supply.

Table. 5. Dust composition, wt. %

Таблица 5. Состав пыли, мас. %

Sampling point Cu S Pb Zn Others

Cooling tower No. 2 19.45 5.45 3.69 3.28 68.13

Waste heat boiler 

No. 2
18.78 7.61 4.29 3.31 66.01

Electrostatic 

precipitator “Lurgi” 

No. 3

14.84 8.43 6.93 4.65 65.15

Fig. 5. Sulfur content in dust and charge under different 

operating modes of the afterburning chamber

1–3 – sulfur content density distribution assessment

1 – waste heat boiler No. 2; 2 – cooling tower No. 2; 

3 – electrostatic precipitator “Lurgi” No. 3

Рис. 5. Содержание серы в пыли и шихте 

на разных режимах работы камеры дожигания 

1–3 – оценка плотности распределения содержания серы

1 – котел-утилизатор № 2; 2 – башня охлаждения № 2; 

3 – электрофильтр «Lurgi» № 3

Table. 6. Perimetric formation

Таблица 6. Периметральное образование настыли

Variant
Working space 

volume, m3
Thickness of wall 

accretion, m

1

2

3

4

55–59

49–53

37.5–43.0

34.0–37.6

0.1–0.2

0.25–0.35

0.50–0.65

0.65–0.75
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Measures for efficient operation and minimizing ac-

cretion formation in the Vanyukov furnace afterburning 

chamber were proposed. To implement a prospective 

automated operation, it is recommended to organize in-

formation tracking for each tuyere (pressure/flow rate), 

install regulating valves to adjust the blast flow rate to 

each tuyere without manual intervention, and introduce 

an automatic control system [31]. 

The expected outcomes of implementing these meas-

ures and recommendations include improved energy ef-

ficiency and operational safety, increased productivity, 

and enhanced control over the technological process.

Fig. 6. Variants of accretion formation

Accretion thickness, m: а – 0.75; b – 0.3; c – 0.1

Рис. 6. Варианты настылеобразования

Толщина настыли, м: а – 0,75; b – 0,3; c – 0,1

Fig. 7. Prospective options for modernizing the afterburning chamber [27–30]

a –arrangement of tuyeres in the afterburning chamber; b – multi-channel tuyere with two tiers of nozzles; c – modernization options for tuyere 

components: casing (1), sleeve (2), swirl inserts (3), and diffuser (4)

Рис. 7. Перспективные варианты направлений модернизации камеры дожигания [27–30]

a – вариант расположения фурм в камере дожигания; b – многоканальная фурма с двумя ярусами сопел; c – на участке фурмы 

варианты модернизации корпуса (1), втулки (2), вставок-завихрителя (3), рассекателя (4)

a

a

c

c

b

b



88

Izvestiya. Non-Ferrous Metallurgy  •  2025  •  Vol. 31  •  No. 1 •  P. 80–90

Kirsanov V.A., Poberezhny Yu.F., Mikhailov N.G. et al. Enhancing efficiency and modeling the operation of the afterburning chamber...

References

1. Lisienko V.G., Shchelokov Ya.M., Ladygichev M.G. 

Melting units: heat engineering, management 

and ecology. Moscow: Teplotekhnik, 2005. 912 p. 

(In Russ.).

 Лисиенко В.Г., Щелоков Я.М., Ладыгичев М.Г. Пла-

вильные агрегаты: теплотехника, управление и эко-

логия. М.: Теплотехник, 2005. 912 с.

2. Lisienko V.G., Shchelokov Ya.M., Ladygichev M.G. Fuel. 

Rational combustion, management and technological 

use. Moscow: Teplotekhnik, 2004. 832 p. (In Russ.).

 Лисиенко В.Г., Щелоков Я.М., Ладыгичев М.Г. 

Топливо. Рациональное сжигание, управление и 

технологическое использование. М.: Теплотехник, 

2004. 832 с.

3. Naboichenko S.S., Ageev N.G., Doroshkevich A.P., 

Zhukov V.P., Eliseev E.I. Processes and devices of non-

ferrous metallurgy. Ekaterinburg: UGTU–UPI, 2005. 

700 p. (In Russ.).

 Набойченко С.С., Агеев Н.Г., Дорошкевич А.П., Жу-

ков В.П., Елисеев Е.И. Процессы и аппараты цвет-

ной металлургии. Екатеринбург: УГТУ—УПИ, 2005. 

700 с.

4. Sborshchikov G.S., Volodin A.M., Valavin V.S. Free 

convection of the melt in the furnace with a bubble layer 

during its blowing through a side tuyere established 

under the layer level. Izvestiya. Non-Ferrous Metallurgy. 

2015;(2):58—68. (In Russ.).

 Сборщиков Г.С., Володин А.М., Валавин В.С. Сво-

бодная конвекция расплава в печи с барботажным 

слоем при его продувке через боковую фурму, уста-

новленную под уровнем слоя. Известия вузов. Цвет-

ная металлургия. 2015;(2):58—68. 

 https://doi.org/10.17073/0021-3438-2015-2-58-68

5. Hoffman G.O. Metallurgy of copper. Sverdlovsk: GNTI, 

1934. 475 p. (In Russ.).

 Гофман Г.О. Металлургия меди. Свердловск: ГНТИ, 

1934. 475 с.

6. Vanyukov A.V., Zaitsev V.Ya. Slags and matte of non–

ferrous metallurgy. Moscow: Metallurgiya, 1969. 408 p. 

(In Russ.).

 Ванюков А.В., Зайцев В.Я. Шлаки и штейны цвет-

ной металлургии. М.: Металлургия, 1969. 408 с.

7. Vaisburd S., Berner A., Brandon D.G., Kozhakhmetov S., 

Kenzhaliyev E., Zhalelev R. Slags & mattes in Vanyukov’s 

process for the extraction of copper. Metallurgical and 

Materials Transactions. 2002;(33):551—559. 

 https://doi.org/10.1007/s11663-002-0034-1

8. Zhang H.L., Zhou C.Q., Bing W.U, Chen Y.M. 

Numerical simulation of multiphase flow in a Vanyukov 

furnace. Journal of Southern African Institute of Mining and 

Metallurgy. 2015;(115):457—463.

9. Anufriev V.P., Lisienko V.G., Chesnokov Yu.N., Lapte-

va A.V. Possibilities for implementing carbon policy in 

Russian regions. In: Proceedings of the XII International 

conference «Russian regions in the focus of change» 

(16–18 November 2017). Ekaterinburg: UMC UPI, 2018. 

Part 2. P. 536–550. (In Russ.).

 Ануфриев В.П., Лисиенко В.Г., Чесноков Ю.Н., 

Лаптева А.В. Возможности реализации углеродной 

политики в российских регионах. В сб: Материалы 

XII Международной конференции «Российские регионы в 

фокусе перемен» (16—18 ноября 2017 г.). Екатеринбург: 

УМЦ УПИ, 2018. Ч. 2. С. 536—550.

10. Idelchik I.E. Handbook of hydraulic resistance. Moscow: 

Mashinostroenie, 1992. 672 p. (In Russ.).

 Идельчик И.Е. Справочник по гидравлическим со-

противлениям. М.: Машиностроение, 1992. 672 с.

11. Kutateladze S.S. Fundamentals of the theory of heat 

transfer. Moscow: Atomizdat, 1979. 416 p. (In Russ.).

 Кутателадзе С.С. Основы теории теплообмена. М.: 

Атомиздат, 1979. 416 с.

12. Baskakov A.P., Berg B.V., Vitt O.K., Filippovsky N.F. 

Teplotekhnika. Moscow: Energoatomizdat, 1991. 224 p. 

(In Russ.).

 Баскаков А.П., Берг Б.В., Витт О.К., Филипповс-

кий Н.Ф. Теплотехника. М.: Энергоатомиздат, 1991. 

224 с.

Table. 7. Off-gas composition measurements (wt.%) 
after afterburning in different operating modes 
of the afterburning chamber

Таблица 7. Результаты измерений 

состава отходящих газов (мас. %) после дожигания 

на разных режимах эксплуатационной работы 

камеры дожигания

Measu-

rement 

No.

First mode Second mode

Oxygen supply to the afterburning chamber, 

n.m3/h

2300 2500

SO2 CO2 O2 SO2 CO2 O2

1 38.0 10.4 4.0 42.4 11.0 4.5

2 40.0 10.0 4.5 41.0 10.5 4.5

3 38.0 10.4 4.6 42.0 11.0 4.5

4 39.8 10.9 4.5 42.4 11.6 5.0

5 38.4 10.4 4.7 43.0 12.0 5.0

Average values

38.84 10.42 4.46 42.16 11.22 4.7



Известия вузов. Цветная металлургия  •  2025  •  Т. 31  •  № 1 •  С. 80–90

89

Кирсанов В.А., Побережный Ю.Ф., Михайлов Н.Г. и др. Повышение эффективности и моделирование использования камеры дожигания...

13. Abramovich G.N., Girshovich T.A., Krasheninni-

kov S.Yu., Secundov A.N., Smirnova I.P. Theory of tur-

bulent jets. Moscow: Nauka, 1984. 710 p. (In Russ.).

 Абрамович Г.Н., Гиршович Т.А., Крашенинни-

ков С.Ю., Секундов А.Н., Смирнова И.П. Теория 

турбулентных струй. М.: Наука, 1984. 710 с.

14. Colagrossi A., Marrone S., Colagrossi P., Le Touze D. 

Da Vinci’s observation of turbulence: A French-Italian 

study aiming at numerically reproducing the physics 

behind one of his drawings, 500 years later. Physics of 

Fluids. 2021;(33):1—16. https://doi.org/10.1063/5.0070984

15. Prodanov S.A., Voronov G.V. Features of the movement 

of the gas medium in the above-tuyere zone of the Vanyu-

kov furnace. In: Materials of the V All-Russian scientific 

and practical conference of students, postgraduate students 

and young scientists (12–13 May 2016). Ekaterinburg: 

UrFU, 2016. Р. 91–98.

 Проданов С.А., Воронов Г.В. Особенности движе-

ния газовой среды в надфурменной зоне печи Ва-

нюкова. В сб. докл.: Материалы V Всероссийской на-

учно-практической конференции студентов, аспирантов 

и молодых ученых (12—13 мая 2016 г.). Екатеринбург: 

УрФУ, 2016. С. 91—98.

16. Oliver T. Schmidt, Aaron Towne, Georgios Rigas, 

Tim Colonius, Guillaume A. Bres. Spectral analysis of 

jet turbulence. Journal of Fluid Mechanics. 2017;(855):

953—982. https://doi.org/10.1017/jfm.2018.675

17. Khansa Mahjoub Mohammed Merghani. Experimental 

study of a human-like exhaled airflow configuration 

and droplets dynamics in indoor environment. Paris: 

Universite Paris-EstCreteilVal-de-Marne, 2021. 183 p. 

https://theses.hal.science/tel-04022879

18. Barois T., Viggiano B., Basset T., Cal R.B., Volk R. Com-

pensation of seeding bias for particle tracking velocimetry 

in turbulent flows. Physical Review Fluids. 2023;(8):1—16. 

https://doi.org/10.1103/PhysRevFluids.8.074603

19. Viggiano B., Basset T., Bourgoin M., Cal R.B., Chevil-

lard L., Meneveau Ch., Volk R. Lagrangian modeling 

of a nonhomogeneous turbulent shear flow: Molding 

homogeneous and isotropic trajectories into a jet. Physical 

Review Fluids. 2024;(9):1—13. 

 https://doi.org/10.1103/PhysRevFluids.9.044604

20. Xinchen Zhang, Zhen Zhang, Alfonso Chinnici, Zhi-

wei Sun, Javen Qinfeng Shi, Graham J. Nathan, Rey C. 

Chin. Physics-informed data-driven unsteady Reynolds-

averaged Navier—Stokes turbulence modeling for particle-

laden jet flows. Physical Review Fluids. 2024;(36):1—23. 

https://doi.org/10.1063/5.0206090

21. Timothy C.W. Lau, Graham J. Nathan. Inuence of Stokes 

number on the velocity and concentration distributions 

in particle-laden jets. Journal of Fluid Mechanics. 

2014;(757):432—457. 

 https://doi.org/10.1017/jfm.2014.496

22. Aitor Amatriain, Corrado Gargiulo, Gonzalo Rubio. 

Generalized wall-modeled large eddy simulation model 

for industrial applications. Physics of Fluids. 2024;(36):

1—21. https://doi.org/10.1063/5.0180690

23. Jonathan B. Freund. Nozzles, turbulence, and jet noise 

prediction. Journal of Fluid Mechanics. 2019;(860):1—4. 

https://doi.org/10.1017/jfm.2018.823

24. Muppidi S., Mahesh K., Direct numerical simulation 

of round turbulent jets in crossflow. Journal of Fluid 

Mechanics. 2007;(574):59—84. 

 https://doi.org/10.1017/S0022112006004034

25. Yu Zhou, Dewei Fan, Bingfu Zhang, Ruiying Li, 

Bernd R. Noack Artificial intelligence control of a 

turbulent jet. Journal of Fluid Mechanics. 2020;(897):

1—46. https://doi.org/10.1017/jfm.2020.392

26. Khudyakov P.Yu. Gas dynamics and heat transfer 

during collision of straight-flow gas jets: Abstract of the 

dissertation ... Cand. Sci. (Phys.-Math.). Ekaterinburg: 

UrFU, 2013. (In Russ.).

 Худяков П.Ю. Газодинамика и теплообмен при со-

ударении прямоточных газовых струй: Автореф. 

Дис. … канд. физ.-мат. наук. Екатеринбург: УрФУ, 

2013.

27. Phoebe Kuhn. Linear modeling of coherent structures 

in the self-similar region of a round turbulent jet: 

Diss. … Dr. Eng. Berlin: Technischen Universität Berlin, 

2023. https://doi.org/10.14279/depositonce-18798

28. Velkin V.I., Shkolny A.V., Kirillov M.P., Achkeev M.V., 

Gurin A.A. Swirler: Patent 2321779 (RF). 2006. (In 

Russ.).

 Велькин В.И., Школьный А.В., Кириллов М.П., Ач-

кеев М.В., Гурин А.А. Завихритель: Патент 2321779 

(РФ). 2006.

29. Francis B.J., Joubert H., Bakker M.L., Nikolic S., 

Gwynn-Jones S. Lance for use in a top submerged lance 

furnace. WO 2017/195105. 2017.

30. Shatokhin I.M., Kuzmin A.L. Method of circulating 

vacuuming of liquid metal, system and devices for its 

implementation: Patent 2213147 (RF). 2003. (In Russ.).

 Шатохин И.М., Кузьмин А.Л. Способ циркуляци-

онного вакуумирования жидкого металла, система 

и устройства для его осуществления: Патент 2213147 

(РФ). 2003.

31. Zemtsov G.A., Puchkov A.E., Frolov L.I. Furma: Patent 

2355779 (RF). 2009. (In Russ.).

 Земцов Г.А., Пучков А.Е., Фролов Л.И. Фурма: Па-

тент 2355779 (РФ). 2009.



90

Izvestiya. Non-Ferrous Metallurgy  •  2025  •  Vol. 31  •  No. 1 •  P. 80–90

Kirsanov V.A., Poberezhny Yu.F., Mikhailov N.G. et al. Enhancing efficiency and modeling the operation of the afterburning chamber...

Информация об авторах Information about the authors

Владимир Андреевич Кирсанов – советник ген. дирек-

тора по инжинирингу Уральского научного-исследова-

тельского и проектного института обогащения и механи-

ческой обработки полезных ископаемых 

(АО «Уралмеханобр»).

E-mail: Kirsanov_VA@umbr.ru

Юрий Федорович Побережный – начальник бюро инжи-

ниринга и инноваций АО «Уралмеханобр».

E-mail: Poberezhny_YF@umbr.ru

Николай Григорьевич Михайлов – вед. инженер отдела 

технологического аудита АО «Уралмеханобр».

https://orcid.org/0009-0006-2019-019X

E-mail: Mikhaylov_NG@umbr.ru

Максим Михайлович Сладков – гл. инженер Среднеураль-

ского медеплавильного завода (АО «СУМЗ»).

E-mail: M.Sladkov@sumz.umn.ru

Сергей Николаевич Готенко – начальник технического 

управления АО «СУМЗ». 

E-mail: S.Gotenko@sumz.umn.ru

Vladimir A. Kirsanov – Advisor to the General Director for 

Engineering, Ural Research and Design Institute of Mining 

Processing, Metallurgy, Chemistry, Standartization 

(JSC “Uralmekhanobr”).

E-mail: Kirsanov_VA@umbr.ru

Yuri F. Poberezhny – Head of the Bureau of Engineering and 

Innovation, JSC “Uralmekhanobr”.

E-mail: Poberezhny_YF@umbr.ru

Nikolai G. Mikhailov – Leading Engineer of the Technolo-

gical Audit Department, JSC “Uralmekhanobr”. 

https://orcid.org/0009-0006-2019-019X

E-mail: Mikhaylov_NG@umbr.ru

Maxim M. Sladkov – Chief Engineer of the Sredneuralsky 

Copper Smeltery (JSC “SUMZ”). 

E-mail: M.Sladkov@sumz.umn.ru

Sergey N. Gotenko – Head of the Technical Department, 

JSC “SUMZ”.

E-mail: S.Gotenko@sumz.umn.ru

В.А. Кирсанов – общее руководство, редактирование 

текста статьи.

Ю.Ф. Побережный – участие в обсуждении результатов.

Н.Г. Михайлов – обработка результатов исследования, 

подготовка статьи.

М.М. Сладков – ресурсное обеспечение исследования.

С.Н. Готенко– ресурсное обеспечение исследования.

V.A. Kirsanov – general supervision, editing of the article.

Yu.F. Poberezhny – participation in the discussion of results.

N.G. Mikhailov – data processing and preparation of the 

article.

M.M. Sladkov – resource support for the research.

S.N. Gotenko – resource support for the research.

Вклад авторовContribution of the аuthors

The article was submitted 21.05.2024, revised 29.10.2024, accepted for publication 31.10.2024

Статья поступила в редакцию 21.05.2024, доработана 29.10.2024, подписана в печать 31.10.2024


