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Abstract. The paper considers the issues of determining undissolved CaO and MgO particles in slags formed in a ladle­furnace unit. The assess­

ment of slags by the presence and quantity of undissolved oxides CaO and MgO, depending on chemical composition, was carried out using 
a polymer model developed at UrFU and improved at IMeT UrB RAS. To determine the saturation of a multicomponent melt by CaO and MgO 
oxides, it is necessary to compare two parameters: thermodynamic activity of oxide in the melt, which depends on chemical composition, and 
saturation activity, which depends on temperature. The authors propose a method for estimating the content of undissolved particles in the slags 
formed at the steel ladle treatment at JSC VMZ. Most slags contain undissolved lime in an amount less than 10 %, which is sufficient for 
successful steel desulfurization. Theoretical calculations for determination of undissolved particles were confirmed in laboratory conditions 
during studies of industrial slags with a Stengelmeyer viscometer. Laboratory experiments showed the accuracy of the calculated method for 
determining the solid phase in the slags formed in ladle­furnace unit by comparing the viscosity changes with a decrease in the slags tempera­
ture. Solidification temperature of heterogeneous slag is 200 °C higher than that of homogeneous one. When temperature of heterogeneous slag 
decreased, enlarged agglomerates of solid oxides were formed, which fell under the measuring device, respectively, it showed an increased 
viscosity of the oxide system in the temperature range of 1570 – 590 °C. Laboratory experiments confirm the methodology for determining 
the solid phase in the slag. 
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Аннотация. В работе рассмотрены вопросы по определению нерастворенных частиц СаО и MgO в шлаках, формируемых в агрегате 

ковш–печь. Оценку шлаков по наличию и количеству нерастворенных оксидов СаО и MgO в зависимости от химического состава прово­
дили с помощью полимерной модели, разработанной в УрФУ и усовершенствованной в ИМеТ УрО РАН. Для определения насыщения 
многокомпонентного расплава по оксидам СаО и MgO необходимо сравнить два параметра: термодинамическую активность оксида 
в расплаве, которая зависит от химического состава, и активность насыщения, которая зависит от температуры. Предлагается методика 
оценки содержания нерастворенных частиц в шлаках, формируемых на участке ковшевой обработки стали АО «ВМЗ». Большинство 
шлаков содержит нерастворенную известь в количестве не более 10 %, что достаточно для успешной десульфурации стали. Теорети­
ческие расчеты по определению нерастворенных частиц были подтверждены в лабораторных условиях при исследованиях производст­
венных шлаков на установке вискозиметра конструкции Штенгельмейера. Лабораторные опыты показали точность расчетного метода 
определения твердой фазы в шлаках, формируемых в агрегате ковш–печь, путем сравнения изменения вязкости при снижении темпера­
туры шлаков. Температура застывания гетерогенного шлака на 200 °С выше, чем гомогенного. При снижении температуры гетерогенного 
шлака образовывались укрупненные агломераты твердых оксидов, которые контактировали с измерительным зондом, повышая регистри­
руемую вязкость оксидной системы в интервале температур 1570 – 1590 °С. Результаты лабораторных опытов подтверждают методику 
определения твердой фазы в шлаке. 

Ключевые слова: шлаки, агрегат ковш–печь, нерастворенные частицы, гомогенный шлак, гетерогенный шлак, вискозиметр, растворение из­
вести

Благодарности: Статья выполнена в рамках государственной работы № FEUZ­2023­0015.

Для цитирования: Мурысёв В.А., Шешуков О.Ю., Сафонов В.М., Сомов С.А., Метелкин А.А., Егиазарьян Д.К. Оценка гомогенности рафи­
нировочного шлака АКП расчетным и экспериментальным методами. Известия вузов. Черная металлургия. 2024;67(2):140–147.

 https://doi.org/10.17073/0368-0797-2024-2-140-147

1 АО «Выксунский металлургический завод» (Россия, 607060, Нижегородская обл., Выкса, ул. Братьев Баташе­
вых, 45)
2 Уральский федеральный университет имени первого Президента России Б.Н. Ельцина (620002, Екатеринбург, 
ул. Мира, 19) 
3 Институт металлургии Уральского отделения РАН (Россия, 620016, Екатеринбург, ул. Амундсена, 101) 
4 Выксунский филиал НИТУ «МИСИС» (Россия, 607036, Нижегородская обл., Выкса, п.г.т. Шиморское, ул. Калини­
на, 206)

Оценка гомогенности рафинировочного шлака АКП  
расчетным и экспериментальным методами

В. А. Мурысёв1 , О. Ю. Шешуков2, 3, В. М. Сафонов4, 
С. А. Сомов1, А. А. Метелкин2, Д. К. Егиазарьян2, 3

 Introduction

Ladle metallurgy represents a crucial stage in metal 
processing prior to pouring into a Continuous Casting 
Plant (CCP). Its primary objective is to refine the liqu id 
metal to attain the specified and uniform chemical com­
position, the required temperature, and a high degree 
of purity from non­metallic inclusions and harmful impu­
rities [1 – 3].

Within the ladle­furnace (LF) unit of the electric fur­
nace shop of JSC Vyksa Metallurgical Plant (JSC VMZ), 
highly basic and liquid­active slags are formed. The pri­
mary purpose is to remove sulfur from the metal, which 
can compromise the steel’s service properties. Addition­
ally, the slag serves to protect the metal from secondary 
oxidation, reduce heat losses from the melt’s surface, and 
absorb non­metallic inclusions [1].

A key objective in the ladle treatment of steel (LTS) 
is to form highly basic slag to ensure maximum desul­
furizing properties. This is achieved through the pre­

sence of “free” oxygen anions, originating mainly from 
the oxides CaO and MgO [1; 8 – 11]. 

Based on experience gained from refining metal 
at the LTS site, it is understood that successful sulfur 
removal requires the formation of slags saturated with 
CaO with a slight degree of supersaturation, not exceeding 
10 %. If lime completely dissolves, there will be a defi­
cit of CaO oxide, adversely affecting the slag’s refining 
properties. Conversely, if the amount of undissolved lime 
exceeds 10 %, it will diminish refining properties and 
increase consumption of slag­forming materials [1; 12]. 

To dissolve CaO, additives are necessary to lower its 
melting temperature and accelerate dissolution. Exam­
ples include fluorite (CaF2), silica­containing additives, 
or aluminum­containing materials. 

Although fluorite (fluorspar) is widely used in steel­
making production as an efficient slag thinner, its use 
presents several significant drawbacks [13]: 

– calcium fluoride promotes the erosion of refractory 
linings in steel ladles;
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– at high temperatures, partial evaporation of CaF2 
occurs, contributing to environmental degradation.

At modern enterprises, there is a concerted effort 
to replace calcium fluoride with alternative fluxing addi­
tives. 

To dissolve CaO in slag, materials based on silica and 
alumina can be utilized. These materials form low­mel­
ting eutectics with calcium oxide, effectively reducing 
its melting temperature. However, the use of SiO2­based 
materials for refining processes is not advisable. This is 
due to the importance of minimizing the SiO2 content in 
the slag to achieve a high sulfur distribution coefficient 
during refining. Therefore, it is recommended to employ 
fluxing materials based on Al2O3 [15 – 17]. 

Furthermore, an evaluation of slags based on their 
saturation of CaO and MgO, depending on their chemi­
cal composition under the conditions of JSC VMZ, is 
deemed necessary.

 Experimental

The evaluation of slags based on the presence and 
quantity of undissolved CaO and MgO oxides, depen­
ding on their chemical composition, was conducted using 
a polymer model (PM) developed at the Ural Federal 
University (UrFU) and further improved in [19].

The principle of determining the saturation of a multi­
component melt with CaO and MgO involves comparing 
two parameters: the thermodynamic activity of the CaO 
oxide in the melt ( ), which depends on the chemical 
composition, and the saturation activity of CaO ( ), 
which is temperature­dependent.

The method for determining the saturation of a melt 
with CaO and MgO is as follows (Fig. 1). At point 1, cor­
responding to temperature T1 , the inequality  <  is 
valid, indicating that the melt is not saturated with CaO 
oxide. 

From point 1 to point 2 (excluding point 2 itself)  
decreases. At point 2, determined by temperature T2 , 
the melt becomes saturated with CaO oxide, rea ching 
the thermodynamic activity of this oxide in the melt, i.e., 
the equality  =  is valid. This condition corres­
ponds to a certain value of СаО* in the melt. With further 
decrease in temperature to T3 and a constant slag com­
position, excess CaO oxide will be present in the form 
of a solid phase, as  > . Accordingly, the compo­
sition of the slag and the temperature at which the solid 
CaO phase begins to precipitate can be determined: this 
is line 4 – 2 – 5 (Fig. 1). 

Thus, the method for determining the quantity 
of undissolved CaO and MgO particles and the complete 
composition of the liquid phase of a heterogeneous slag 
consists of the following steps: 

1) determination of the minimum temperature 
at which the thermodynamic activities of CaO and MgO 
oxides do not exceed the saturation activities;

2) if necessary, reduction of the calculated amount 
of CaO and MgO oxides in the slag to satisfy the condi­
tion  = ;

3) determination of the mass fraction of undissolved 
CaO and MgO particles based on the component balance 
of the initial slag composition at a given temperature.

To validate this method, slags formed in the steel cas­
ting ladle were selected from the LTS site at JSC VMZ 
with known chemical compositions (Table 1).

Using the proposed method and the polymer model 
(PM), the composition of the homogeneous phase of each 
slag and the quantity of the solid phase of CaO and MgO 
oxides were calculated (Table 2).

Slag 4 is homogeneous as it does not contain solid 
phases of CaO and MgO; slag 5 is heterogeneous and 
contains solid phases of CaO and MgO; slags 1 – 3, 6 are 
heterogeneous and only contain undissolved CaO oxide, 
the quantity of which does not exceed 10 %.

To determine the type of slags, their physical proper­
ties such as viscosity and melting temperature were com­
pared using a laboratory unit.

Table 1. Chemical composition of the studied slags

Таблица 1. Химический состав исследуемых шлаков

Slag
Content, wt. %

CaO SiO2 Al2O3 MgO FeO + MnO
1 52.7 9.8 27.0 6.1

<1.5

2 50.7 9.9 28.8 6.7
3 52.7 8.4 29.6 5.2
4 47.3 9.6 31.1 6.9
5 50.9 9.3 26.2 9.2
6 52.5 8.9 26.6 6.6

Fig. 1. Method for calculating the amount of solid CaO particles  
in heterogeneous slag

Рис. 1. Методика расчета количества твердых частиц оксида СаО 
в гетерогенном шлаке
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In this study, viscosity was measured using a vibra­
tional method. The vibrational viscometer operates in 
resonance mode, allowing for viscosity measurements 
of melts within the range of 0.1 – 15 Pa·s. Its high sensi­
tivity is attributed to operating on resonance oscillations, 
where the viscosity of the slag disrupts the resonance 
conditions. Achieving resonance requires the frequency 
of the current supplying the vibrator coil to match 
the natu ral frequency of the mechanical oscillations 
of the viscometer’s movable system. When resonance 
occurs, the amplitude of the movable system’s oscillations 
reaches maximum, inducing the maximum electromotive 
force in the measuring coil. The design of the vibrational 
viscometer used in this study was developed by Stengel­
meyer [20] (refer to Fig. 2). 

The principle of operation is that when the probe is 
immersed in the slag melt, resonance oscillation is dis­
rupted: the higher the viscosity of the slag, the smaller 
the amplitude of the movable system’s oscillations 
becomes, resulting in a smaller electromotive force in 
the measuring coil. Tuning the viscometer to resonance is 
achieved using an autogenerator. Since the measuring coil 
is located in the magnetic field of a ring magnet, a cur­
rent is induced in it, with a frequency equal to the fre­
quency of the oscillations of the viscometer’s movable 
system, i.e., a current of resonance frequency appears in 
it. The power of these current oscillations is increased 
using an amplification circuit powered by a direct cur­
rent source. The amplified oscillations are then reap­
plied to the vibrator coil, thus automatically maintaining 
the resonance oscillations of the viscometer.

To prevent the transmission of vibration energy from 
the viscometer to the support of the micropipette mani­
pulator, the viscometer was placed on damping springs, 
consisting of four pairs of spiral springs. Additionally, 
to ensure the stability of operation of the electrodynamic 
sensors, the viscometer was shielded from thermal radia­
tion.

When measuring the viscosity of melts, a 300 mm long 
probe made of tungsten wire with a diameter of 1.5 mm 

was utilized. The probe was immersed into the flux melt 
to a depth of 10 mm. Immersion of the probe into the stu­
died melt was facilitated using a micro meter screw lift, 
upon which the viscometer was mounted. The depth 
of immersion was measured using the scale of the microm­
eter screw lift, with the starting point (contact with 
the melt by the probe) being fixed using the TRM­200 
meter. This was achieved by detecting the signal drop 
relative to the movement of the probe in the air. A digital 
multimeter, connected in parallel to the measuring coil, 
was employed for viscosity measurement, with its rea­
dings being proportional to the amplitude and frequency 
of the vibrations of the measuring coil. Temperature sig­
nals and the output signal of the multimeter were auto­
matically recorded using the two­channel TRM­200 
meter. The output signal of the meter, which has an 
RS­485 interface, was transmitted to a computer via an 
OVEN AC­4 automatic converter with USB/RS­485 
interface and recorded in Excel spreadsheets. Signals 
were continuously recorded throughout the experiment 
with a 1 s interval.

The calibration of the viscometer was conducted 
on slag containing 40 wt. % CaO, 40 wt. % SiO2 , and 
20 wt. % Al2O3 , where the viscosity of this slag at vari­
ous temperatures is known [7]. This facilitated a “hot” 
calibration to be performed on slags with pre­known vis­
cosity. The results of several calibrations were aggregated 
and overlaid on a single graph illustrating the dependence 
of viscosity on the signal obtained from the viscometer. 
Subsequently, an equation that most accurately described 
the obtained results was selected:

 

where η is the dynamic viscosity, Pa·s; Е is the EMF 
recorded by the meter, mV.

The coefficients of the equation were determined 
by analyzing more than 20 points obtained during 
the calibration of the viscometer. Each point was derived 

Table 2. Chemical composition of homogeneous phase and presence of solid phase in the studied slags

Таблица 2. Химический состав гомогенной фазы и наличие твердой фазы в исследуемых шлаков

Slag
Content, wt. %, in liquid phase Amount of heterogeneous slag deposited  

from the initial oxide mixture, wt. %
CaO SiO2 Al2O3 MgO FeO + MnO MgO CaO

1 52.52 10.66 29.36 6.63

<1.5

0 4.56
2 52.00 10.26 29.84 6.94 0 0.52
3 52.75 9.03 31.80 5.59 0 3.73
4 49.33 10.01 32.43 7.20 0 0
5 49.87 10.39 29.26 9.50 0.72 6.47
6 51.56 10.07 30.10 7.47 0 7.28
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by averaging 100 – 150 viscosity values during isother­
mal holding while simultaneously measuring the visco­
sity of the calibration slag. The relative error in viscosity 
measurement was within ±5 %.

The experimental procedure comprised the following 
steps:

– preparation of the slag mixture, ensuring that 
the volume of the prepared mixture provided a liquid slag 
layer thickness of at least 26 mm for a 10 mm diameter 
crucible with a depth of 30 – 40 mm;

– loading the prepared mixture into a molybdenum cru­
cible and placing it in a high­temperature furnace. The mix­
ture was heated to a temperature of approximately 1450 °C 
at a heating rate of approximately 9 °C/min. An inert 
atmosphere was maintained by introducing argon gas 
into the working volume of the furnace from below;

– lowering the vibration head of the viscometer, 
touching the surface of the slag with a tungsten probe, 

and immersing it to a depth of 10 mm using a micrometer 
screw;

– holding the sample at the specified temperature 
for 5 min while measuring viscosity. Data on visco­
sity and slag temperature were automatically recorded 
on a compu ter at 1 s intervals;

– gradual cooling of the melt at a rate of 5 °C/min; 
continued until the solidification of the melt, with conti­
nuous recording of the obtained data throughout the pro­
cess;

– heating the melt to its melting temperature to release 
the end of the probe from the melt.

 Experimental results

The viscosity of homogeneous and heterogeneous 
slags 4 and 5 was measured (Table 2). Viscosity measure­
ments are depicted in Figs. 3 and 4. 

Fig. 2. Schematic diagram of the Stengelmeyer viscometer:
1 – Al2O3 case; 2 – resistance furnace; 3 – vibrating rod, the lower part of which is a probe; 4 – digital multimeter;  

5 – shock–absorbing springs; 6 – viscometer housing; 7 – flat springs; 8 – vibrator core; 9 – annular magnet; 10 – measuring coil;  
11 – digital TRM­200 meter; 12 – auto generator; 13 – armature winding; 14 – vibrator anchor; 15 – water–cooled lid;  

16 – W – WRe thermo­steam; 17 – crucible with melt

Рис. 2. Принципиальная схема вискозиметра конструкции Штенгельмейера:
1 – чехол из Al2O3 ; 2 – печь сопротивления; 3 – вибрирующий стержень, нижняя часть которого является зондом; 

4 – мультиметр цифровой; 5 – амортизирующие пружины; 6 – корпус вискозиметра; 7 – плоские пружины; 8 – сердечник вибратора; 
9 – кольцевой магнит; 10 – измерительная катушка; 11 – измеритель цифровой ТРМ­200; 12 – автогенератор; 13 – обмотка якоря; 

14 – якорь вибратора; 15 – водоохлаждаемая крышка; 16 – W – WRe термопара; 17 – тигель с расплавом
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The presented data reveal the following:
– direct viscosity measurement of heterogeneous 

slags presents a challenge, as significant interference is 
introduced into the recorded signal due to the interac­
tion between the viscometer probe and the solid slag par­
ticles;

– heterogeneous slag exhibits increased viscosity due 
to the presence of solid particles in its volume, even with 
relatively similar chemical composition parameters;

– heterogeneous slag has an elevated crystalliza­
tion temperature because the undissolved particles can 
act as substrates during the liquid slag crystallization pro­
cess. This is manifested in a shorter crystallization inter­
val from the onset of noticeable viscosity growth to soli­
dification (around 20 – 30 °C for heterogeneous slag 
compared to 60 °C for homogeneous slag).

Slag saturated with MgO and CaO oxides exhibits 
increased viscosity, with its solidification temperature 
being 200 °C higher than that of homogeneous slag. For 
refining processes, it is imperative to utilize high­basicity 
homogeneous slag. 

From the comparison of the data presented in Figs. 3 
and 4, it can be deduced that heterogeneous slag pos­
sesses an elevated melting temperature. The solidifi­
cation temperature of homogeneous slag falls within 
the range of 1350 – 1370 °C, consistent with theoreti­
cal data. In contrast, the melting temperature of the pre­
sented hete rogeneous slag ranges from 1560 – 1590 °C. 
Addi tionally, it is noteworthy that as the temperature 
of the heterogeneous slag decreases, agglomerates 
of solid oxides form, contacting the measuring probe 
and resulting in increased viscosity of the oxide system 
(within the temperature range of 1570 – 1590 °С). 

 Analysis and discussion

At the LTS site of JSC VMZ six slag samples were 
selected, and the content of the solid phase of CaO and 
MgO oxides at a temperature of 1600 °C was determined 
by calculation method based on the methodology pre­
sented in Fig. 1. The following results were obtained:

– slag 4 was found to be completely homogeneous, 
with no solid phase present;

– slag 5 contained solid phases of CaO and MgO 
oxides;

– slags 1–3 and 6 contained a solid phase of CaO 
oxide, with the amount not exceeding 10 %.

Laboratory experiments validated the adequacy 
of the calculation method for determining the presence 
of a solid phase in slags formed in the electric arc furnace. 
This was achieved by comparing the viscosity changes 
as the temperature of slags 4 and 5 decreased. It was 
observed that the solidifying temperature of the heteroge­
neous slag was 200 °C higher, despite a relatively similar 
composition of the slag. Additionally, it was noted that 
as the temperature of the heterogeneous slag decreased, 
coarser agglomerates of solid oxides formed, which came 
into contact with the measuring probe. This resulted in 
an increase in the registered viscosity of the oxide system 
within the temperature range of 1570 – 1590 °C. 

 Conclusions

Recently, there has been a complete abandonment 
of using fluorite in steel production, aimed at enhancing 
efficiency and environmental safety. The addition of fluo­
rite traditionally facilitated the quick dissolution of lime 
and the formation of a liquid refining slag. Consequently, 

Fig. 3. Dependence of viscosity of homogeneous slag  
on temperature

Рис. 3. Зависимость вязкости гомогенного шлака 
от температуры

Fig. 4. Dependence of viscosity of heterogeneous slag  
on temperature

Рис. 4. Зависимость вязкости гетерогенного шлака 
от температуры
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ensuring optimal properties of the slag formed in the ladle 
furnace has become a highly relevant task. The devel­
oped method for determining the solubility limit of cal­
cium oxide in the refining slag enables monitoring and 
adjustment of both the current ladle refining technology 
and the design of new variants. 

The methodology for determining the presence 
of a solid phase in the slag formed in the ladle furnace 
was validated through laboratory experiments, where vis­
cosity indicators of the slag were compared as the tem­
perature decreased. It was observed that the solidifica­
tion temperature of the heterogeneous slag is 200 °C 
higher than that of the homogeneous slag.

The calculated and experimental methods exhibited 
good convergence of results, with differences prima rily 
arising in viscosity characteristics due to the pre sence 
of undissolved particles. This enables a preliminary 
assessment of slag properties formed in the electric arc 
furnace through calculation, with experimental research 
serving to confirm the set of slag calculations.
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Аннотация. В современном доменном производстве даже кратковременное нарушение технологического процесса связано с большими 

потерями производительности. В практике ведения доменной плавки нередко встречаются значительные отклонения от оптимального 
режима. Они могут приводить не только к расстройствам хода доменной печи, но и к авариям. В работе доменной печи к типичным откло­
нениям от нормального распределения потока газа и шихтовых материалов относят: периферийный, осевой, канальный ходы; перекос 
уровня засыпи; различной степени и вида подвисания шихты. Вследствие этого происходят похолодание или излишний перегрев печи, 
нарушение ровности хода. Тяжелым последствием длительного периферийного движения газов являются не только интенсивный износ 
кладки, слабое использование тепловой и химической энергии газов, но и стабильное загромождение горна с образованием тотермана. 
Тотерман – это рудно­коксовый спек, образующийся в фурменной зоне доменной печи в результате похолодания ее центра. Данная работа 
посвящена исследованию и анализу нарушений работы доменной печи, анализу причин возникновения тотермана, оценке аварийности 
фурм доменной печи. Нарушение газораспределения и загромождение горна приводят к образованию тотермана, который провоцирует 
массовое горение фурм и холодильников доменной печи. Разработанные методические основы (математическая модель) позволяют 
оценить максимальную температуру фурменной зоны и результирующий тепловой поток на носок фурмы при наличии тотермана. Пока­
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formation of a deadman. Deadman is an ore­coke sinter formed in the tuyere zone of a blast furnace, as a result of cooling of its center. The paper 
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furnace tuyeres. Violation of gas distribution and hearth cluttering lead to formation of a deadman, which provokes mass burning of tuyeres and blast 
furnace refrigerators. The developed methodological foundations (mathematical model) allow us to estimate the maximum temperature of the tuyere 
zone and the resulting heat flow to the tuyere toe in presence of a deadman. It is shown that in large­volume blast furnaces, bubble outflow of the gas­
coal flow prevails, contributing to growth of a deadman in the blast furnace. 
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 Introduction

As of today, the industrial safety policy of metallurgi­
cal companies is based on the assertion that accidents and 
emergencies at production facilities can be prevented. 
Therefore, to prevent accidents at enterprises, various 
methods for hazard analysis and risk assessment are 
actively implemented and used.

Despite the trend towards reducing the number of acci­
dents, the frequency of incidents in metallurgical produc­
tion remains consistently high. The number of accidents 
ranges from 4 to 9 annually, but their distribution across 
different metallurgical production processes va ries1  
(Fig. 1). The most hazardous processes include blast fur­
nace, oxygen converter, electric furnace steelmaking, and 
coke­chemical productions.

The most severe types of accidents in blast furnace 
production involve the removal of pig iron and/or slag 
from metallurgical units, breakthrough of the hearth, 
refrigerators, and air ducts of blast furnaces, as well as 
explosions in metallurgical units caused by the supply 
of charge materials and tuyere burnouts [1; 2].

According to the 2020 report by PJSC NLMK, blast 
furnace tuyeres failed more than 200 times (Fig. 2). 
Fig. 3 presents the statistics of blast furnace tuyere failu­
res as a percentage.

Typical deviations from the normal distribution of gas 
flow and charge materials include peripheral, axial, and 
channel passages; skewing of the backfill level; and 
va rious degrees and types of charge suspension, includ­
ing the so­called “tight” run [3; 4]. Consequently, the 
furnace may experience cooling or excessive overhea­
ting, overloading of the axial zone with mineral charge, 

and violation of the melting operation. These conditions 
can lead to the cluttering of the hearth and frequent bur­
ning of the air tuyeres. Prolonged channel passages result 
in uneven burnout of the profile or stagnation of charge 
materials, leading to the formation of accretions [5].

Hearth cluttering in blast furnaces adversely affects 
the thermal mode, necessitating a reduction in ore loads. 
In the hearth, significant amounts of graphite form 
at lower temperatures [6]. The heating of the hearth dete­
riorates due to the formation of peripheral passages, as 
there is a decrease in heating when unprepared charge 
material is loaded [4]. Cold ferriferrous slag forms on the 
tuyeres. 

1 Annual Report on the Activities of the Federal Service for 
Environmental, Technological, and Nuclear Supervision for the period 
from 2010 to 2020. URL: https://www.gosnadzor.ru/public/annual_
reports/ (accessed on: January 25, 2024).

Fig. 1. Distribution of accidents by type of production:
1 – agglomeration; 2 – blast furnace; 3 – oxygen converter;

4 – coke­chemical; 5 – foundry; 6 – oxygen production;
7 – rolling; 8 – ferroalloy; 9 – electric furnace steelmaking

Рис. 1. Распределение аварий по видам производств:
1 – агломерационное; 2 – доменное; 3 – кислородно­конвертерное; 
4 – коксохимическое; 5 – литейное; 6 – производство кислорода;  
7 – прокатное; 8 – ферросплавное; 9 – электросталеплавильное

Fig. 3. Failure statistics of blast furnace tuyeres

Рис. 3. Статистика отказов доменных фурм

Fig. 2. Main types of accidents:
1 – rupture of blast furnace jacket; 2 – rupture of large diameter 

pipelines; 3 – explosion in metallurgical units;
4 – building collapse; 5 – fire; 6 – removal of cast iron and/or slag from 

metallurgical units; 7 – breakthrough of the hearth, refrigerators,
air ducts of blast furnace; 8 – explosion in metallurgical units due 

to supply of raw charge and tuyeres burnout

Рис. 2. Основные виды аварий:
1 – разрыв кожуха доменной печи; 2 – разрыв трубопроводов 
большого диаметра; 3 – взрыв в металлургических агрегатах; 
4 – обрушение здания; 5 – пожар; 6 – уход чугуна и/или шлака 

из металлургических агрегатов; 7 – прорывы горна, холодильников, 
воздухопроводов доменной печи; 8 – взрывы в металлургических 

агрегатах из­за подачи сырой шихты и прогара фурм

https://www.gosnadzor.ru/public/annual_reports/
https://www.gosnadzor.ru/public/annual_reports/
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The infiltration of water vapor into the hearth through 
burnouts of cooling equipment is further exacerbated 
by the overloading of the low­mobility zone in the pre­
sence of low kinetic energy [7]. This deviation leads 
to the cluttering process in the tuyere belt of the blast 
furnace. As the cluttering zone expands, the burning 
of tuyere connections intensifies, as depicted in Fig. 4.

A severe disruption of the smelting process is the clog­
ging of the hearth [4; 8]. It contributes to the deterio­
ration of the gas dynamics of the process and signifi­
cantly reduces the working space of the iron receiver. 
This hinders the movement of molten iron in the hearth 
and clogs the space in front of the tuyere nose. When 
the center of the blast furnace hearth cools, coke and slag 
begin to compress into a monolith due to the fine fraction 
of the charge material [9; 10]. This leads to poor filtra­
tion in the hearth, thus making it difficult for the smelting 
products to flow into the blast furnace iron receiver.

Despite the numerous developed and applied me thods 
for assessing the risk of accidents in blast furnace pro­
duction, a methodology is needed that can account for 
the specific operational characteristics of the blast furnace, 
considering the formation of the deadman in the tuyere 
zone and the increase in temperature in the tuyere zone 
with subsequent tuyere burnout, etc. Therefore, impro­
ving the methodology for assessing the accident risk 
of blast furnace tuyeres, taking into account the forma­
tion of the deadman, is currently a relevant task.

 Description of the research method

A significant contribution to the study of tuyere 
zone cluttering has been made by the National Univer­
sity of Science and Technology MISiS (NUST MISiS) 

through the efforts of Zherebin B.N., Vegman E.F., Paren­
kov A.E., and others [1; 11]. It is known that large­volume 
blast furnaces (Blast Furnace No. 5 of the Kryvorizhstal 
plant) are prone to the formation of large scabs, including 
ore­coke sinter, in the central part of the hearth. The boul­
der­like formation (deadman), with its peak reaching 
the level of the bosh, consists of refractory carbides and 
carbonitrides. The deadman obstructs normal gas distri­
bution and promotes the formation of a peripheral flow 
in the blast furnace [12; 13]. The tuyere blast reflects off 
the surface of the deadman onto the furnace lining and 
hearth refractory. This leads to a deterioration in the dura­
bility of the refractory and contributes to an emergency 
situation due to the breakthrough of high­temperature 
smelting products in the blast furnace.

This work proposes a methodology for assessing the 
accident rate of blast furnace tuyeres under the influence 
of a deadman.

In blast furnaces, two stable hydrodynamic outflow 
modes are realized: jet and bubble [14; 15]. The jet mode 
of flow is characteristic of normal gas distribution in the 
blast furnace, whereas the bubble mode of flow promotes 
the growth of the deadman.

The value of the Glinkov criterion Gn is determined 
by the formula

           
g

j j

g
 (1)

where ρg is the effective density of the flow, kg/m3; wg is 
the gas velocity at the tuyere exit, m/s; ρj is the density of 
the melt in the tuyere zone, kg/m3; g is the acceleration 
due to gravity, m/s2; and hj is the distance from the tuyere 
axis to the melt, m.

The effective density of the flow is calculated using 
the formula 
          рg = Qair ρhb + Qng ρng + Qcoal ρcoal , (2)

where  Qair , Qng , Qcoal are the volumetric fractions of 
“air + oxygen,” natural gas, and pulverized coal; ρhb , ρng , 
ρcoal are the densities of hot blast, injected natural gas, and 
pulverized coal.

The density of the hot blast is calculated using the for­
mula
           hb

b
 (3)

where ρhb is the density of the hot blast, kg/m3; ρ0 is 
the density of air under normal conditions, kg/m3; Р is 
the pressure of the hot blast, atm; Р0 is the atmospheric 
pressure, atm; Т0 is the ambient temperature, K; Тb is 
the blast temperature, K. 

Density of the injected natural gas is determined using 
the formula 

Fig. 4. Hearth cluttering with ore­coke sinter

Рис. 4. Процесс загромождения горна рудно­коксовым спеком
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             (4)

where  is the density of natural gas, kg/m3.
If the Glinkov criterion is less than one, a bubble 

mode is present; if the Glinkov criterion exceeds three, 
the flow mode is jet. Intermediate values indicate a tran­
sitional flow mode. 

The heat transfer from the deadman primarily occurs 
through radiation and convection. To calculate the resul­
tant heat flow to the tuyere nose, it is necessary to deter­
mine the temperature of the internal blowing zone and 
the hydrodynamic blowing mode of the blast furnace. 
The temperature of the blowing zone corresponds 
to the surface temperature of the deadman [1]. 

The surface temperature of the deadman Tt can be 
calculated from the heat balance equation using the for­
mula [16] 

.

. . . .

. . j

  (5)

where Tf is the theoretical combustion temperature, °С; 
Vbost is the volume of gas in the bosh, mm3/min; dh is 
the diameter of the hearth, m; B is the fuel consump­
tion, kg/t; Tj is the index of slag fluidity; ηCO is the CO 
content in the furnace center (from the shaft); dproke is 
the diameter of coke particles in the deadman, mm.

The index of slag fluidity (Tj ) is calculated using the 
formula

. .j mi   (6)

where Тmi is the temperature of the molten iron, °С;    
 
is the basicity of the slag; and (Al2O3) concentration 
of Al2O3 in the slag, %.

The size of the blowing zone, i.e., the zone where 
the horizontal gas­liquid flow and the reaction zone 
are located, is determined using the formula

              
.

bz .  (7)

where lbz is the length of the blowing zone, m; H0 is 
the height of the liquid bath, m; d0 is the inner diameter 
of the tuyere nose, m. 

The effective emissivity of the tuyere nose is calcu­
lated using the formula

     ef  (8)

where εef is the effective emissivity of the tuyere nose; 
εl is the emissivity of the tuyere nose (assumed to be 0.6); 
Sl is the area of the inner surface of the blowing zone, m; 
S is the area of the metal casing of the tuyere nose, m2.

The area of the metal casing of the tuyere nose S is 
determined using the formula

      . n  (9)

where dn is the outer diameter of the tuyere nose, m; d0 is 
the inner diameter of the tuyere nose, m. 

The area of the inner surface of the blowing zone Sl is 
calculated using the formula

              Sl = π dn lbz , (10)

where lbz is the length of the blowing zone, m.
The resultant heat flow q p to the tuyere nose [13] is 

calculated using the Stefan­Boltzmann law:

      ef  (11)

where εef is the effective emissivity of the tuyere 
nose; σ is the Stefan­Boltzmann constant, equal 
to 5.67·10–8 W/(m2·K4); Tt is the surface temperature 
of the deadman, K; Т1 is the temperature of the multi­
phase flow at the tuyere section, K.

 Conducted research and analysis of its results
 

It is assumed that from the furnace throat to the bosh, 
there is a dense layer through which the ascending gases 
filter. The bubbling layer is located in the zone between 
the bosh and the hearth [15; 17]. The charge in the bub­
bling layer is in a liquid state. The blast streams, in addi­
tion to air, oxygen, and natural gas, carry pulverized coal 
particles [18]. According to Table 1, the Glinkov criterion 
was determined.

Using formulas (3) and (4), the values ρhb = 0.61 kg/m3, 
ρng = 2.08 kg/m3 were determined. The effective density 
of the flow, calculated using formula (2), is 0.79 kg/m3, 
and the Glinkov criterion, using formula (1), is 0.27, indi­
cating a bubble mode for the gas­coal flow in the blast 
furnace.

Next, the average surface temperature of the deadman 
was determined. The initial data for the calculation are 
presented in Table 2.

Using formula (6), the index of slag fluidity Тf was 
calculated to be 837 °C, and the surface temperature 



Известия вузов. Черная металлургия. 2024;67(2):148–154.
Стук Т.С., Потоцкий Е.П. Оценка аварийности доменных фурм

152

of the deadman Tt using formula (5), was 2331 °C, 
which exceeds the theoretical combustion temperature 
by 231 °C.

To calculate the resultant heat flow on the tuyere nose 
of the blast furnace, we assume the following:

– the blowing zone is a cylindrical cavity with a dia­
meter equal to the outer diameter of the tuyere;

– the surface temperature of the deadman Tt is 2331 °С;
– the output parameters of the tuyere, including the 

multiphase flow at this section, have a temperature T1 
of 800 °С;

– the gas flow in the blowing zone is filled with coal 
particles and melt droplets [18]. Radiation in this zone 
follows the laws of blackbody radiation.

The initial data for calculating the heat flux to the 
tuyere nose are presented in Table 3.

The length of the blowing zone, determined using for­
mula (7), is 1.43 m. The effective emissivity of the tuyere 
nose, calculated using formula (8), is 0.953. The area 
of the metal casing of the tuyere nose S, determined using 
formula (9), is 0.033 m2, and the area of the inner surface 
of the blowing zone Sl using formula (10), is 1.123 m2. 
The resultant heat flow q p to the tuyere nose, determined 
using formula (12), is 2.3 MW/m2.

In stationary mode (heating the tuyere), there is 
local contact between the tuyere nose and the pig iron. 
The allowable resultant flux on the tuyere nose should not 
exceed 2.1 MW/m2  [19], indicating that further reducing 
the cooling water temperature for the tuyere is impracti­
cal and leads to thermal stresses. This reduction decreases 
the lifespan of the tuyere device and can provoke mass 
tuyere burnouts.

The increase in tuyere zone temperature for different 
volumes of blast furnaces indicates the need for addi­
tional measures to prevent tuyere burnouts. Fig. 5 shows 
this dependence.

Table 1. Initial data for calculating the Glinkov criterion

Таблица 1. Исходные данные для расчета  
критерия Глинкова

Title Desig­
nation

Numerical 
value

Distance from the tuyere axis to the 
melt, m hj 5.8

Gas velocity at the tuyere exit, m/s wg 250
Blast temperature at the tuyere exit, °C Tb 1255
Density of pulverized coal, kg/m3 ρcoal 1400
Density of air, kg/m3 ρ0 1.3
Hot blast pressure, atm P 2.6
Ambient temperature, K Т0 273

Density of natural gas, kg/m3 0.8

Air pressure, atm P0 1
Melt density in the tuyere zone, kg/m3 ρj 3200
Acceleration due to gravity, m/s2 g 9.8

Table 2. Initial data for calculating  
the average deadman temperature

Таблица 2. Исходные данные для расчета  
средней температуры тотермана

Title Desig­
nation

Numerical 
value

Theoretical combustion 
temperature, °С Тf 2100

Volume of gas in the bosh, mm3/min Vbost 3.7
Diameter of the hearth, m dh 10.85
Fuel consumption, kg/t B 500
CO content in the furnace center, % ηCO 25 – 34
Diameter of coke particles in the 
deadman, mm dproke up to 20

Temperature of molten iron, °С Tmi 1250
Basicity of slag (CaO/SiO2) 2 – 3
Concentration of Al2O3 in slag, % (Al2O3) 6 – 10

Table 3. Initial data for calculating 
the heat flow on tuyere toe

Таблица 3. Исходные данные для расчета 
теплового потока на носок фурмы

Title Desig­
nation

Numerical 
value

Inner diameter of the tuyere nose, m d0 0.15
Outer diameter of the tuyere nose, m dn 0.25
Height of the liquid bath, m H0 5,8
Emissivity of the tuyere nose cut εl 0,6
Surface temperature of the deadman, K Tt 2573
Temperature of the multiphase flow at 
the tuyere section, K Т1 1073

Fig. 5. Dependence of tuyere zone temperature 
on blast furnace volume

Рис. 5. Зависимость температуры фурменной зоны 
от объема доменной печи
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Thus, the surface temperature of the deadman depends 
on the volume of the blast furnace. The temperature rise 
negatively impacts the safe operation of large­volume 
blast furnaces, increasing the likelihood of gas explosions 
and reducing the lifespan of tuyere devices.

Accidents involving mass tuyere burnouts are asso­
ciated with intense vaporization. They are accompanied 
by a large amount of water entering the blast furnace [20]. 
The resulting steam breaches from beneath the layers 
of pig iron and slag cause chain­like thermal explosions.

 Recommendations for preventing tuyere burnout

The study proposes measures to prevent tuyere burn­
out depending on the volume of the blast furnace and 
the temperature of the tuyere zone.

For blast furnaces with a volume up to 2700 m3 and 
a tuyere zone temperature up to 2100 °С:

– automated analysis of retrospective data on the sta­
tistical properties of cooling water flow rate variations;

– analysis of silicon content in pig iron.
For blast furnaces with a volume of 2700 – 3500 m3 

and a tuyere zone temperature of 2100 – 2300 °C:
– automated analysis of retrospective data on the sta­

tistical properties of cooling water flow rate variations;
– analysis of silicon content in pig iron;
– the nose of the air tuyere must be protected with 

refractory materials, including plasma spraying;
– the inner sleeve of the tuyere must be made of steel 

plate instead of copper, with additional lining of refrac­
tory materials.

For blast furnaces with a volume of 3500 – 5560 m3 
and a tuyere zone temperature of 2300 – 2400 °С:

– automated analysis of retrospective data on the sta­
tistical properties of cooling water flow rate variations;

– analysis of silicon content in pig iron;
– the nose of the air tuyere must be protected with 

refractory materials, including plasma spraying;
– the inner sleeve of the tuyere must be made of steel 

plate instead of copper, with additional lining of refrac­
tory material;

– cooling water supply mode for the tuyere:
а) technical water speed up to 11.6 m/s (normal water 

flow 4 – 5 m/s);
b) water flow rate 30 m3/h (normal water flow 

12 – 16 m3/h);
c) water pressure 15 atm (normal water pressure 

5 – 6 atm).
This regime requires the installation of high­pressure 

pumps and more robust equipment: 

– the tuyere nose thickness should be no less than 
40 – 50 mm;

 – slag viscosity should not exceed 4 – 5 poise, and 
the loading of acidic pellets should be avoided.

 Conclusions

It has been determined that the disruption of normal 
gas distribution and hearth cluttering leads to the forma­
tion of a blast furnace deadman, which provokes mass 
burning of tuyeres and refrigerators.

It is shown that in large­volume blast furnaces, 
the bubble flow of the gas­coal flow predominates, 
promoting the growth of the deadman, which can lead 
to increased accidents involving tuyere devices.

The proposed methodology (mathematical model) 
allows for the assessment of the maximum temperature 
of the tuyere zone and the resultant heat flow to the tuyere 
nose in the presence of a deadman.

Based on the calculated temperature of the tuyere 
zone, measures are proposed to prevent tuyere burnout 
depending on the volume of the blast furnace.
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Аннотация. Работа посвящена повышению износостойкости кузнечно­прессового инструмента, в частности пуансонов для пробивки 

отверс тий и вырубных штампов. Низкая стойкость инструмента приводит к повышению стоимости готовых изделий, увеличению 
трудовых и материальных затрат на замену изношенного инструмента и его наладку, снижению производительности прессового обору­
дования и повышению количества бракованной продукции. Представлена методика теоретического исследования для решения задачи по 
расчету температурного поля штампового инструмента при лазерной обработке. Составлено дифференциальное уравнение для числен­
ного решения поставленной задачи. Предложены режимы лазерной термообработки пуансона для пробивки отверстий и штампового 
инструмента из стали повышенной твердости. Натурные испытания, проведенные в промышленных условиях, показали, что реко­
мендованные режимы лазерной термообработки позволили повысить стойкость пуансона, предназначенного для пробивки отверстий, 
в 2 – 3 раза, а стойкость вырубных штампов в 2,2 – 2,8 раз. 
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Abstract. The article is devoted to improving the wear resistance of forging tools, in particular punches for punching holes and cutting stamp dies. 

Low tool life leads to an increase in the cost of finished products, an increase in labor and material costs for replacing worn tools and adjusting them, 
a decrease in the productivity of pressing equipment and an increase in the number of defective products. A method is presented for theoretical research 
of solving the problem of calculating the temperature field of a stamp die tool during laser processing. A differential equation was compiled for 
a numerical solution of the problem. The authors proposed the modes of laser heat treatment of a punch for punching holes and a stamp die tool made 
of high­hardness steel. Field tests conducted in industrial conditions showed that the proposed laser heat treatment modes made it possible to increase 
resistance of the punch intended for punching holes by 2 – 3 times and the resistance of the stamp dies by 2.2 – 2.8 times. 
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 Introduction

One of the most widely used methods of cold metal 
working (CMW) by pressure is cold stamping [1 – 3], 
which allows for the production of high­precision parts 
in a wide range. Cold forming dies are used as tools 
for this process [4 – 6]. In recent years, the develop­
ment of new domestic technologies aimed at improving 
the quality of manufactured products and reducing their 
cost has become highly relevant. This task can be effi­
ciently solved by improving equipment and tools, includ­
ing CMW [9; 10].

 Formulation of the problem

One of the main reasons of the failure of stamping 
tools is the wear of their working surfaces. To improve 
the durability of cold metal working (CMW) tools, 
thermal, thermochemical, and thermomechanical treat­
ments are applied [11 – 13]. These methods signifi­
cantly increase the hardness of the tool’s working sur­
faces and enhance the strength of the base metal from 
which the tool is made. Laser treatment is an effective 
method for improving the quality of CMW tools by pro­
cessing their working surfaces. Laser treatment is char­
acterized by a short exposure time to the treated surfaces 
and completely eliminates deformation. Only a thin sur­
face layer of the processed part is heated when exposed 
to laser [14 – 16]. Numerous studies have shown that 
the thermal processes occurring during laser heating are 
similar to the results of heating metals by other me thods. 
This allows for the application of classical equations 
of heat conduction theory to solve theoretical problems 
of laser processing, taking into account the specifics 
of laser heat treatment.

This work presents a solution to the problem of cal­
culating the temperature field of a stamping tool when 
hardening its working surface using laser radiation.

 Method of theoretical study
 

of temperature field distribution during
laser hardening

As it is known, the result of hardening tool 
steels [17; 18] significantly depends on distribu­
tion of the temperature field that forms during this pro­
cess [19; 20]. To strengthen the surface layers, it is nec­
essary to heat the working surface of the stamp above 
the austenitic transformation temperature Ta , after which 
it is rapidly cooled to a temperature below the pearl­
itic transformation temperature Tp . If a high­density 
laser beam is used for heat treatment, the surface la yers 
of the tool will be heated to a temperature depending 
on the duration of the laser radiation and its power. After 
laser heating, the surface of the stamp quickly cools 

down due to the transfer of heat from the heated surface 
to the other distant areas of the tool. Moreover, tempera­
ture of the heated areas depends on their distance from 
the stamp surface. The depth of the hardened layer can be 
estimated by studying the characteristics of the resulting 
temperature field [21; 22].

Let us provide a mathematical description of the tem­
perature field for a cylindrical cutting punch (Fig. 1). 

The change in temperature T over time t can be calcu­
lated by numerically solving a two­dimensional differen­
tial equation, which in a cylindrical coordinate system is 
given by [23 – 25]

Here, Т(r, z, t) is the temperature at an arbitrary point 
of the cutting punch at any given time t, characterized 
by cylindrical coordinates r and z; a is the thermal con­
ductivity coefficient of the material of the cutting punch; 
q is the power density of the external heat source (laser 
radiation) [26 – 28].

Let us define initial and boundary conditions:
– at the initial moment of deformation of the work­

piece, the temperature of the cutting punch is assumed 
to be uniform throughout the entire volume, i.e.

Т0 = Т(z, r, 0) = const;

– on the free surfaces of the punch, heat exchange 
of convective and radiant types occurs with the environ­
ment 

surf surfenv env  

– radiant heat exchange occurs on the end (irradiated) 
surface of the punch

Fig. 1. Calculation scheme for temperature field 
of a cylindrical punch of diameter D

 
Рис. 1. Схема к расчету температурного поля  

цилиндрического пуансона диаметром D
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surf env

where α is the convective heat transfer coefficient; 
Тsurf and Тenv are the temperatures of punch surface and 
the environment, respectively; ε is the degree of emissiv­
ity of the punch surface; σ is the emissivity of an abso­
lutely solid body.

 Experimental results

According to the methodology described above, theo­
retical and experimental studies were conducted on a 
punch (Fig. 2) made of high­hardness chromium tool 
steel Kh12M1 [29; 30] with a working surface diameter 
D = 13 mm. 

Based on the analysis of the preliminary experiment 
results with samples made of Kh12M steel, which are 
consistent with known data from scientific and techni­
cal literature, the following thermal­physical parameters 
were used in further research: 

– thermal conductivity coefficient λ = 0.028 W/(mm∙°C); 

– temperature conductivity coefficient а = 7.78 mm2/s; 

– quenching temperature Тq = 1000 °С; 

– melting temperature Тm = 1280 °С. 

Fig. 3 shows the results of calculating the tempera­
ture field in axial and radial directions with λ = const 
(solid lines) and λ = f (T) (dashed lines) at a laser 
power of P = 0.97 kW, laser beam movement speed 
v = 12 mm/s, and laser spot diameter dsp = 4 mm. Anal­
ysis of the obtained graphs shows that the difference 
in the punch temperature obtained with constant and 
variab le λ values is insignificant. Therefore, when con­
ducting engineering calculations, the average value 
of the thermal conductivity coefficient can be used.

 Analysis of the results

The analysis of the obtained research results served 
as the basis for conducting a full­scale experiment. 
Two experimental batches of punches and dies made 
of Kh12M steel were manufactured for various stamp­
ing operations. The first batch underwent traditional bulk 
thermal treatment, while the second batch received addi­
tional strengthening treatment using a CO2 laser. Based 
on the data obtained, the following parameters of laser 
irradiation were recommended for efficient strength­
ening of the working surface of the stamping tool: 
with a laser spot diameter of dsp = 4 mm, laser power 
P = 0.95–0.99 kW, and laser beam movement speed 
v = 11–13 mm/s.

Pilot tests have shown that the durability of stamping 
tools significantly increases after laser heat treatment. 
For example, the working lifespan of punching punches 
after traditional thermal processing is 10 – 12 h, while 
after additional strengthening laser treatment, the dura­
bility increased to 20 – 36 h, that is, doubled or tripled. 
Pilot tests of a sample batch of blanking dies, consisting 
of 20 pieces, demonstrated that the application of addi­

Fig. 3. Graphs of the punch temperature change in axial (a) 
and radial (b) directions at λ = const (solid lines) 

and λ = f(T) (dashed lines) 

Рис. 3. Графики изменения температуры пуансона в осевом (а) 
и радиальном (b) направлении при λ = const (сплошные линии) 

и λ = f(T) (штриховые линии)

Fig. 2. Hole punch

Рис. 2. Пуансон для пробивки отверстий

1 Characteristics of Kh12M material / Grade Guide of steels 
and alloys. Available at URL: http://www.splav­kharkov.com 
(accessed 23.08.2023).

http://www.splav-kharkov.com
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tional strengthening treatment with a CO2 laser allows 
for a 2.2 – 2.8 times increase in their operational dura­
bility. The technical and economic efficiency of using 
laser strengthening is determined not only by saving 
on expensive tool steel but also by reducing labor costs 
due to aligning the replacement period of stamping tools 
with the schedule of preventive and repair works. 

 Conclusions

A methodology for theoretical analysis of the tem­
perature field of a cylindrical punch formed during 
laser processing is proposed. The methodology is based 
on the numerical solution of a two­dimensional diffe­
rential equation in cylindrical coordinates. As a result 
of the theoretical analysis, laser heat treatment modes 
have been proposed for stamping tools of various pur­
poses made of Kh12M tool steel. Studies conducted in 
industrial conditions have shown that laser heat treat­
ment carried out according to the proposed modes 
has allowed an increase in the operational durability 
of punches for hole punching by 2 – 3 times, and cutting 
dies by 2.2 – 2.8 times.

 References / Список литературы

1. Rogov V.A., Poznyak G.G. Mechanical Engineering Tech­
nology. Stamping and Foundry production: Textbook. Mos­
cow: Yurait Publ.; 2022:319. 

 Рогов В.А., Позняк Г.Г. Технология машиностроения. 
Штамповочное и литейное производство: Учебник. 
Москва: Издательство Юрайт; 2022:319.

2. Konstantinov I.L., Sidel’nikov S.B. Press Forging: Textbook. 
Moscow: Scientific Research Center INFRA­M; 2021:464. 

 Константинов И.Л., Сидельников С.Б. Кузнечно­штампо­
вочное производство: Учебник. Москва: НИЦ ИНФРА­
М; 2021:464.

3. Semenov E.I. Forging and Hot Stamping: Textbook. Mos­
cow: MSIU; 2011:414. 

 Семенов Е.И. Ковка и горячая штамповка: Учебник. 
Москва: МГИУ; 2011:414.

4. Bocharov Yu.A. Press Forging Equipment: Textbook. Mos­
cow: Akademiya; 2008:479. 

 Бочаров Ю.А. Кузнечно­штамповочное оборудование: 
Учебник. Москва: Академия; 2008:479.

5. Zhivov L.I., Ovchinnikov A.G., Skladchikov E.N. Press For­
ging Equipment: Textbook. Moscow: N.E. Bauman MSTU 
Publ.; 2006:560. 

 Живов Л.И., Овчинников А.Г., Складчиков Е.Н. Куз­
нечно­штамповочное оборудование: Учебник / Под ред. 
Л.И. Живова. Москва: Изд­во МГТУ им. Н.Э. Баумана; 
2006:560. 

6. Efremov D.B., Stepanov V.M., Chicheneva O.N. Upgrading 
of the roll emergency lifting mechanism of the mill 2800 rolling 
stand of the JSC “Ural Steel”. Stal’. 2020;(8):44–47. (In Russ.).

 Ефремов Д.Б., Степанов В.М., Чиченева О.Н. Модер­
низация механизма быстрого отжима валков прокатной 

клети ДУО стана 2800 АО «Уральская Сталь». Сталь. 
2020;(8):44–47.

7. Nefedov A.V., Svichkar V.V., Chicheneva O.N. Re­engineer­
ing of equipment to feed the melting furnace with aluminum 
charge. Lecture Notes in Mechanical Engineering. 2021: 
1198–1204. https://doi.org/10.1007/978-3-030-54817-9_139

8. Nefedov A.V., Kitanov A.A., Chichenev N.A. Reengineering 
of the roller hardening machine of the sheet­rolling shop of JSC 
Ural Steel. Chernye metally. 2022;(3):22–26. (In Russ.).

 Нефедов А.В., Китанов А.А., Чиченев Н.А. Реинжи­
ниринг роликовой закалочной машины листопрокат­
ного цеха АО «Уральская Сталь». Черные металлы. 
2022;(3):22–26.

9. Nefedov A.V., Tanchuk A.V., Chichenev N.A. Moderniza­
tion of the tipper drive for ore trolleys at the Donskoy Min­
ing and Processing Plant of TNK Kazchrome JSC. Gornyi 
zhurnal. 2022;(8):52–56. (In Russ.).

 https://doi.org/10.17580/gzh.2022.08.07 

 Нефедов А.В., Танчук А.В., Чиченев Н.А. Модернизация 
привода опрокидывателя рудных вагонеток Донского 
ГОК АО «ТНК Казхром». Горный журнал. 2022;(8): 
52–56. https://doi.org/10.17580/gzh.2022.08.07

10. Samusev S.V., Fadeev V.A., Sidorova T.Yu. Development 
of effective calibrations for forming blank for produc­
tion of longitudinal welded pipes of small and medium diam­
eters. Metallurgist. 2020;64(7–8):658–664.

 https://doi.org/10.1007/s11015-020-01042-4 

 Самусев С.В., Фадеев В.А., Сидорова Т.Ю. Разработка 
эффективных калибровок формовки листовой заготовки 
для производства прямошовных электросварных труб 
малого и среднего диаметров. Металлург. 2020;(7):55–59. 

11. Gorbatyuk S.M., Morozova I.G., Naumova M.G. Develop­
ment of the working model of production reindustrializa­
tion of die steel heat treatment. Izvestiya. Ferrous Metal-
lurgy. 2017;60(5):410–415. (In Russ.).

 https://doi.org/10.17073/0368-0797-2017-5-410-415 

 Горбатюк С.М., Морозова И.Г., Наумова М.Г. Разработка 
рабочей модели процесса реиндустриализации произ­
водства термической обработки штамповых сталей. Из -
вестия вузов. Черная металлургия. 2017;60(5):410–415. 
https://doi.org/10.17073/0368-0797-2017-5-410-415

12. Metallurgy and Heat Treatment of Steel and Cast Iron: Refe­
rence Book. In 3 vols. T. 3. Thermal and Thermomechanical 
Processing of Steel and Cast Iron / Rakhshtadt A.G., Kaput­
kina L.M., Prokoshkina S.D., Supova A.V. eds. Moscow: 
Intermet Engineering; 2007:919. 

 Металловедение и термическая обработка стали и 
чугуна: справочник. В 3­х т. Т. 3. Термическая и тер­
момеханическая обработка стали и чугуна / Под ред. 
Рахштадта А.Г., Капуткиной Л.М., Прокошкина С.Д., 
Супова А.В. Москва: Интермет Инжиниринг; 2007:919.

13. Steniko A., Tami V. Improvement of direct hardening pro­
cess at the Nucor Tuscaloosa plant. Chernye metally. 
2018;(12):41–43. (In Russ.).

 Стенико А., Тами В. Совершенствование процесса пря­
мой закалки на заводе компании Nucor Tuscaloosa. Чер-
ные металлы. 2018;(12):41–43.

14. Chichenev N.A., Gorbatyuk S.M., Naumova M.G., Moro­
zova I.G. Using the similarity theory to describe laser harde­
ning processes. CIS Iron and Steel Review. 2020;19:44–47.

https://doi.org/10.1007/978-3-030-54817-9_139
https://doi.org/10.17580/gzh.2022.08.07
https://doi.org/10.17580/gzh.2022.08.07
https://doi.org/10.1007/s11015-020-01042-4
https://doi.org/10.17073/0368-0797-2017-5-410-415
https://doi.org/10.17073/0368-0797-2017-5-410-415


Izvestiya. Ferrous Metallurgy. 2024;67(2):155–160.
Chichenev N.A., Gorbatyuk S.M., etc. Investigation of changes in temperature of pressing tool during laser processing

159

15. Grigor’yants A.G., Shiganov I.N., Misyurov A.I. Techno­
logical Processes of Laser Processing: Tutorial. Moscow: 
N.E. Bauman MSTU Publ.; 2006:663. 

 Григорьянц А.Г., Шиганов И.Н., Мисюров А.И. Техноло­
гические процессы лазерной обработки: Учебное посо­
бие. Москва: Изд­во МГТУ им. Н.Э. Баумана; 2006:663.

16. Laser Technologies for Materials Processing: Modern Prob­
lems of Fundamental Research and Applied Developments. 
Panchenko V.Ya. ed. Moscow: FIZMATLIT; 2009:664. 

 Лазерные технологии обработки материалов: современ­
ные проблемы фундаментальных исследований и при­
кладных разработок / Под ред. В.Я. Панченко. Москва: 
ФИЗМАТЛИТ; 2009:664.

17. Milenin A., Petrov P., Petrov M., Krutina E. Numerical model 
of fracture in magnesium alloys during forming processes. 
Steel Research International. 2012;(SPL. ISSUE):847–850.

18. Maksimov E.A., Shatalov R.L., Krutina E.V. Procedures for 
calculation of deformation and energy­power parameters for 
combined rotary drawing and cross rolling of wheel disks. 
Proizvodstvo prokata. 2019;(10):9–14. (In Russ.).

 Максимов Е.А. Шаталов Р.Л., Крутина Е.В. Методика 
расчета деформационных и энергосиловых парамет­
ров при совмещенной ротационной вытяжке и попе­
речной прокатке дисков колес. Производство проката. 
2019;(10):9–14. 

19. Kiani­Rashid A.R., Rounaghi S.A. The new methods 
of graphite nodules detection in ductile cast iron. Materials 
and Manufacturing Processing. 2011;26(2):242–248.

 https://doi.org/10.1080/10426914.2010.520788 
20. Di Cocco V., Iacoviello F., Cavallini M. Damaging micro­

mechanisms characterization of a ferritic ductile cast iron. 
Engineering Fracture Mechanics. 2010;77(11):2016–2023. 
https://doi.org/10.1016/j.engfracmech.2010.03.037

21. Chaus A.S., Sojka J., Pokrovskii A.I. Effect of hot plastic 
deformation on microstructural changes in cast iron with glo­
bular graphite. The Physics of Metals and Metallography. 2013; 
114(1):84–95. https://doi.org/10.1134/S0031918X13010031 

22. Zhao X., Jing T.F., Gao Y.W., Qiao G.Y., Zhou J.F., Wang W. 
Morphology of graphite in hot compressed nodular iron. 
Journal of Materials Science. 2004;39(19):6093–6096. 

 https://doi.org/10.1023/B:JMSC.0000041709.60100.56 
23. Carslaw H.S., Jaeger J.C. Conduction of Heat in Solids. Lon­

don: Oxford University Press; 1947. 
 Карслоу Г., Егер Д. Теплопроводность твердых тел. 

Москва: Наука; 1964:487.
24. Tikhonov A.N., Samarskii A.A. Equations of Mathemati­

cal Physics: Textbook. Moscow: M.V. Lomonosov MSU; 
2004:800. 

 Тихонов А.Н., Самарский А.А. Уравнения математичес­
кой физики: учебник. Москва: МГУ им. М.В. Ломоно­
сова; 2004:800.

25. Thambynayagam R. K. M. The Diffusion Handbook: App­
lied Solutions for Engineers. McGraw­Hill Professional; 
2011:2048.

26. Tkachenko L.A., Repina A.V. Heat Transfer Theory: Tuto­
rial. Kazan: Kazan University Publ.; 2017:151. 

 Ткаченко Л.А., Репина А.В. Теория теплообмена: Учеб­
ное пособие. Казань: Изд­во Казанского университета; 
2017:151.

27. Ushakov I.V. Method of mechanical testing of laser treated 
metallic glass by indenters with different geometry. Proceed-
ings of SPIE – The International Society for Optical Engineer-
ing. 2007;6597:659714. https://doi.org/10.1117/12.726773

28. Shinkaryov A.S., Ozherelkov D.Yu., Pelevin I.A., Ere­
min S.A., Anikin V.N., Burmistrov M.A., Chernyshikhin S.V., 
Gromov A.A., Nalivaiko A.Yu. Laser fusion of aluminum 
powder coated with diamond particles via selective laser 
melting: powder preparation and synthesis description. Coat-
ings. 2021;11(10):1219.

 https://doi.org/10.3390/coatings11101219
29. Ganzulenko O.Y., Petkova A.P. Simulation and approba­

tion of the marking laser process on metal materials. Journal 
of Physics: Conference Series. 2021;1753(1):012016.

 https://doi.org/10.1088/1742-6596/1753/1/012016 
30. Pichuev A.V., Petrov V.L. Equivalent circuit for mine power 

distribution systems for the analysis of insulation leak­
age current. Mining Science and Technology (Russia). 
2023;8(1):78–86. (In Russ.).

 https://doi.org/10.17073/2500-0632-2023-01-72 

 Пичуев А.В., Петров В.Л. Обоснование схемы замеще­
ния шахтной подземной электрической сети для анализа 
режимов утечки тока через изоляцию. Горные науки и 
технологии. 2023;8(1):78–86.

 https://doi.org/10.17073/2500-0632-2023-01-72  
31. Zhang Y.Q., Jiang S.Y., Zhao Y.N., Shan D.B. Isother­

mal precision forging of complex­shape rotating disk 
of aluminum alloy based on processing map and digi­
tized techno logy. Materials Science and Engineering: A.  
2013;580:294–304.

 https://doi.org/10.1016/j.msea.2013.05.059 
32. Zheng J.H., Lin J.G., Lee J., Pan R., Li C., Davies C.M. 

A novel constitutive model for multi­step stress relax­
ation ageing of a pre­strained 7xxx series alloy. International 
Journal of Plasticity. 2018;106:31–47.

 https://doi.org/10.1016/j.ijplas.2018.02.008

Николай Алексеевич Чиченев, д.т.н., профессор кафедры инжи-
ниринга технологического оборудования, Национальный исследо-
вательский технологический университет «МИСИС»
ORCID: 0000-0002-9019-4675
E-mail:  chich38@mail.ru 

Сергей Михайлович Горбатюк, д.т.н., профессор кафедры «Инжи-
ниринг технологического оборудования», Национальный исследо-
вательский технологический университет «МИСИС»
ORCID: 0000-0002-4368-5965
E-mail:  sgor02@mail.ru 

Nikolai A. Chichenev, Dr. Sci. (Eng.), Prof. of the Chair “Engineering 
of Technological Equipment”, National University of Science and Tech-
nology “MISIS”
ORCID: 0000-0002-9019-4675
E-mail:  chich38@mail.ru 

Sergei M. Gorbatyuk, Dr. Sci. (Eng.), Prof. of the Chair “Engineering 
of Technological Equipment”, National University of Science and Tech-
nology “MISIS”
ORCID: 0000-0002-4368-5965
E-mail:  sgor02@mail.ru 

Information about the Authors Сведения об авторах

https://doi.org/10.1080/10426914.2010.520788
https://doi.org/10.1016/j.engfracmech.2010.03.037
https://doi.org/10.1134/S0031918X13010031
https://doi.org/10.1023/B:JMSC.0000041709.60100.56
https://doi.org/10.1117/12.726773
https://doi.org/10.3390/coatings11101219
https://doi.org/10.1088/1742-6596/1753/1/012016
https://doi.org/10.17073/2500-0632-2023-01-72
https://doi.org/10.17073/2500-0632-2023-01-72
https://doi.org/10.1016/j.msea.2013.05.059
https://doi.org/10.1016/j.ijplas.2018.02.008
https://orcid.org/0000-0002-9019-4675
mailto:chich38@mail.ru
https://orcid.org/0000-0002-4368-5965
mailto:sgor02@mail.ru
https://orcid.org/0000-0002-9019-4675
mailto:chich38@mail.ru
https://orcid.org/0000-0002-4368-5965
mailto:sgor02@mail.ru


Известия вузов. Черная металлургия. 2024;67(2):155–160.
Чиченев Н.А., Горбатюк С.М. и др. Исследование изменения температуры прессового инструмента при обработке лазером

160

Received 17.09.2023
Revised 07.01.2024

Accepted 23.03.2024

Поступила в редакцию 17.09.2023
После доработки 07.01.2024

Принята к публикации 23.03.2024

Н. А. Чиченев – разработка методики расчета температурного 
поля цилиндрического тела.
С. М. Горбатюк – анализ и обобщение полученных результатов 
моделирования.
К. Н. Соломонов – формирование концепции статьи, определение 
цели и задачи исследования, подготовка текста.
С. А. Снитко – техническое обоснование задач исследования, обо-
снование параметров процесса.
О. Н. Чиченева – графическое оформление полученных результа-
тов.

N. A. Chichenev – development of method for calculating the tempera-
ture field of a cylindrical body.
S. M. Gorbatyuk – analysis and generalization of the obtained model-
ing results.
K. N. Solomonov – formation of the article concept, setting the research 
goals and objectives, writing the text.
S. A. Snitko – technical justification of research tasks, justification of 
process parameters.
O. N. Chicheneva – graphic design of the obtained results.

Contribution of the Authors Вклад авторов

Константин Николаевич Соломонов, д.т.н., профессор кафедры 
социально-гуманитарных, естественно-научных и общепрофес-
сиональных дисциплин, Филиал Ростовского государственного 
университета путей сообщения в г. Воронеж
E-mail:  konssol@list.ru 

Сергей Александрович Снитко, д.т.н., доцент, заведующий 
кафед рой «Обработка металлов давлением», Донецкий нацио-
нальный технический университет
ORCID: 0000-0002-1099-5801
E-mail:  snitko_sa@mail.ru

Ольга Николаевна Чиченева, к.т.н., доцент, Национальный 
исследовательский технологический университет «МИСИС»
E-mail:  chich38@mail.ru

Konstantin N. Solomonov, Dr. Sci. (Eng.), Prof. of the Chair of Social, 
Humanitarian, Natural Sciences and General Professional Discipline, 
Voronezh Branch of the Rostov State Transport University
E-mail:  konssol@list.ru 

Sergei A. Snitko, Dr. Sci. (Eng.), Assist. Prof., Head of the Chair “Metal 
Forming”, Donetsk National Technical University
ORCID: 0000-0002-1099-5801
E-mail:  snitko_sa@mail.ru 

Ol’ga N. Chicheneva, Cand. Sci. (Eng.), Assist. Prof., National University 
of Science and Technology “MISIS”
E-mail:  chich38@mail.ru

mailto:konssol@list.ru
https://orcid.org/0000-0002-1099-5801
mailto:snitko_sa%40mail.ru?subject=
mailto:chich38@mail.ru
mailto:konssol@list.ru
https://orcid.org/0000-0002-1099-5801
mailto:snitko_sa%40mail.ru?subject=
mailto:chich38@mail.ru


Izvestiya. Ferrous Metallurgy. 2024;67(2):161–166.
Akuov A.M., Kelamanov B.S., etc. Influence of additives on properties of high-carbon ferrochrome slag

161

  UDC 669.15–198
   DOI 10.17073/0368-0797-2024-2-161-166

  akuov.am@mail.ru
Аннотация. Промышленные шлаки высокоуглеродистого феррохрома имеют сложный состав. Они состоят из оксидной части (Cr2O3 , CaO, 

MgO, FeO, SiO2 , Al2O3 ), а также «запутавшихся» металлических корольков (Crмет ). С целью увеличения степени полезного использования 
хрома и снижения потерь в виде металлических корольков проведены эксперименты в лабораторных условиях по изучению изменения 
свойств шлака высокоуглеродистого феррохрома путем применения эффективных и доступных флюсующих материалов (керамзита, бората 
кальция и шлака рафинированного феррохрома). Изучено влияние флюсующих добавок в виде керамзита, бората кальция и шлака от произ­

  akuov.am@mail.ru
Abstract. Industrial slags produced by high­carbon ferrochrome are a material of complex composition consisting of an oxide part (Cr2O3 , CaO, 

MgO, FeO, SiO2 , Al2O3 ) and “entangled” metal prills (Crmet ). In order to increase the degree of chromium utilization and reduce losses 
in the form of metal prills, we conducted the laboratory experiments to study changes in properties of the slag produced by high­carbon ferro­
chrome through the use of effective and affordable fluxing materials: expanded clay, calcium borate and refined ferrochrome slag. The effect 
of fluxing additives in the form of expanded clay, calcium borate and slag from the production of low­carbon ferrochrome on the properties 
of high­carbon ferrochrome slag was studied. Addition of up to 8 % of expanded clay and low­carbon ferrochrome slag leads to a stable 
decrease in the softening temperatures of the final slags. The greatest intensity of decrease in the softening temperature is observed when 
calcium borate is injected in an amount of 6 ‒ 10 %. The greatest effect on reducing softening temperatures is exerted by the addition of 10 % 
calcium borate when introducing high­carbon ferrochrome into the slag, while the temperature of softening beginning decreases by 262 °С, 
and the temperature of softening end – by 135 °С. All the studied fluxing additives have a positive effect on reduction degree of the residual 
concentration of metallic chromium in the slag. The most intense decrease in the content of Crmet in the slag is observed with the introduc­
tion of 2 % of fluxing materials. The best values for the residual content of 0.7 ‒ 0.8 % Crmet were achieved using 4 % of low­carbon ferro­
chrome slag and calcium borate. When using expanded clay, an additive in the amount of 10 % is required to achieve such indicators of Crmet . 
In general, the effectiveness of using the studied fluxing materials to increase the degree of chromium extraction in the production of high­
carbon ferrochrome is shown, its content in the slag is reduced by 84 %. 

Keywords: metallurgy, ferrochrome, slag, metal prills, fluxing materials, expanded clay, calcium borate
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 Introduction

The operational characteristics of slag in the produc­
tion of high­carbon ferrochrome depend on the nature 
of chrome ores, the content of main components 
(iron and chrome oxides), and slag­forming agents 
(SiO2 , MgO, and Al2O3 ). Therefore, the phase diagram 
of the SiO2 – MgO – Al2O3 system (Fig. 1) serves as 
the physicochemical basis for determining the optimal 
slag compositions [1 ‒ 3].

The selected slag composition should ensure the over­
heating of high­carbon ferrochrome (HCFC) and create 
conditions for successful “droplet” (movement of metal 
droplets through the ore layer) and “bottom” (at the metal­
slag interface) refining of carbon and silicon. The slag 
should have low viscosity and be sufficiently mobile for 
the precipitation of metal droplets (especially in the ladle 
during tapping from the furnace), easily separate from 
the metal ingot, and possess optimum electrical resistance 

to facilitate deep insertion of electrodes into the charge 
and obtain standard metal in terms of sulfur and phospho­
rus content.

The temperature regime of the metal and slag du ring 
the smelting of high­carbon ferrochrome is prima rily 
determined by the softening temperatures of the oxide 
material (SiO2 concentration and MgO/Al2O3 ratio) as 
well as the ratio between chromium and carbon content 
in the alloy. The melting temperatures of the selected 
slag composition should be higher than the melting tem­
perature of the metal by 100 – 150 °C since the heating 
of the metal during the smelting of high­carbon ferro­
chrome occurs through the slag, and the furnace opera­
tes in resistance mode. The slag obtained from process­
ing chrome ores of the Kempirsaiskoe deposit has a high 
melting temperature and viscosity, which makes it diffi­
cult to remove from the furnace and contributes to exces­
sive overheating of the metal. To lower the melting tem­
perature and viscosity of the slag, silicon­containing 

Fig. 1. State diagram of the SiO2 ‒ MgO ‒ Al2O3 ternary system [1] 

Рис. 1. Диаграмма состояния тройной системы SiO2 ‒ MgO ‒ Al2O3 [1]

водства низкоуглеродистого феррохрома на свойства шлака высокоуглеродистого ферро хрома. Присадки до 8 % керамзита и шлака низкоу­
глеродистого феррохрома приводят к стабильному снижению температур размягчения конечных шлаков. При вводе 6 ‒ 10 % бората кальция 
происходит интенсивное снижение температур начала размягчения. Наибольшее влияние на снижение температур размягчения оказывает 
добавка 10 % бората кальция при вводе в шлак высокоуглеродистого ферро хрома, при этом наблюдается снижение температуры начала 
размягчения на 262 °С, конца размягчения ‒ на 135 °С. Все исследованные флюсующие добавки оказывают положительное влияние на 
степень снижения остаточной концентрации металлического хрома в шлаке. При вводе 2 % флюсующих материалов наблюдается наиболее 
интенсивное снижение содержания Crмет в шлаке. Наилучшие значения по остаточному содержанию 0,7 ‒ 0,8 % Crмет достигнуты при исполь­
зовании 4 % шлака низкоуглеродистого феррохрома и бората кальция. При использовании керамзита для достижения таких показателей Crмет 
необходима добавка в количестве 10 %. Показана эффективность использования исследованных флюсующих материалов при производстве 
высокоуглеродистого феррохрома для повышения степени извлечения хрома, содержание которого в шлаке снижается примерно на 84 %. 
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fluxing materials such as quartzite screenings or high­ash 
reducers are added to the charge. 

Over the years of operation, as mining activities 
extended into deeper layers, ores from lower horizons 
began to be extracted. These ores had undergone less 
exposure to weathering processes, significantly impac­
ting the composition of the host rock. There was an 
increase in magnesium oxide content and a decrease 
in aluminum oxide content. Consequently, the com­
position of chromite ores obtained by ferroalloy plants 
in recent years has undergone significant changes. 
The composition of the slag is determined by the com­
position of the chromite ores, thus their compositions 
have also shifted towards increased magnesium oxide 
content (from 28 – 32 % to 45 – 48 %) and decreased 
aluminum oxide content (from 28 – 29 % to 14 – 15 %), 
while the silicon dioxide content (SiO2 ) has remained 
at the level of 29 – 34 %. This is evidenced by the dynam­
ics of changes in the composition of the final slag of high­
carbon ferrochrome, which indicates that the MgO/А12О3 
ratio has increased from 1.8 to 3.0 and higher over the past 
decades [4 ‒ 6].

According to the chemical composition, signifi­
cant changes have also occurred in the phase compo­
sition of the slag of high­carbon ferrochrome, which 
has shifted from the magnesioaluminate spinel field 
(MgO·Al2O3) to the forsterite field (2MgO·SiO2 ). 
The proportion of the latter in the slag has increased 
from 35 to 70 % since the commissioning of the Kem­
pirsaiskoe mine. The increase in magnesium content in 
the slag mainly occurred due to the supply of poorer 
chromite ores and the exploitation of new deposits with 
increased magnesium content.

Therefore, further growth in the production volu me 
of chromium­containing ferroalloys necessitates 
the extensive utilization of the most common high­
magnesia chromite ores with a magnesium oxide con­
tent of 18 – 22 % and an aluminum oxide concentra­
tion of 7 – 9 %. 

Increasing the magnesium concentration in the slag 
leads to increased chromium losses. A significant amount 
of chromium is lost in the form of a metallic phase, which 
is associated with the deterioration of the physicochemi­
cal properties of the formed high­magnesia slags.

 Materials and methods

In [7 – 9], it is demonstrated that the introduction of var­
ious fluxing and carbon­containing materials into the charge 
of high­carbon ferrochrome contributes to reducing the high 
melting point of the resulting oxide materials, thereby 
allowing for a reduction in chrome losses with the slag in 
the form of entangled metal droplets [10 ‒ 12]. 

Laboratory experiments were conducted to reduce 
the softening temperatures of slags during the smelting 
of high­carbon ferrochrome by adding various fluxing 
materials for the deposition and coagulation of entangled 
metal droplets. Calcium borate [13 – 15], expanded clay, 
and stabilized low­carbon (refined) ferrochrome (RFC) 
slag were used as fluxing materials. Due to the diffe­
rent fractional compositions of the materials used, all 
samples were crushed and fractionated to obtain mate­
rials with a size of 1 – 3 mm. The chemical compositions 
of the considered fluxing materials and the initial HCFC 
slag are presented in the Table.

Experimental melts were carried out in a high­
temperature resistance furnace according to Tamman. 
The technical characteristics of the furnace were as fol­
lows: power consumption – 40 kW; network voltage – 
380 V; maximum voltage on the furnace buses – 15 V; 
maximum allowable temperature – 1800 °C; heating time 
to the maximum temperature – 30 min.

The weight of the initial HCFC slag for each experi­
ment was 300 g. Fluxing additives were added in amounts 
of 2 – 10 % of the mass of the initial slag with a step of 2 %. 
At least two melts were carried out for each charging 
variant. The initial temperature (Tini ) and end temperature 
(Tend ) of softening were determined in accordance with 
State standard GOST 26517­85. The pre­dosed mixture 
of slag and flux was poured into a crucible, then placed 
in the furnace and heated at a rate of 10 – 15 °C/min. 
Temperature measurements were made using a VR 5/20 
tungsten­rhenium thermocouple.

 Results and discussion

The introduction of fluxing additives has a multi­
faceted effect on the chemical composition and basicity 
of the processed slags [16 – 18]. According to the chemi­

Chemical compositions of the fluxing materials

Химические составы флюсующих материалов

Material
Content of elements, wt. %

Crmet Cr2O3 CaO MgO Al2O3 FeO SiO2 В2O3

Expanded clay ‒ 0.10 3.01 2.59 15.27 7.38 62.30 ‒
Calcium borate ‒ ‒ 37.20 0.50 0.05 ‒ ‒ 43.80
RFC slag 1.3 8.60 46.80 12.80 5.80 1.90 22.90 0.30
HCFC slag 4.9 9.40 1.70 42.00 16.80 2.30 26.00 –
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cal analysis data of the final slags, the introduction 
of expanded clay up to 10 % with a basicity of 0.09 leads 
to an increase in the concentration of SiO2 oxide from 
26.0 to 32.1 %, accompanied by a decrease in the basicity 
of the final slag by 0.28. 

Adding high­basicity RFC slag up to 10 % leads 
to an increase in the basicity of the final slag by 0.12. 
The slag contains a minor concentration of B2O3 oxide 
at 0.01 %. It is necessary to note the additional positive 
impact of the addition of RFC slag, as waste from their own 
production is used and an additional 0.13 % of Cr metal 
is introduced. However, the high melting temperature 
of RFC slag when considering the option of introduc­
ing fluxing materials into the ladle requires a thermal 
balance calculation to determine the allowable amount 
of additives. In the case of adding fluxing materials 
directly into the furnace, one must consider the increase 
in the basicity of the final slag, which can affect both 
the lining of the furnace and the technological process 
of smelting high­carbon ferrochrome [19 – 21].

Adding calcium borate leads to an increase of up 
to 5 % CaO and 2.6 % B2O3 in the final slag. Conside­
ring that the B2O3 oxide belongs to “acidic” materials, it 

can be said that the basicity of the slag changes insignifi­
cantly (increases by 0.02).

When selecting flux materials, their cost should be 
considered. It is promising to utilize waste from our own 
production (RFC slag).

The results of temperature measurement at the begin­
ning of softening are presented in Fig. 2, a, and at the end 
of softening in Fig. 2, b. 

For all tested samples, an increase of up to 8 % of flux 
additives from the mass of HCFC slag leads to a decrease 
in the temperature at the beginning of softening. Increas­
ing the flux addition to 10 % has a contradictory effect 
on the values of Tini (Fig. 2, a): it increases for expanded 
clay and RFC slag, but decreases sharply for calcium borate.

When adding up to 8 % of RFC slag, there is a gradual 
decrease in the temperatures at the beginning of soften­
ing (by 35 °C). Further increasing the RFC addition leads 
to a sharp increase in the value of Tini . When introducing 
10 % of RFC slag, the temperature at the beginning of soft­
ening exceeds the value of Tini for the original HCFC slag. 

For comparison, the high­carbon ferrochrome slag 
was melted without flux additives. Up to a temperature 
of 1650 °C, no changes in the state of the slag were observed, 
starting from 1660 °C, the slag enters a pasty state. At a 
temperature of 1677 °C, the slag becomes a dense viscous 
mass, and at 1705 °C, the slag completely melts. The slag is 
less fluid than when processed with fluxes. 

When using calcium borate in an amount of up to 10 % 
of the slag mass, the temperatures at the beginning and end 
of slag softening decrease by 265 and 135 °C. In the case 
of expanded clay, these indicators are 39 and 80 °C. With 
additions of up to 10 % of stabilized RFC slag, the slag 
softening temperature increases by 2 °C above the softe­
ning temperature of the original HCFC slag. 

Fig. 3 presents data on the residual content of metallic 
chromium in the slag after processing with fluxes. 

The best results for precipitating chrome spinels were 
achieved with a consumption of 4 % calcium borate from 
the slag mass. The content of metallic Cr in the slag 
decreased by 83.7 %. For slags treated with expanded 

Fig. 2. Dependence of the temperature of beginning (a) and end (b)  
of slag softening on the flux flow rate:

1 – expanded clay; 2 – calcium borate; 3 – refined ferrochrome slag

Рис. 2. Зависимость температуры начала (а) и конца (b)  
размягчения шлака от расхода флюса: 

1 – керамзит; 2 – борат кальция; 3 – шлак РФХ

Fig. 3. Dependence of Crmet content in the slag on the flux flow rate:
1 – calcium borate; 2 – refined ferrochrome slag; 3 – expanded clay 

Рис. 3. Зависимость содержания Crмет в шлаке от расхода флюса: 
1 – борат кальция; 2 – шлак РФХ; 3 – керамзит
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clay, this value is 81.7 % at a consumption rate of 10 % 
of the slag mass. In slags treated with stabilized RFC slag 
in an amount of 4 % of the slag mass, the content of Crmet 
decreased by 85.7 %. 

Significant reduction in the content of metallic chro­
mium in the slag is observed when introducing 2 – 4 % 
of the tested flux materials. 

Based on the reduction in the content of metal­
lic Cr in the slag, it can be concluded that it is prefe­
rable to use expanded clay and RFC slag stabilized with 
boron. In industrial conditions, it is necessary to take 
into account the cost of each type of fluxing additives. 

 Conclusions

The influence of fluxing additives such as expanded clay, 
calcium borate, and slag from RFC production on the prop­
erties of high­carbon ferrochrome slag has been studied. 
It has been shown that the addition of up to 8 % expanded 
clay and low­carbon ferrochrome slag leads to a stable 
decrease in the softening temperatures of final slags. 
The most significant reduction in softening temperature 
onset is observed with the introduction of 6 – 10 % calcium 
borate. The greatest impact on reducing softening tempera­
tures is achieved with the addition of calcium borate; with 
the addition of 10 % calcium borate to HCFC slag, the start 
of softening temperature is reduced by 262 °C, and the end 
of softening by 135 °C. 

All studied fluxing additives have a positive influ­
ence on the degree of reduction in the residual concentra­
tion of metallic chromium in the slag. The most intense 
reduction in Crmet content in the slag is observed with 
the addition of 2 % fluxing materials. The best values for 
residual content of 0.7 – 0.8 % Crmet are achieved when 
using 4 % RFC slag and calcium borate. When using 
expanded clay to achieve such chromium content levels, 
an addition of 10 % is required. 

The efficiency of using the studied fluxing materials 
to increase the extraction of chromium during the pro­
duction of high­carbon ferrochrome is demonstrated, 
with the residual content in the slag reduced by approxi­
mately 84 %.
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Аннотация. Методом просвечивающей дифракционной электронной микроскопии выполнены исследования тонкой структуры сталей 

промышленного назначения, которые обладают ОЦК­кристаллической решеткой (перлитные, феррито­перлитные и мартенситные). 
Проанализирована внутренняя структура зерен, определены скалярная плотность дислокаций в различных участках материала, источ­
ники внутренних напряжений и их амплитуда. Использование метода, основанного на анализе изгибных экстинкционных контуров, 
позволяет изучать внутренние напряжения. Изучение внутренних напряжений и их источников проведено на примере рельсовой стали 
Э76ХФ со структурой пластинчатого перлита после сверхдлительной эксплуатации (пропущенный тоннаж – 1770 млн т брутто). Места 
проведения исследования металла рельсов: вдоль центральной оси симметрии (поверхность катания) и вдоль радиуса скругления (рабочая 
выкружка) головки рельса на расстояниях 0, 2 и 10 мм от поверхности. По мере приближения к поверхности головки, независимо от 
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Abstract. The paper studies fine structure of industrial steels with BCC lattice (pearlite, ferrite­pearlite and martensite) using transmission diffrac­

tion electron microscopy. The internal structure of the grains was analyzed; the scalar density of dislocations in various parts of the material, 
the sources of internal stresses and their amplitude were determined. The use of a method based on the analysis of bending extinction contours 
allowed us to study internal stresses. We analyzed the internal stresses and their sources using the example of 0.76С–Cr–V–Fe rail steel with 
a lamellar pearlite structure after ultra long­term operation with the tonnage of 1770 million gross tons. The metal of the rails was examined 
along the central axis of symmetry (rolling surface) and the rounding radius (working fillet) of the railhead at distances of 0, 2 and 10 mm 
from the surface. As one approaches the head surface, regardless of the research direction (along the fillet rounding radius or along the axis 
of symmetry), the lamellar pearlite is gradually replaced by destroyed pearlite with formation of a ferrite­carbide mixture and formation of a frag­
mented structure. These processes occur more intensively in the working fillet. Along the entire central axis of symmetry of the rail head (rolling 
surface), there is a plastic bending­torsion of the crystal lattice, along the rounding radius of the rail head (working fillet) at a distance of 10 mm 
from the surface – also plastic, and at a distance from 0 to 2 mm – elastic­plastic. The main source of internal torque (long­acting) stresses in rail 
steel is the excessive density of dislocations. Using the example of 34CrNi3MoVN steel of the martensitic class, the type of bending extinction 
contour was determined using mathematical equations. At low degrees of plastic deformation, extinction contours are contours of bending or 
torsion, at high degrees they are of a mixed type. 
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stresses, sources

Acknowledgements: The work was carried out within the framework of the state task of the Ministry of Science and Higher Education of the Russian 
Federation (subject No. FEMN­2023­0003).

For citation: Popova N.A., Nikonenko E.L., Porfir’ev M.A., Kryukov R.E. Internal stresses and their sources in steels with BCC lattice. Izvestiya. 
Ferrous Metallurgy. 2024;67(2):167–175. https://doi.org/10.17073/0368-0797-2024-2-167-175

Internal stresses and their sources in steels  
with BCC lattice

N. A. Popova1 , E. L. Nikonenko1, 2, M. A. Porfir’ev3, R. E. Kryukov3

1 Томский государственный архитектурно­строительный университет (Россия, 634003, Томск, пл. Соляная, 2)
2 Национальный исследовательский Томский политехнический университет (Россия, 634050, Томск, пр. Ленина, 30)
3 Сибирский государственный индустриальный университет (Россия, 654007, Кемеровская обл. – Кузбасс, Новокузнецк, 
ул. Кирова, 42)

1 Tomsk State University of Architecture and Building (2 Solyanaya Sqr., Tomsk 634003, Russian Federation)
2 National Research Tomsk Polytechnic University (30 Lenina Ave., Tomsk, 634050, Russian Federation)
3 Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region – Kuzbass 654007, Russian Federation)

Original article 
Оригинальная статья

Внутренние напряжения и их источники в сталях  
с ОЦК-кристаллической решеткой

Н. А. Попова1 , Е. Л. Никоненко1, 2, М. А. Порфирьев3, Р. Е. Крюков3

©  N. A. Popova, E. L. Nikonenko, M. A. Porfir’ev, R. E. Kryukov, 2024

Materials science Материаловедение

https://doi.org/10.17073/0368-0797-2024-2-167-175
mailto:natalya-popova-44%40mail.ru?subject=
mailto:natalya-popova-44%40mail.ru?subject=
https://fermet.misis.ru/index.php/jour/search/?subject=electron microscopy
https://fermet.misis.ru/index.php/jour/search/?subject=BCC lattice
https://fermet.misis.ru/index.php/jour/search/?subject=bending extinction contour
https://fermet.misis.ru/index.php/jour/search/?subject=curvature-torsion
https://fermet.misis.ru/index.php/jour/search/?subject=scalar dislocation density
https://fermet.misis.ru/index.php/jour/search/?subject=excess dislocation density
https://fermet.misis.ru/index.php/jour/search/?subject=internal stresses
https://fermet.misis.ru/index.php/jour/search/?subject=internal stresses
https://fermet.misis.ru/index.php/jour/search/?subject=sources
mailto:natalya-popova-44%40mail.ru?subject=
mailto:natalya-popova-44%40mail.ru?subject=


Известия вузов. Черная металлургия. 2024;67(2):167–175.
Попова Н.А., Никоненко Е.Л. и др. Внутренние напряжения и их источники в сталях с ОЦК-кристаллической решеткой

168

 Introduction

The investigation of internal stresses in metals 
and alloys has long captivated researchers [1 – 3] due 
to their critical role in several mechanical properties and 
behaviors. Internal stresses significantly influence yield 
strength [4 – 6], deformation strengthening [7 – 9], and 
crucially, the fracture of crystalline materials through 
the initiation [10 – 15] and propagation of micro­
cracks [16 – 18]. They are also vital in the evolution 
of defect structures during various thermal treatments 
of metals, alloys, and steels [15; 19; 20], and in phase and 
structural transformations [5; 6; 15; 20 – 22]. Additio­
nally, internal stresses are indispensable in the production 
of bulk nanostructured materials created via intensive 
plastic deformation [4; 24 – 26]. 

Internal stresses are categorized based on their locali­
zation: macro­, meso­, and microstresses. Macrostresses 
span the entire sample or a substantial part thereof. Meso­
scopic internal stresses are localized within volumes 
ranging from tens to hundreds of micrometers, often con­
fined to one or several grain volumes or part of a grain 
volume. Microscopic stress fields are confined to areas 
a few micrometers in size or smaller.

Methods for assessing internal stresses fall into two 
primary categories: destructive and non­destructive. 
Destructive methods include chemical, thermal, metal­
lographic, and mechanical approaches [27], which may 
lead to the partial or complete destruction of the sample. 
These methods typically assess first­order stresses, which 
are crucial for determining the operational properties 
of materials. 

Non­destructive techniques encompass magnetic, 
optical, and polarization­optical methods [28]. These 
allow for the measurement of elastic deformations within 
a component without altering its geometry. 

Both non­destructive and destructive methods provide 
an integral assessment of stresses, with stress (first­order 
stress) averaging over centimeters.

Internal stresses can also be determined using X­ray 
structural analysis, which measures both first and se cond­
order stresses [29 – 31] and is considered a non­destruc­
tive method [32 – 34]. This technique reduces the range 
of stress averaging to millimeters, although it is still 
relatively broad. X­ray structural analysis is particularly 
effective for evaluating the amplitude of mesoscopic 
internal stresses [35 – 38].

Presently, the most informative method for examining 
meso­ and microscopic internal stress fields is transmis­
sion electron diffraction microscopy, which offers precise 
control over the locality of stress measurements, ranging 
from hundreds of nanometers to hundreds of microme­
ters [39]. In this study, internal stresses and their sources 
in FCC steels were investigated using transmission 
elect ron diffraction microscopy with a focus on bending 
extinction contours. 

Measurements of meso­ and microscopic inter­
nal stresses were derived from the material’s structure, 
including the radius of curvature of dislocations in the slip 
plane [23], the spacing between dislocations, the parame­
ters of dislocation clusters [40], and the characteristics 
of bending extinction contours [19; 39]. 

The aim of this study is to investigate internal stresses 
and their sources in FCC steels using a method based on 
the analysis of bending extinction contours.

 Materials and methods
ф

A study was conducted on samples of industrial­pur­
pose steels with a BCC crystal lattice (pearlite, ferrite­
pearlite, and martensite), which underwent heat treatment 
and various plastic deformation processes (stretching, 
compression, rolling). The research was carried out using 
transmission diffraction electron microscopy (TEM) on 
thin foils with EM­125K electron microscopes equipped 
with a goniometric attachment and EM­I25, which offers 
higher resolution capabilities. Foils were prepared using 
the electropolishing method with special modes to obtain 

направления исследований (вдоль радиуса скругления выкружки или вдоль оси симметрии) пластинчатый перлит постепенно заменя­
ется на разрушенный с образованием феррито­карбидной смеси и формированием фрагментированной структуры, причем эти процессы 
более интенсивно протекают в рабочей выкружке. Вдоль всей центральной оси симметрии головки рельса (поверхность катания) имеет 
место пластический изгиб­кручение кристаллической решетки, вдоль радиуса скругления головки рельса (рабочая выкружка) на рассто­
янии 10 мм от поверхности – также пластический, а на расстоянии от 0 до 2 мм – упругопластический. Основным источником внутренних 
моментных (дальнодействующих) напряжений в рельсовой стали является избыточная плотность дислокаций. На примере стали мартен­
ситного класса 34ХН3МФА с использованием матричных уравнений определен тип изгибного экстинкционного контура. При малых 
степенях пластической деформации экстинкционные контуры являются контурами изгиба или кручения, при больших степенях – конту­
рами смешанного типа. 

Ключевые слова: электронная микроскопия, ОЦК­кристаллическая решетка, изгибной экстинкционный контур, кривизна­кручение, скаляр­
ная плотность дислокаций, избыточная плотность дислокаций, внутренние напряжения, источники
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larger areas for viewing in the electron microscope. 
The working magnification in the microscope column was 
set at 25,000 times. As a result of the conducted research, 
the internal grain structure was analyzed, and the scalar 
density of dislocations in different areas of the material 
was determined. Sources of internal stresses were identi­
fied, and their amplitude was measured. The scalar den­
sity of dislocations was determined using the intercept 
method [39]. 

 Assessing internal stresses with TEM
 

The uncharged dislocation ensemble (i.e., an en semble 
without excess dislocations) produces internal shear 
stress (stress fields created by the dislocation structure), 
determined by the equation [2; 6; 13 – 15; 20]

            (1)

where m is the orientation multiplier or Schmid fac­
tor [20]; α is the parameter dependent on the type of dis­
location ensemble (for the uncharged dislocation en semble, 
α = 0.05 ÷ 1.00 [2; 6; 19]); G is the shear modulus; b is 
the Burgers vector; ρ is the scalar dislocation density.

In the case of a charged dislocation ensemble, when 
there is an excess dislocation density ρ± = ρ+ – ρ– ≠ 0, 
internal moment (or long­range) stresses are gene­
rated. The presence of excess dislocation density and, 
consequently, internal moment stresses are identi­
fied by the presence of bending extinction contours in 
the material. These contours result from diffraction cont­
rast observed in electron microscopic images of a highly 
deformed crystal. 

The bending of the crystal lattice can be [6; 12 – 15; 
20; 23]: purely elastic, created by stress fields accumu­
lated due to deformation incompatibility (for example, 
between grains in a polycrystal, matrix material, and non­
deformable particles); plastic, if the bending is created by 
dislocation charges (i.e. by an excess density of disloca­
tions localized within a certain volume of the material); 
elastoplastic, when both sources of fields are present in 
the material.

By observing bending extinction contours using 
the TEM method, it is possible to measure internal 
(moment or long­range) stresses. These stresses lead 
to the bending of the foil, corresponding to the curvature­
torsion of the crystal lattice, if the foil retains its plate 
shape. The procedure for measuring the value of inter­
nal moment (long­range) stresses involves determining 
the curvature gradient of the foil (crystal lattice): 

    (2)

where ∂φ = Δφ is the change in orientation of the reflect­
ing foil surface; ∂l = Δl is the displacement of the bend­
ing extinction contour. 

The χ value is determined by shifting the extinc­
tion contour by Δl at a controlled angle of inclination 
of the foil Δφ in the microscope column using a gonio­
meter. Special experiments have shown that for BCC 
steels, the width of the contour in terms of disorienta­
tion is approximately 1° [6; 20]. This indicates that when 
the goniometer is turned by Δφ ≈ 1°, the bending extinc­
tion contour shifts a distance equal to its width, that is 
Δl ≈ l. 

To differentiate between cases of plastic, elastic, and 
elastoplastic bending, it is necessary to compare the sca­
lar dislocation density (ρ) measured in a local area near 
the bending extinction contour with the excess disloca­
tion density (ρ±) measured locally based on the disorien­
tation gradient [20; 23]:

           (3)

If in the investigated area of the foil, ρ ≥ ρ± , then 
the bending of the crystal lattice can be considered plas­
tic. The amplitude of the curvature­twist of the crystal 
lattice determined by Eq. (2) is χ = χpl , and the amplitude 
of internal stresses created by plastic bending is given by 

          (4)

where α = 0.05 ÷ 0.60 is the parameter depending on 
the type of dislocation ensemble [23]. 

It should be noted that the value of α in Eq. (4) is prac­
tically independent of the material under study (metal, 
alloy, or steel) and is determined only by the type of sub­
structure formed [23].

If in the investigated area of the foil near the bending 
extinction contour, ρ = 0, then the bending of the crystal 
lattice is purely elastic. The amplitude of the curvature­
torsion of the crystal lattice, determined by Eq. (2), is 
χ = χel , and the amplitude of internal moment stresses 
created by elastic bending should be determined as fol­
lows [20; 23]

            (5)

where αs = 1.0 ÷ 1.5 is the Strunin coefficient [20], cal­
culated for a dislocation ensemble composed of disloca­
tions of the same sign; t is the foil thickness. 

If in the vicinity of the bending extinction contour 
ρ < ρ± , then the bending of the crystal lattice is elasto­
plastic, and in this case, the value of ρ± is conditional. 
In this case, the bending of the crystal lattice is divided 
into a plastic component, for which ρ =  , and an elas­
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tic component, for which  = ρ± –  . The amplitude 
of the curvature­torsion of the crystal lattice is 

            χ = χpl + χel , (6)

where χ is calculated by Eq. (2), χpl = b  = bρ and, thus 

            χel = χ – χpl . (7)

As a result, the amplitude of internal moment (long­
range) stresses is determined as

            (8)

where  is determined by Eq. (4), and  by Eq. (5):

            (9)

 Results and discussion
ф

 Sources of internal stresses in BCC steels
ф

A single dislocation is inherently a source of internal 
stresses. The fields generated by individual dislocations 
extend only over small distances, much smaller than 
the distances between the nearest dislocations [39]. Howe­
ver, groups of dislocations are more effective sources 
of internal stresses as they cover the entire microlevel 
and create fields of significantly greater amplitude [40]. 
Such groups primarily consist of distributed dislocation 
charges (excess dislocations of one sign) [41]. Although 
large groups of dislocations of one sign are rare, materi­
als more commonly contain unevenly distributed disloca­
tions of different signs with an excess density. Despite 
internal screening, these formations generate internal 
stress fields [41]. 

Another significant type of dislocation formation that 
induces substantial internal stresses is various dislocation 
boundaries. Typically, these contain an unequal num­
ber of dislocations of different signs and can introduce 
misorientation. A key characteristic is that the disloca­
tions in the boundaries are from different slip planes, in 
contrast to dislocation charges where dislocations reside 
on the same or closely related slip planes. 

Other sources of internal stresses include grain boun­
daries, grain junctions, and steps on intergranular bounda­
ries [41; 42]. The root cause of these stresses is primarily 
the incompatibility of deformation between neighboring 
grains. This incompatibility is always present, despite 
the action of accommodating slip systems. Moreover, 
lattice dislocations that enter the grain boundaries and 
sources of dislocations at these boundaries contribute 
further to internal stresses. Junction dislocations at grain 
junctions and steps on interphase boundaries are also sig­
nificant sources of internal stresses [43].

These mentioned sources are primarily responsible for 
internal stresses of plastic origin.

On the other hand, sources of elastic origin internal 
stresses, which mainly arise from heterogeneous deforma­
tion of the material, include microcracks [6; 12 – 15; 41] 
and bainitic deformation [20], which occurs due 
to the distortion of the crystalline lattice during the γ → α 
phase transformation in steels. These stresses can also 
arise in materials reinforced with non­deformable dis­
persed particles [23]. In cases where these fields partially 
relax through the multiplication and slip of dislocations, 
they acquire an elastoplastic character [12 – 15; 41]. 
Depen ding on the degree of interaction with surrounding 
dislocation structures, the resultant internal stresses can 
exhibit all three types. In real materials, especially after 
significant deformations, fields from different sources 
combine to form a complex three­dimensional field 
of internal stresses.

 Sources and characteristics of internal stresses
 

in rail steel

The study of internal stresses and their sources 
after long­term operation (with a passing tonnage 
of 1770 million tons gross) was conducted on rails made 
of 0.76С–Cr–V–Fe steel, which has a lamellar pearlite 
structure. The investigation focused on the rail metal 
along the central axis of symmetry (rolling surface) and 
the radius of curvature (working fillet) of the rail head at 
distances of 0, 2, and 10 mm from the surface. 

The research revealed that rail operation led to sig­
nificant structural transformations and complications, 
especially along the radius of the rail head. For example, 
at a distance of 10 mm from the rolling surface along 
the axis of symmetry, the volumetric fraction of lamel­
lar pearlite was 95 %, and the ferrite­carbide mixture 
(degraded pearlite) was 5 %. However, in the surface 
layer, the fraction of lamellar pearlite dropped to 45 %, 
the ferrite­carbide mixture increased to 50 %, and a frag­
mented structure emerged (5 %). Similarly, at a distance 
of 10 mm from the surface along the radius of curvature, 
the volumetric fraction of lamellar pearlite remained 
at 95 %. But in the surface layer, it decreased to 25 %, 
with the fragmented structure also accounting for 25 %. 
Thus, as one approaches the head surface, regardless 
of the research direction (along the radius of the rail 
head or the axis of symmetry), lamellar pearlite gradu­
ally transforms into a degraded form, forming a ferrite­
carbide mixture and fragmented structure, with these pro­
cesses being more pronounced in the working fillet. 

Fig. 1 illustrates the changes in the average quan­
titative parameters of the fine structure as we approach 
the head surface. 

All characteristics increase as we approach the sur­
face of the rail head, with the scalar (ρ) and especially 
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excess (ρ±) dislocation densities intensifying. However, 
their behavior varies within different structural compo­
nents. The scalar dislocation density in the entire mate­
rial, regardless of the direction of investigation (along 
the radius of the fillet or along the axis of symmetry), 
increases almost uniformly as it approaches the surface. 
The excess dislocation density, determined by the width 
of the bending extinction contours, remains smaller 
than the scalar density along the central axis of sym­
metry (rolling surface), indicating plastic bending­
torsion of the crystalline lattice: χ = χpl and σd =  
(Fig. 1, a – c). Along the radius of the fillet, the condition 
ρ > ρ± , is also met in the lamellar pearlite, but in the fer­
rite­carbide mixture and fragmented structure, ρ = ρ± . 
This indicates that the dislocation structure is fully polari­
zed in these regions of the material, and elastic­plastic 
bending of the crystalline lattice occurs: χ = χpl + χel and 
σd =  +  . Despite the minor magnitude of the elas­
tic component (Fig. 1, e, f ), these areas are critical in 
the material structure as they are likely initiation points 

for failure. Thus, excess dislocation density is a primary 
source of internal momentary (long­range) stresses in rail 
steel. However, other sources of internal stresses include 
the ferrite and cementite phase boundaries, as well as 
boundaries of fragments and cementite particles located 
at the boundaries and within the fragments (Fig. 2).

 Impact of plastic deformation on the
 

curvature–torsion of the crystalline lattice in BCC steel

It is known [6; 23] that with the progression of defor­
mation, the curvature­torsion gradient along the mate­
rial intensifies. This phenomenon is evidenced both 
by the variation in the width of extinction contours 
along their length and by their overall bending. The type 
of contours also transforms. Generally, the curvature­
torsion value of the crystal lattice, χ, is recognized as 
a second­rank tensor [6; 44; 45]. This tensor encapsulates 
components of both curvature and torsion of the crystal 
lattice. Utilizing matrix equations [6], it becomes fea­

Fig. 1. Changes in the average quantitative parameters of fine structure of the 0.76С–Cr–V–Fe rail steel  
after ultra­long operation as it moves away from the surface:

a – c – rolling surface; d – f – working fillet; 1 and 2 – scalar and excessive dislocation density;  
3 and 4 – amplitude of plastic χpl and elastic χel curvature­torsion of crystal lattice;  

5 and 6 – amplitude of internal momentous σpl plastic and elastic σel stresses

Рис. 1. Изменение средних количественных параметров тонкой структуры рельсовой стали Э76ХФ  
после сверхдлительной эксплуатации по мере удаления от поверхности: 

а – c – поверхность катания; d – f – рабочая выкружка; 1 и 2 – скалярная ρ и избыточная ρ± плотность дислокаций; 
3 и 4 – амплитуда пластической χpl и упругой χel кривизны­кручения кристаллической решетки; 

5 и 6 – амплитуда внутренних моментных пластических σpl и упругих σel напряжений
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sible to cate gorize the type of contour. This method was 
applied to the 34C–1Cr–3Ni–1Mo–1V–Fe martensitic 
steel, where prior to deformation, extinction contours 
were identified either as curvature (bending/tilting) 
contours (Fig. 3, curve 1) or torsion contours (Fig. 3, 
curve 2). The prevalence of curvature contours was sig­
nificant, accounting for up to 85 % of observations. As 
the degree of plastic deformation increased, the con­
tour configuration became more complex, with mixed­
type contours emerging. When the deformation reached 
ε ≥ 0.2, all bending contours transitioned to mixed­type 
contours (Fig. 3, curve 3).

 Conclusions
ф

An analysis of the sources of internal stresses in rail 
steels has been conducted. It has been determined that 

these sources can be categorized into three types: plastic, 
elastic, and elastoplastic origin. 

TEM analysis of 0.76С–Cr–V–Fe steel rails, which 
have endured a cumulative gross tonnage of 1770 mil­
lion tons, revealed significant microstructural transfor­
mations as the surface of the rail head is approached. 
The lamellar pearlite gradually transforms into a struc­
ture featuring a ferrite­carbide mixture and fragmented 
structure. This process is notably more pronounced in 
the working fillet. Along the entire central axis of symme­
try of the rail head, plastic bending­torsion of the crystal 
lattice is observed, while along the radius of curvature at 
distances up to 2 mm, the bending­torsion exhibits elas­
toplastic characteristics. The primary source of internal 
moment stresses is identified as the excess density of dis­
locations. 

Fig. 2. TEM images of bending extinction contours (indicated by arrows) in different parts of the material from different sources: 
a – boundaries between ferrite and cementite; b – boundaries between fragments;  

c – globular particles at fragment boundaries; d – globular particles in the volume of fragments

Рис. 2. ПЭМ­изображения изгибных экстинкционных контуров (указаны стрелками)  
в различных участках материала от различных источников: 

а – границы раздела феррита и цементита; b – границы раздела фрагментов;  
c – частицы глобулярной формы на границах фрагментов; d – частицы глобулярной формы в объеме фрагментов
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In studies of 34C–1Cr–3Ni–1Mo–1V–Fe martensitic 
steel, it has been observed that at low degrees of defor­
mation, extinction contours are either bending or torsion 
contours. However, at higher degrees of deformation, all 
contours evolve into a mixed type.
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Аннотация. При выборе составов высокоэнтропийных сплавов одним из учитываемых параметров является термическая стабильность. 

В работе рассматриваются структурные преобразования деформированного высокоэнтропийного сплава Al0,3CoCrFeNi, происхо­
дящие в процессе его отжига. Материал получен методом аргонодуговой плавки смеси чистых одноэлементных компонентов. С целью 
гомогенизации структуры полученный слиток подвергался термомеханической обработке по схеме, сочетающей холодную прокатку 
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Abstract. When choosing compositions of high­entropy alloys, one of the parameters taken into account is thermal stability. The paper considers the struc­

tural transformations of the deformed Al0.3CoCrFeNi high­entropy alloy occurring during its annealing. The material was obtained by argon­arc 
melting with a mixture of pure single­element components. In order to homogenize the structure, the resulting ingot was subjected to thermomecha­
nical processing according to a scheme combining cold rolling with a compression ratio of 50 % and low­temperature annealing (400 °C for 100 h). 
In the future, the homogenized billet was rolled in a cold state with a compression ratio of 80 %. The structure of the materials was studied directly 
during heating (in-situ mode) using the method of synchrotron X­ray diffraction. The heating rate of the samples was 20 °C/min, the maximum 
heating temperature was 1000 °C. The parameters of the alloy dislocation structure (density of screw dislocations, spatial distribution of dislocations) 
during heating were determined using the modified Williamson–Hall and Warren–Averbach methods. According to the data obtained, the temperature 
of beginning of formation of a high­entropy phase with a primitive cubic lattice is 560 °C. In the process of heating the material up to this tempera­
ture, an increase in density of screw dislocations and formation of a disordered dislocation structure are observed. The nature of change in dislocation 
density correlates well with the increase in the alloy microhardness. At an initial value of 406 ± 13 HV0.1 (for the deformed material), the microhard­
ness during heat treatment increases up to 587 ± 10 HV0.1 . 

Keywords: high­entropy alloy, Al0.3CoCrFeNi, plastic deformation, heat treatment, dislocation structure, transmission electron microscopy, synchrotron 
X­ray diffraction
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 Introduction

Thermal stability is a crucial parameter often consi­
dered when selecting compositions for high­entropy 
alloys (HEAs) [1 – 4]. For HEAs within multicomponent 
systems, the formation of both ordered and disordered 
crystalline phases is typical. Disordered phases are charac­
terized by a random distribution of atoms within the unit 
cell, typically exhibiting a face­centered cubic (FCC) or 
body­centered cubic (BCC) lattice, occupying the largest 
fraction of the alloy volume [5]. However, during melt­
ing and subsequent heat treatment of HEAs, the forma­
tion of ordered phases with a primitive cubic lattice is 
possible [6]. Undoubtedly, the formation of such phases 
leads to changes in the properties of the alloys. 

Among the numerous known compositions of HEAs, 
the AlxCoCrFeNi system is often highlighted [7 – 11]. 
The peculiarity of alloys within this system lies in 
the ability to control the phase composition of the alloy 
by varying the aluminum content. For instance, at x = 0.3, 
the alloys’ structure consists solely of the BCC phase. 
Within the range of x values from 0.3 to 0.6, a second 
phase with an FCC lattice forms alongside the BCC 
phase in the alloy’s structure. Increasing the parameter x 
to valu es of 0.6 – 2.0 is accompanied by the forma­
tion of a single­phase FCC structure. 

Experimental studies and thermodynamic calcula­
tions confirm the correspondence of the structural and 
phase state to the indicated composition ranges of high­
entropy alloys [12]. However, it is known that the for­
mation of additional phases in alloys of the AlxCoCrFeNi 
system can be significantly influenced by pre­thermo­
mechanical processing. For instance, plastic deforma­
tion of alloys with x equal to 0.3, 0.6, and 0.9 at 930 °C 
is accompanied by the precipitation of AlNi particles 
along grain boundaries [13]. Additionally, research 
indicates that the formation of an intermetallic phase 

in AlxCoCrFeNi alloys can occur during dry fric­
tion at 900 °C. Deformation and annealing processes 
result in the formation of ordered high­entropy phases. For 
example, plastic deformation of the Al0.3CoCrFeNi alloy 
with a compression degree of 20 % followed by anneal­
ing at 550 °C leads to the formation of a phase with an 
L12 structure (characterized by a primitive cubic lattice). 
Increasing the annealing temperature to 700 °C is accom­
panied by the formation of the AlNi intermetallic and B2 
phases, both possessing a primitive cubic lattice. Further­
more, the B2 phase is observed after annealing of samp­
les deformed by the high­pressure torsion method [16]. 
Cold rolling of the Al0.3CoCrFeNi alloy with a compres­
sion degree of 50 % followed by annealing at 800 °C 
leads to the formation of the B2 phase [17]. The signifi­
cant influence of annealing temperature on the mechani­
cal properties of deformed HEA blanks is also noted [17]. 

From the analysis of available publications, seve­
ral conclusions can be drawn. Firstly, alloys of the 
AlxCoCrFeNi system are characterized by the forma­
tion of not only high­entropy disordered phases but 
also multi­component phases with ordered structures. 
Secondly, the phase composition of these materials is 
largely determined by the scheme and modes of ther­
momechanical processing. The combination of plastic 
deformation and high­temperature annealing promotes 
the formation of ordered high­entropy phases. By va rying 
the parameters of temperature­force exposure, it is pos­
sible to change the temperature at which the ordered 
phases begin to precipitate. Finally, a number of studies 
indicate the possibility of changing the mechanical pro­
perties of high­entropy alloys depending on the anneal­
ing temperature.

The questions regarding the thermal stability of HEAs, 
the formation of ordered phases in them, and changes in 
their mechanical properties depending on temperature 
effects are important not only for controlling the structure 

со степенью обжатия 50 % и низкотемпературный отжиг (400 °C в течение 100 ч). В дальнейшем гомогенизированная заготовка прока­
тывалась в холодном состоянии со степенью обжатия 80 %. Структуру материалов исследовали непосредственно в процессе нагрева 
(в режиме in-situ) с использованием метода дифракции синхротронного рентгеновского излучения. Скорость нагрева образцов составляла 
20 °C/мин, максимальная температура нагрева – 1000 °C. Параметры дислокационной структуры сплава (плотность винтовых дисло­
каций, пространственное распределение дислокаций) в процессе нагрева определяли с использованием модифицированных методов 
Вильямсона–Холла и Уоррена–Авербаха. Согласно полученным данным, температура начала формирования высокоэнтропийной фазы, 
обладающей примитивной кубической решеткой, составляет 560 °C. В процессе нагрева материала вплоть до температуры начала форми­
рования этой фазы наблюдаются увеличение плотности винтовых дислокаций и формирование разупорядоченной дислокационной 
структуры. Характер изменения плотности дислокаций хорошо коррелирует с ростом микротвердости сплава. При начальном значении 
в 406 ± 13 HV0,1 (для деформированного материала) микротвердость в процессе термической обработки повышается до 587 ± 10 HV0,1. 

Ключевые слова: высокоэнтропийные сплавы, сплав Al0,3CoCrFeNi, пластическая деформация, термическая обработка, дислокационная 
структура, просвечивающая электронная микроскопия, дифракция синхротронного рентгеновского излучения
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and properties of the final product but also for understand­
ing the conditions under which this product can func­
tion. While acknowledging the significance of this issue, 
it should be noted that there is a lack of experimental data 
revealing the peculiarities of the formation of new phases 
in the analyzed HEAs under deformation and thermal 
conditions. In this work, the method of synchrotron X­ray 
diffraction in situ was employed to analyze the changes 
in the structure of the deformed Al0.3CoCrFeNi alloy 
during heating. This method, combined with profile 
analysis of recorded diffraction patterns, allowed for 
the calculation of lattice parameter changes, identifica­
tion of the temperature at which the formation of ordered 
high­entropy phase begins, and estimation of the den­
sity of dislocations during material heating. Additio­
nally, the structure of the materials was investigated 
using transmission elect ron microscopy, and the hardness 
of the samples was evaluated using the Vi ckers method. 

 Materials and methods

A high­entropy alloy ingot Al0.3CoCrFeNi was pro­
duced by argon arc melting of pure elemental com­
ponents. The melting process took place in a Bühler 
ArcMelter AM furnace at an argon pressure of 2·10–2 bar 
(2·103 Pa). To ensure a homogeneous chemical compo­
sition, the material underwent ten cycles of remelting. 
Additional thermomechanical treatment of the alloy was 
also conducted for the same purpose. The resulting ingot 
underwent cold rolling with a reduction degree of 50 % 
and was held at 400 °C for 100 h. This thermal treatment 
regime was employed to prevent the formation of ordered 
phases in the alloy structure [18]. 

The prepared billet was utilized for investigations 
aimed at studying the influence of heating temperature 
on the structural and phase transformations of the alloy 
deformed by cold rolling. The total reduction degree 
of the billet, amounting to 80 %, was achieved through 
multiple passes. Each pass involved a 2 % reduction in 
thickness relative to the initial billet thickness. Samples 
cut from the cold­deformed sheet were placed in a Bähr 
DIL 805 A/D dilatometer furnace and heated at a rate 
of 20 °C/min, with the maximum heating temperature 
reached 1000 °C.

The analysis of the material structure during heat­
ing was conducted using the in-situ synchrotron X­ray 
diffraction method. The investigations were carried out 
at the P07 (“High Energy Materials Science”) beamline 
of the DESY: PETRA III source in Hamburg. The wave­
length of the X­ray radiation used was 0.014235 nm, 
corresponding to a photon energy of 87.1 keV. A 2D 
scintillation detector PerkinElmer XRD 1621 with a reso­
lution of 2048×2048 pixels and an area of 409.6 mm2 was 
employed to record the diffraction patterns, with the dis­
tance from the sample to the detector being 1.05 m. 

The diffraction patterns were recorded in transverse 
direction and were converted into one­dimensional form 
by azimuthal integration using the pyFAI library [19]. 

To perform profile analysis, the one­dimensional dif­
fraction patterns were described by the following func­
tion:

        (1)

The first sum in Eq. (1) determines the contribu­
tion of ten diffraction maxima to the intensity, while 
the second represents the 7th order polynomial describing 
the background of the diffraction pattern. In turn, the pro­
file of each of the diffraction maxima was described 
by a pseudo­Voight function as follows: 

       Ii (2θ) = I0 [η L(2θ) + (1 – η) G(2θ)], (2)

where I0 is the maximum intensity of diffraction maxi­
mum; η is the contribution of the Lorentz function; L(2θ) 
and G(2θ) are Lorentz and Gaussian functions, respec­
tively, defined as:

      (3)

       (4)

where 2θ0 is the angular position corresponding to the 
maximum intensity of the peak; β is the full width at half 
maximum of the diffraction peak; A is the asymmetry 
parameter of the diffraction peak (–1 ≤ A ≤ 1).

The parameters of the dislocation structure (density 
of screw dislocations, spatial arrangement of dislocations) 
corresponding to a specific stage of alloy heating were 
determined using modified Williamson–Hall and War­
ren–Averbach methods. A detailed description of these 
methods is presented in [20 – 23]. 

In addition to experiments analyzing the structure 
using synchrotron X­ray radiation, a series of samples was 
prepared to evaluate the microhardness of cold­deformed 
HEA after heating to 100 – 900 °C (in intervals of 50 °C), 
including 875 and 900 °C. The materials were analyzed 
using the Vickers method on a semi­automatic hardness 
tester WolpertGroup 402MVD. The load on the four­
sided diamond indenter was 0.98 N, with a dwell time 
under load of 10 s. The fine structure of samples ther­
mally treated at 550, 650, and 900 °C was examined using 
a transmission electron microscope JEOL JEM­2100 
at an accelerating voltage of 200 kV.
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 Results and discussion

In previous publications, various data on the char­
acteristics of phase transformations occurring during 
the heating of Al0.3CoCrFeNi alloy have been presented. 
It has been noted that one of the factors determining 
the temperature at which ordered phases start to pre­
cipitate is the degree of pre­deformation of the mate­
rial. For examp le, in [17], it was demonstrated that 
the temperature at which the B2 phase starts to form in 
Al0.3CoCrFeNi alloy, cold­rolled to 50 %, falls within 
the range of 600 – 800 °C. However, the exact value 
of this temperature could not be determined accu­
rately in the ex-situ experiment. An undeniable advan­
tage of the in-situ approach implemented in this study 
is the ability to precisely determine the temperatures 
of phase and structural transformations occurring during 
the heating of the alloy. Fig. 1 displays a diffraction pat­
tern corresponding to the heating process of the cold­
rolled Al0.3CoCrFeNi alloy. Throughout the entire tem­
perature range, diffraction peaks of the FCC phase are 
observed. However, starting from around 600 °C, peaks 
of a phase with a primitive cubic lattice emerge. To more 
accurately determine the temperature at which it starts 
to form, an analysis of the intensity change of the (310) 
diffraction peak was conducted (Fig. 2).

The data presented indicate a non­monotonic change 
in the intensity of the peak (310) of the phase with 
a primitive cubic lattice (Fig. 2, a). A characteristic fea­
ture of this parameter is its gradual increase with temper­
ature followed by a decrease. The analyzed phase begins 
to form at 560 °C (Fig. 2, b).

Figure 3 illustrates the results of changes in the mate­
rial lattice parameter and linear expansion of the sample. 

Upon heating to approximately 750 °C, the rate of change 
of both parameters becomes close to linear. A weakly 
pronounced change in the relationship between the mag­
nitude ΔL and the heating temperature is observed in 
the temperature range of 450 – 600 °C (Fig. 3, b). This 
observed effect may be explained by the restructuring 
of the dislocation structure of the alloy. Upon heating 
the alloy to above 850 °C, the lattice parameter growth 
rate increases from 0.07·10–4 to 0.125 Å/°C. In the tem­
perature range of 750 – 900 °C, the rate of growth 
of the parameter ΔL gradually decreases, and in the tem­
perature interval of 900 – 1000 °C, a sample compres­
sion effect is manifested.

Fig. 4 displays the results of profile analysis of exper­
imentally recorded diffraction patterns. Using modi­
fied Williamson–Hall and Warren–Averbach methods, 
the valu es of screw dislocation density (ρscrew ) and 
Wilkens parameter (M) were calculated. The parameter M 
characterizes the spatial configuration features of dislo­
cations. A decrease in M indicates the formation of dislo­
cation walls in the alloy, while an increase in M is a sign 
of the formation of a disordered dislocation structure. 
According to the obtained data, up to the onset of ordered 
phase precipitation (560 °C), there is a simultaneous 
increase in dislocation density and disordering of the dis­
location structure. 

The change in dislocation density correlates well with 
the increase in microhardness of the analyzed samp­
les. In the initial state (before heating), the microhard­
ness of the cold­deformed sample is 406 ± 13 HV0.1 . 
The maxi mum microhardness value at 587 ± 10 HV0.1 is 
recorded in samples thermally treated at 550 – 600 °C. 
According to the results of profile analysis, at these tem­
peratures, the values of dislocation density are also at their 

Fig. 1. X­ray diffraction pattern of heating of the cold rolled Al0.3CoCrFeNi alloy

Рис. 1. Дифракционная карта процесса нагрева холоднокатанного сплава Al0,3CoCrFeNi
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Fig. 2. Change in intensity of diffraction maxima of the disordered and ordered phases in Al0.3CoCrFeNi high­entropy alloy (a)  
and change in intensity derivative according to temperature of diffraction maximum (310) of the phase with a primitive cubic lattice (b) 

Рис. 2. Изменение интенсивности дифракционных максимумов разупорядоченной и упорядоченной  
фаз высокоэнтропийоного сплава Al0,3CoCrFeNi (а) и изменение производной интенсивности по температуре  

дифракционного максимума (310) фазы с примитивной кубической решеткой (b)

Fig. 3. Change in the lattice parameter a ( ) and thermal expansion of the plastically deformed sample ΔL ( ) of Al0.3CoCrFeNi alloy  
during heating (a) and change in derivatives da/dT ( ) and d∆L/dT ( ) (b) 

Рис. 3. Изменение параметра решетки a ( ) и термическое расширение пластически деформированного образца ΔL ( )  
из сплава Al0,3CoCrFeNi в процессе его нагрева (а) и изменение производных da/dT ( ) и d∆L/dT ( ) (b)

maximum level. As the temperature is further increased, 
the dislocation density and microhardness level decrease 
to 395 ± 16 HV0.1 .

The authors of [23] have previously discussed 
the changes in structure and properties of the 
Al0.3CoCrFeNi alloy depending on the heat treatment 
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temperature. In [24], it was noted that plastic deforma­
tion followed by annealing of the high­entropy alloy 
Al0.3CoCrFeNi leads to the the formation of an ordered 
phase with a primitive cubic lattice on subgrain bounda­
ries or in areas of high local defect density. However, 
the issue regarding the increase in dislocation density 
during the heating process of high­entropy alloys has not 
been discussed in publications before and requires further 
research. 

Analysis of Fig. 4 allows us to conclude that exceed­
ing the temperature values corresponding to the onset 
of ordered phase precipitation is accompanied 
by a decrease in both dislocation density and the Wilkens 
parameter. This fact indicates the activation of pro­
cesses associated with polygonization and recrystalli­
zation of the alloy structure. The results of the research 
conducted using transmission electron microscopy 
(Fig. 5) also indicate the development of recrystalliza­
tion processes. Analysis of the presented images shows 
an increased degree of structural defects in the material in 
the cold­deformed state (Fig. 5, a), as well as after heat­
ing to 550 and 650 °C (Fig. 5, b, c).

Despite the fact that, according to synchrotron radi­
ation diffraction data, the formation of the phase with 
a primitive cubic lattice begins at 560 °C, even after 
heating to a temperature of 650 °C, no particles of this 
phase were detected using transmission electron micros­
copy (Fig. 5, c). This can be explained by the fact that 
at the initial stage of particle formation, the analyzed 
phase particles are small in size and are separated from 
the original matrix in such a way that they are not vis­
ible using diffraction contrast. However, in samples ther­
mally treated at 900 °C, particles of the ordered phase are 
clearly visible (Fig. 5, d). 

Thus, the results of the research conducted 
using transmission electron microscopy correspond 
to the experimental data obtained during X­ray structural 
analysis. The analysis carried out in this work indicates 
that the intensive decrease in dislocation density and 
the Wilkens parameter (when heating the alloy to 750 °C) 
(Fig. 4) is due to the onset of recrystallization pro­
cesses. The observed decrease in linear expansion rate 
(ΔL) at heating temperatures above 750 °C is likely also 
related to the development of recrystallization processes 
and the accompanying annihilation of crystal structure 
defects. It can be expected that with further increase 
in temperature, the linear expansion rate of the sample 
will reach a plateau, and then the material will begin 
to expand, but at a different rate. A similar effect was 
observed in a study [25] that examined the structure 
of friction­welded samples. The experimentally observed 
deviation of the ΔL – T dependence from linearity 
by the authors of this work was associated with recrystal­
lization processes and changes in residual stresses. Simi­
lar phenomena were also observed in [26; 27].

 Conclusions

Using synchrotron X­ray radiation diffraction, 
it was determined that the temperature at which 
the formation of a high­entropy phase with a 
primitive cubic lattice begins in a cold­rolled sample 
of Al0.3CoCrFeNi alloy is 560 °C.

Heating the deformed alloy to 560 °C is accompanied 
by an increase in the density of screw dislocations 
(ρscrew) and an increase in the degree of disorder in 
the dislocation structure, expressed by the growth 
of the Wilkens parameter M. 

Fig. 4. Change in density of screw dislocations ( ), the Wilkens parameter ( ) and microhardness ( )  
during heating of deformed Al0.3CoCrFeNi alloy 

Рис. 4. Изменение плотности винтовых дислокаций ( ), параметра Вилкенса ( ) и микротвердости ( )  
при нагреве деформированного сплава Al0,3CoCrFeNi



Известия вузов. Черная металлургия. 2024;67(2):176–184.
Иванов И.В., Аккузин С.А. и др. Эволюция дислокационной структуры и фазового состава в процессе нагрева ...

182

The change in dislocation density correlates 
with the nature of the change in microhardness 
of the Al0.3CoCrFeNi alloy. Heating the cold­worked 
material from room temperature to 600 °C, accompanied 
by an increase in dislocation density, leads to an increase 
in microhardness from 406 ± 13 to 587 ± 10 HV0.1 . 
The decrease in dislocation density that occurs during 
further annealing at higher temperatures leads to a decrease 
in the microhardness of the alloy to 395 ± 16 HV0.1 .

Dilatometric analysis of the Al0.3CoCrFeNi alloy 
indicates a non­linear relationship between the lattice 
parameter a and the elongation of the sample ΔL with 
the heating temperature. In the temperature range 
from 25 to 850 °C, the rate of lattice parameter growth is 
0.07·10–4 Å/°C and increases to 0.125 Å/°C when heated 
above 850 °C. An increase in temperature from 750 
to 900 °C is accompanied by a gradual decrease in the rate 
of linear expansion of the sample. In the temperature 
range of 900 – 1000 °C, compression is observed. This 
observed effect may be associated with a decrease in 
the number of defects in the crystal lattice, accompanying 
the development of recrystallization processes.
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Abstract. The authors studied the crystallization process of the Fe – W system, which is the basis of heat­resistant high­speed steel used in plasma arc 

surfacing on the surface of rolls and various cutting tools. The structure of this material consists of two components: cellular and dendritic. Histogram 
of the structural elements distribution shows the presence of a single maximum. The most probable size takes a value in the range of 10 – 15 μm. 
The paper considers the morphological instability of crystallization front (the Mullins­Sekerka instability). The model includes the equations of convec­
tive thermal conductivity and diffusion. The Stefan conditions for temperature were set at interface of the phases. Linear analysis of this instability is 
carried out for two cases: when the convective term in the equations of thermal conductivity and diffusion can be neglected; when convection prevails 
over diffusion processes. In all cases, it was assumed that the value (1 – ks ) was close to zero, which corresponds to a concentration of the alloying 
element approximately equal to or exceeding the eutectic one, and a short­wave approximation was also used. In the first case, the analytical view 
of dependence of the wavelength, which accounts for the maximum rate of interface disturbances growth, coincides with generally accepted concepts. 
In the second case, the value of this wavelength is directly proportional to square root of the interphase boundary velocity. The limits of applicability 
of these approximations for various mechanisms of crystal growth were determined. In the case of normal growth, both approximations provide 
an adequate explanation for the formation of structural elements up to 5 μm in size at a crystallization front velocity of about 2 m/s. For the case 
of growth due to screw dislocations, the wavelength value corresponding to the fastest­growing perturbation mode in the first case coincides with 
experimental data at a crystallization front velocity of the order of 10–7 m/s, whereas in the convective approximation such a coincidence is observed 
at 10–4 m/s. Further development of the model consists in simultaneous consideration of the convective and diffusion components. The results obtained 
will serve as a material for the research of the Mullins­Sekerka instability for two interface boundaries. 

Keywords: Fe – W system, the Mullins–Sekerka morphological instability, equation of thermal conductivity, mobile boundaries of phase transformations
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 Introduction

High­speed steels are increasingly used as wear­
resistant coating materials, applied by plasma spraying 
onto the working surfaces of mining and metallurgical 
equipment subjected to abrasive wear conditions [1]. 
These steels exhibit high mechanical properties such as 
hardness and wear resistance. However, the spraying 
process can lead to the formation of structures that cause 
cracks and reduce hardness, preventing the full utiliza­
tion of the high­performance characteristics of high­alloy, 
heat­resistant alloys [2]. To maintain the high mechanical 
properties of the resulting coating, additional heat treat­
ments [3] or adjustments to the spraying parameters [4] 
are necessary. Optimal spraying parameters require an 
understanding of the material crystallization processes and 

the associated structural­phase transformations. The for­
mation of specific structures (cellular or dendritic) during 
the action of concentrated energy fluxes is explained by 
the morphological instability of the crystallization front, 
known as Mullins–Sekerka instability [5; 6]. 

Currently, various authors are studying this instabi­
lity [7 – 10]. In [7], the instability was examined for 
binary alloys. Criteria for absolute and relative stability 
of a spherical crystallization nucleus were formulated 
for these alloys, and it was demonstrated that as the par­
ticle size increases, the initial concentration in the diluted 
binary melt initially suppresses and then enhances 
the morphological stability of the particle. The critical 
concentration at which this effect begins was also deter­
mined. The work described in [8] focuses on studying 

  nevskiy.sergei@yandex.ru
Аннотация. Изучен процесс кристаллизации системы Fe – W, которая лежит в основе теплостойкой быстрорежущей стали, применяемой 

в процессе плазменно­дуговой наплавки на поверхность валков и различных режущих инструментов. Исследования структуры данного 
материала показали, что структура состоит из двух составляющих: ячеистой и дендритной. Гистограмма распределения структурных 
элементов показывает наличие одного максимума. Наиболее вероятный размер находится в диапазоне 10 – 15 мкм. В работе рассматри­
вается морфологическая неустойчивость фронта кристаллизации (неустойчивость Маллинза–Секерки). Модель включает в себя урав­
нения конвективной теплопроводности и диффузии. На границе раздела фаз задавались условия Стефана для температуры. Линейный 
анализ данной неустойчивости проводится для двух случаев: когда конвективным членом в уравнениях теплопроводности и диффузии 
можно пренебречь; когда конвекция преобладает над диффузионными процессами. Во всех случаях предполагается, что величина (1 – ks ) 
близка к нулю, что соответствует концентрации легирующего элемента, примерно равной эвтектической или превышающей ее, а также 
используется коротковолновое приближение. В первом случае аналитический вид зависимости длины волны, на которую приходится 
максимум скорости роста возмущений межфазной границы, совпадает с общепринятыми представлениями. Во втором случае значение 
данной длины волны прямо пропорционально квадратному корню из скорости движения межфазной границы. Определены границы 
применимости данных приближений для различных механизмов роста кристаллов. В случае нормального роста оба приближения 
дают адекватное объяснение образованию структурных элементов размерами до 5 мкм при скорости фронта кристаллизации порядка 
2 м/с. Для случая роста за счет винтовых дислокаций значение длины волны, соответствующей наиболее быстрорастущей моды возму­
щений в первом случае, совпадает с экспериментальными данными при скорости фронта кристаллизации порядка 10–7 м/с, тогда как 
в конвективном приближении такое совпадение наблюдается при 10–4 м/с. Дальнейшее развитие модели заключается в одновременном 
учете конвективной и диффузионной составляющих. Полученные результаты послужат материалом для исследования неустойчивости 
Маллинза–Секерки для двух границ раздела. 

Ключевые слова: система железо – вольфрам, морфологическая неустойчивость Маллинза–Секерки, уравнение теплопроводности, подвиж­
ные границы фазовых превращений
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в образовании структур кристаллизации
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the influence of an incoming melt flow on the crystal­
lization front of supercooled liquids with a two­phase 
layer. It was found that the incoming melt flow plays 
a crucial role in the changes in the parameters of the two­
phase layer and its internal structure. The proportion 
of the solid phase in this layer and its thickness signifi­
cantly increase, while its permeability and average dis­
tance between dend rites decrease with increasing inten­
sity of the incoming melt flow. In [9], the verification 
of results from linear stabi lity analysis using the phase 
field method in multi­component melts with a planar 
solidification front demonst rated that, despite using a uni­
fied set of equations for linear stability analysis under 
various solidification conditions, theoretical differences 
between directional and isothermal solidification should 
be noted. Specifically, in the case of directional solidifica­
tion, if considering the steady­state solution of the planar 
problem, the equilibrium compositions at the interface are 
invariant with respect to the choice of the diffusion coef­
ficient matrix, thus allowing the change in concentration 
gra dients ahead of the interface, which affect instability 
behavior, to be easily determined since the interface velo­
city is known [9]. Conversely, in isothermal solidification, 
the planar problem does not have a steady­state solution 
characterized by a constant system velocity. The growth 
rate of the interface and the equilibrium compositions 
depend on the choice of the diffusion coefficient matrix 
as well as the alloy composition. These characteristics 
of phase transition affect the growth of morphological per­
turbations and thus influence the choice of length scales 
of the microstructure. In [10], similar investigations were 
conducted on a particle with spherical geometry, taking 
into account non­stationary terms in the diffusion equa­
tions and a complete representation of the diffusion coef­
ficient matrix. This allowed the establishment that stabi­
lity criteria are not reduced to low velocities as previously 
thought [11]. The stability of the growing sphere can be 
considered at high perturbation growth rates, which corres­
pond to high supersaturation. The results clearly show that 
the threshold values for the destabilization of the grow­
ing sphere interface strongly depend on the growth rate. It 
was also found that the degree of spherical harmonics at 
which stability is not maintained increases with increas­
ing growth rate. The role of surface tension in the melt is 
not sufficiently addressed in the presented works [7 – 11], 
while it can significantly shift the values of the wave­
length corresponding to the maximum mode of pertur­
bations [12; 13]. In [12], the dependence of this wave­
length on surface tension and crystal growth mechanism 
is established. It is shown that for most binary compo­
sitions considered by the author, the growth mechanism 
occurs through screw dislocations, and the dependence 
of λ on V–1/2 is practically linear and coincides with 
experimental data. Surface tension, according to the data 
from [13], has a significant influence on the kinetic coef­
ficient in the growth model through screw dislocations. 

Thus, when constructing mathematical models of crystal­
lization of materials under plasma exposure and formu­
lating stability criteria for the interface between the melt 
and crystal, in addition to concentration supercooling, it 
is necessary to take into account the role of surface ten­
sion and crystal growth mechanisms. As indicated in [14], 
the instability of Mullins–Sekerka should be studied in 
several stages: 1 – determine the nature of perturbations 
of the interface and assess the influence of its curvature on 
the liquidus temperature; 2 – calculate the temperature and 
concentration fields in the solid and liquid phases; 3 – find 
the dependencies of the growth rate of perturbations from 
conditions at the phase transition boundary. In this study, 
attention is given to the first and third stages of research, 
assuming a cylindrical shape of the crystallization front. 
To verify the obtained results, investigations of the struc­
ture of coatings made of high­speed steels after surfacing 
were conducted using scanning electron microscopy. 

 Materials and methods

Plasma coating of high­speed steel R18Yu was per­
formed in reverse polarity within a nitrogen protective and 
alloying environment using non­conductive additive pow­
der wire, as established in [15]. The chemical composi­
tion of the steel (wt. %) includes C 0.87; Cr 4.41; W 17.00; 
Mo 0.10; V 1.50; Ti 0.35; Al 1.15; N 0.06. This composi­
tion ensured optimal conditions for wetting the surface 
of the product with the deposited metal and defect­free 
formation of the deposited layer. Samples were taken from 
the upper parts of the deposited layer and subsequently 
sectioned on an electric spark cutting machine using kero­
sene for metallographic studies. The samples were then 
mechanically leveled using fine emery paper and diamond 
paste, followed by etching of the deformed layer and lev­
eling by an electrolytic method. Studies were conducted 
using a KYKY­EM6900 scanning electron microscope 
with a thermionic tungsten cathode equipped with a micro­
probe attachment. The operating parameters were an acce­
lerating voltage of 20 kV, an emission current of 150 μA, 
and a filament saturation point of 2.4 A. The working dis­
tance between the sample and the objective lens was set 
at 15 mm. The sizes of the structural elements were deter­
mined using the random sectioning method [16]. 

 Results of the experiment

Fig. 1 illustrates the microstructure of the surface layer 
of the plasma­coated high­speed steel, revealing two mor­
phological components: cellular and dendritic. The grain 
sizes range from 3 to 45 µm, with the most common sizes 
between 10 to 15 µm, (Fig. 1, b).

The analysis of the histogram (Fig. 1, b) highlights that 
the instability of the crystallization front exhibits a sing le 
peak, corresponding to the wavelength that matches 
the most probable grain size. The presence of two distinct 
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morphological components indicates two types of insta­
bilities: “soft”, associated with the cellular structure, and 
“hard” linked to the dendritic structure. 

 Formulation of the problem

Let’s examine the stability of the cylindrical crystal­
lization front concerning small harmonic disturbances 
(Fig. 2). 

For the sake of further calculations’ convenience, we 
introduce the following dimensionless variables, as in [12]: 

 

where Tlr , Tsr , Clr , rr , zr , Dlr , χlr , χsr are the dimensional 
temperatures of the liquid and solid phases, impurity 
concentrations in the liquid phase, radial and longitu­

dinal coordinates, diffusion coefficient of the impurity 
in the liquid, thermal diffusivity of the liquid and solid 
phases, respectively; T0 is the phase transition tempera­
ture (assumed equal to the liquidus temperature); C0 is 
the initial impurity concentration, a is the initial radius 
of the cylindrical nucleus (~1 μm); χ0 is the characteristic 
value of the thermal diffusivity coefficient (~10–5 m2/s). 

Let us express the latent heat of phase transition ΔH  
 

in dimensionless form  (where c0 is the heat  
 

capacity of the substance under study at the phase transi­
tion temperature). We will now formulate the equations 
of thermal conductivity and diffusion in dimensionless 
form for the solid and liquid phases:

  (1)

Boundary conditions:

         (2)
Fig. 1. Microstructure of high–speed steel coating after surfacing (а) 

(electron microscopic image) and histogram of grain size distribution (b) 

Рис. 1. Микроструктура покрытия из быстрорежущей стали  
после наплавки (а) (электронно­микроскопическое изображение)  

и гистограмма распределения зерен по размеру (b)

Fig. 2. Geometry of the problem of occurrence of cylindrical 
crystallization front instability

Рис. 2. Геометрия задачи о возникновении неустойчивости  
цилиндрического фронта кристаллизации
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To analyze the stability of the crystallization front, we 
express solution (1) as a sum of stationary and disturbed 
components:

    (3)

For the stationary component, we have:

              (4)

Considering Eq. (3), the boundary conditions for 
Eq. (4) will be as follows:

       (5)

The interface perturbation equations will be as follows:

   (6)

Accordingly, boundary conditions (2) will be as fol­
lows:

        (7)

Analyzing linear stability requires knowledge of the 
analytical form of the unperturbed temperature gra­
dients included in equation (6). To obtain them, we need 
to solve the boundary value problem (4), (5). Let’s present 
the solutions to this problem in the form:

  (8)

Let us proceed to solve the boundary value problem (6) 
and (7) for perturbations of temperature, concentration, 
and velocity of the crystallization front. We will seek its 
solution in the following form:

          (9)

where ω = ω1 + iω2 ; k = k1 + ik2 . 
Then, equations (6) will take the form:

   (10)

Accordingly, the boundary conditions (7) take the form 
(where the prime denotes the derivative with respect 
to the radial coordinate):

    (11)
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As in equation [1], the amplitude of interphase boun­
dary velocity disturbances as a function of maximum tem­
perature and concentration disturbances is as follows:

             Vm (a) = θTm1 (a) + γCm (a), (12)

where 

 Dispersion equation of perturbations
 

of phase transition boundary

Equations (10) are degenerate inhomogeneous hyper­
geometric equations whose solutions are Kummer func­
tions. Obtaining and analyzing the dispersion equation, 
which includes these functions, is a complex and non­
trivial task. Therefore, we will limit ourselves to consi­
dering special cases. In the first case, we neglect the con­
vective term in equation (1). Then, stationary solutions 
are as follows:

         (13)

Accordingly, equation (10) are as follows:

             (14)

where  

Solutions (14) are as follows:

            
 

(15)

Substituting equations (15) into boundary condi­
tions (11) and subsequent transformations, taking into 
account equation (12), lead to the following dispersion 
equation:

  (16)

At an impurity concentration approximately equal 
to the eutectic, the value (1 – ks ) is close to zero, there­
fore, these terms in dependence (16) can be neglected. As 
a result, we have:

      (17)

The value of θ, as in [1], is considered equal to 
 

 (where  is a coefficient depending  
 

on the crystal growth mechanism; Г = αГr ; Гr is the ratio 
of the product of surface tension and phase transition tem­
perature to the volumetric latent energy of phase transfor­
mation; α = 1/(aT0 )). 

In the case of short waves, where S1, 2  1, the appro­
ximate values of the Bessel functions can be represented as 

 
and

Then, equation (17) is as follows

     S2 χ2 + S1 χ1 – εθ = 0. (18)

We assume that k1 = 0 and ω2 = 0, then   
 

 Let us substitute as follows:   
 

 Then,    
 
Provided that  and at δ ~ Y the maximum growth  
 

rate will be observed at the wavelength

   (19)

Thus, it can be concluded that equation (19) comp­
letely coincides with the dependency obtained in [12]. 
This allows us to infer that in the short­wave approxi­
mation, considering only diffusion terms, the problem 
of finding the wavelength at which the growth rate maxi­
mum occurs simplifies for cylindrical geometry to a prob­
lem on a plane.
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In the second case, we neglect the diffusion term in 
equation (6). Then the equation takes the form:

   (20)

Substitution of solutions (22) into boundary condi­
tions (11), subsequent transformations taking into ac ­
count (12) lead to the following dispersion equation:

      (21)

The solutions are as follows:

     (22)

Substituting solutions (22) into boundary condi­
tions (11), subsequent transformations taking into ac ­
count (12), lead to the following dispersion equation:

    (23)

Also, as in the previous case, in equation (23) we 
neglect the terms that contain (ks – 1). As a result, we get

       (24)

The maximum growth rate of disturbances is observed 
at a wavelength

          (25)

During normal crystal growth, the crystallization front 
velocity is directly proportional to the degree of under­
cooling Vs = hΔT [12; 13] (where h is the proportionality 
coefficient; ΔT is undercooling). Then Λ = h. According 
to model [13], the dimensional value of the coefficient h 
is determined as

          (26)

where M is the molar weight; R is the universal gas con­
stant; Δl is the disturbance amplitude of the interface 
(approximately 0.1 nm); TrL is the liquidus temperature; 
β is the coefficient that accounts for the difference between 
the mean free path of molecules in the liquid phase and 
the period of the crystalline lattice, as well as the sym­
metry of the molecules (for symmetric molecules β ~ 10).

According to the data from the Table in equation (26), it 
follows that with an initial nucleus size of 1 µm, the value 
of the coefficient hr is 0.558 m/(s·K). 

The transition to dimensional variables in equation 
(19) gives

           (27)

The crystallization front velocity is determined based  
 

on the data from reference [14] as follows   
 

knowing the undercooling, we determine hr . Reference [14] 
indicates that Δa = 10–8 m, and Δτ = 4.4118 ns, then 
Vsr = 2.27 m/s and hr = 0.757 m/(a·K) for an undercooling  
 

of 3 K. The coefficient Γr is determined as   
 

= 1.71·10–6 K·m. Calculation according to equation (27) 
shows that in the case when hr is 0.558 m/(s·K), 
λ = 0.382 µm. With hr = 0.757 m/(s·K), calculation accord­
ing to equation (27) leads to λ = 0.291 µm. Calculation 
based on equation (25) shows that for hr = 0.558 m/(s·K), 
λ = 0.324 µm, and for hr = 0.757 m/(s·K), λ = 0.242 µm. 
Comparison of the obtained results with the grain sizes 
in Fig. 1, b shows that both convective and diffusive 
approximations provide an explanation for grain size 
formation through the mechanism of normal growth 

Characteristics of the Fe – W system

Характеристики системы железо – вольфрам

Properties of material Symbol Value
Liquidus point, K TLr 1806
Specific heat of melting, kJ/kg ΔН 270
Density, kg/m3 ρ 6980
Diffusion coefficient, m2/s Dr 10–8

Specific heat capacity, J/(kg·K) с0 611
Thermal diffusivity of the liquid 
phase, m2/s χ1 6.8·10–6

Thermal diffusivity of the solid 
phase, m2/s χ2 6.9·10–6

Surface tension, N/m γ 1.788
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up to 5 µm, although the maximum is found at sizes 
of 10 – 15 µm. This suggests that under these conditions, 
the normal growth model is not adequate. Let us con­
sider the growth mechanism through screw dislocations. 
The crystallization front velocity in this case is directly 
proportional to the square of the undercooling. In this case 

 [12], equation (19) will take the form:

            (28)

Returning to the dimensional variables in equa­
tion (28), we obtain

       (29)

For the growth mechanism through screw dislocations, 
the value of the kinetic coefficient hr is determined as

            (30)

where  n is the number of mole ­ 
 
cular layers [16]; Vm is the molar volume. 

For metallic materials, when n ~ 6, g ~ 5.99·10–9. 
The value of the kinetic coefficient hr , calculated from 
the table data for the growth model through screw disloca­
tions, is 433 m/(s·K2). The value of the wavelength, calcu­
lated using equation (30) with this value of hr and a crys­
tallization front velocity of about 10–7 m/s, is 14.8 µm, 
which coincides with the most probable grain size values 
in Fig. 1, b. In the convective approximation, calcula­
tion using equation (25) shows that the wavelength takes 
values of the order of 104 µm. This suggests a predomi­
nance of diffusion processes at these crystallization front 
velocities. When the crystallization velocity is increased 
by three orders of magnitude, λ = 14.9 µm, which matches 
the experimental data. Thus, the convective approxima­
tion is significant for crystallization velocities greater 
than 10–4 m/s. Based on the above, it can be concluded 
that the Mullins–Sekerka instability provides an adequate 
explanation for the formation of cellular structures with 
sizes of about 10 µm at Vs < 1 m/s and undercooling degrees 
of about ~10–5 K. When a volumetric heat source acts on 
the surface of the irradiated material, as shown in [17; 18], 
obtained using the phase­field method, the transformation 
front velocity can range from 10–7 to 103 m/s, depending 
on the power density of the source and the characteris­
tics of the medium. These works [19; 20] indicate that 
the action of this source leads to the occurrence of large 
temperature gradients in the surface layers of the mate­
rial and, as a result, to the emergence of thermocapillary 

effects. This allows us to conclude that to build a crystalli­
zation model, in addition to the Mullins–Sekerka morpho­
logical instability, it is necessary to take into account other 
instabilities (thermo capillary and concentration­capillary) 
that occur in the molten material. Analysis of the disper­
sion equations obtained in [21; 22] for these instabilities 
showed that for the Fe – W system under consideration, 
the wavelength corresponding to the maximum distur­
bances is 12 µm, which also coincides with experimental 
data. 

 Conclusions

The theoretical study conducted on the formation 
of cellular structures during the crystallization process 
of the iron­tungsten system, by analyzing the dispersion 
equation characterizing the morphological instability 
of the crystallization front (the Mullins–Sekerka instabi­
lity), revealed that the mechanism of normal crystal 
growth provides an adequate explanation for the forma­
tion of cells with sizes up to 5 µm when the convective 
term can be neglected. Additionally, the growth mecha­
nism through screw dislocations leads to λ = 14.8 µm, 
coinciding with experimental data under the condition 
that the crystallization front velocity is less than 1 m/s and 
the undercooling degree is about ~10–5 K. Further deve­
lopment of the presented model involves incorporating 
thermocapillary and concentration­capillary effects. 
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происходит выделение избыточных карбидных фаз на границах зерен. После закалки от 1100 ℃ обнаружены преимущественно оксиды 
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 Introduction

In recent years, oil­producing companies have 
shown increased interest in fields with hard­to­recover 
(HTR) oil reserves. According to 2021 statistics, extrac­
tion from hard­to­recover oil reserves accounts for about 
44 % of produced oil, and approximately 25 % of gas is 
extracted from HTR natural gas reserves [1; 2]. Modern 
directionally drilling technology – rotary steerable sys­
tems (RSS) – is used to develop HTR oil reserves with 
both horizontally and directionally well profiles [3; 4].

The RSS operates in direct contact with the aggres­
sive liquid medium of the drilling agent, which contains 
salt solutions and a suspension of silicate sand particles, 
leading to accelerated corrosion and water­abrasive wear 
of the RSS components. Recesses were made in the RSS 
housing on the outer surface to accommodate telem­
etry and gamma­ray logging systems for carrying out 
geophysical research during drilling [5]. For stable and 
reliable RSS operation, its components must be made 
of non­magnetic, corrosion­resistant materials with high 
hardness and resistance to water­abrasive wear.

The most suitable materials for manufacturing RSS 
components are non­magnetic austenitic steels since 
their high strength, corrosion resistance, and significant 
wear resistance [6]. It was noted in [7] that steels with 
a high chromium content successfully combine strength, 
wear resistance, fracture toughness and creep resis­
tance. Therefore, it is advisable to use them in condi­
tions of increased abrasion. The study [8] revealed that 
steels containing 25 wt. % Mn are exceptionally ductile 
and strong as deformation twins form at room tempera­
ture [9; 10]. Joint alloying with nickel and chromium 
increases the ducti lity and fracture toughness of steel. 
Obtained steels, for example, 08Kh18N10, 02Kh18N11, 
12Kh18N10Т are well processed by cold and hot defor­
mation. To enhance the performance of these steels 
at temperatures above 450 °C, they are additionally 

alloyed with nitrogen [11 – 13], which improves their 
strength properties. At the same time, the plastic proper­
ties of nitrogen­containing steels are rather high [3; 14]. 
Nitrogen is a strong austenite­forming element; it 
replaces expensive nickel and manganese and reduces 
magnetic permeability [4; 11]. Alloying austenitic steels 
with nitrogen enhances their resistance to local corro­
sion [5; 12]. The physical and mechanical properties 
of steels alloyed with nitrogen improve due to the precip­
itation of fine and homogeneously distributed chromium 
and vanadium nitrides instead of coarser carbide precipi­
tates [15]. Alloying with nitrogen leads to structural and 
phase transformations in steel which significantly affect 
the mechanical properties [16; 17].

Based on the above, the non­magnetic 08Kh18N6AG10S 
steel alloyed with chromium, nickel, manganese, and 
nitrogen can be selected as RSS housing elements mate­
rial. Complex steel alloying should ensure the RSS opera­
tion in an aggressive environment.

Complex steel alloying should ensure the RSS opera­
tion in an aggressive environment. To obtain optimal 
mechanical characteristics required for the material oper­
ating in aggressive environments, austenitic nitrogen 
steels are subjected to thermal and thermomechanical 
treatments [18]. Heat treatment of chromium­nickel and 
chromium­manganese­nickel austenitic steels involves 
quenching in water at temperatures from 1050 to 1100 °С. 
Heating to the temperatures should ensure the chromium 
carbides dissolution, while rapid cooling should maintain 
the supersaturated solid solution state. Despite numerous 
publications on the heat treatment effect on the nitrogen 
austenitic steel structure, phase composition, and mechan­
ical properties, information on the 08Kh18N6AG10S 
steel used for the RSS protective components is rather 
limited. 

The purpose of the work is to study the impact of heat 
treatment modes on the structure, phase composition, and 
mechanical properties of 08Kh18N6AG10S steel.

марганца и кремния. Закалка стали от температуры 1040 ℃ приводит к незначительному снижению микротвердости (на 12 %) по сравнению 
с состоянием поставки (с 3285 ± 80 до 2895 ± 70 МПа). После закалки от 1100 ℃ твердость снижается в меньшей степени (до 3090 ± 80 МПа). 
Проведение закалки от 1040 и 1100 ℃ позволило существенно улучшить ударную вязкость разрушения стали. Значения ударной вязкости 
стали возросли до 223 ± 10 и 240 ± 5 Дж/см2 по сравнению с состоянием поставки (55 Дж/см2). При проведении испытаний на абразивный 
износ обнаружено, что образцы стали после закалки от 1040 и 1100 ℃ демонстрируют сопоставимый уровень износостойкости по срав­
нению с состоянием поставки. Потеря массы после прохождения дистанции ролика 4309 м для всех состояний стали составляет примерно 
8,0 %. Сделано заключение, что оптимальной термической обработкой стали марки 08Х18Н6АГ10С является закалка от температуры 
1100 ℃, которая позволяет улучшить вязкость разрушения стали при сохранении микротвердости и износостойкости. 

Ключевые слова: немагнитная аустенитная сталь, закалка, микроструктура, фазовый состав, ударная вязкость разрушения, микротвердость, 
абразивный износ
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 Materials and methods

The industrial 08Kh18N6AG10S steel in as­forged 
(condition of supply) with the following chemical com­
position, wt. %: C < 0.06, 8.5 – 10.0 Mn, 0.6 – 1.2 Si, 
P < 0.03, S < 0.03, 16.0 – 18.0 Cr, 5.0 – 6.0 Ni, Al < 0.02, 
0.01 – 0.02 Ca, N > 0.4 and Fe­rest, was investigated. 
The steel was heat treated in a SNOL 185/1200 electric 
chamber furnace in an argon atmosphere at temperatures 
of 1040 and 1100 ℃ for 40 min, followed by quench­
ing in water. For structural studies, samples were cut by 
elect rical discharge machining into rectangular plates 
with dimensions of 10×10×3 mm. 

The sample surfaces were ground on abrasive paper 
with a gradual reduction in abrasive grain size and poli­
shed with diamond pastes of varying dispersion. Grain 
boundaries were etched with a solution of nitric (HNO3) 
and hydrochloric (HCl) acids in a volume ratio of 25:75. 
Microstructural studies were conducting using an Altami 
MET 1M optical microscope and a scanning electron 
microscope (SEM) (LEO EVO 50) equipped with an 
energy­dispersive spectrometer.

Methods of X­ray phase and X­ray diffraction analy­
sis were employed to determine the fine crystal struc­
ture (size of the coherent scattering region (CSR), lattice 
parameter), and phase composition of the steel. X­ray 
diffraction patterns were obtained using a diffractometer 
with filtered CuKα radiation. The X­ray was performed 
in the angle range from 40 to 120° with a step of 0.05° 
and exposure for each point was set to ensure a sta­
tistical accuracy of a minimum of 0.5 %. Phases were 
identified by comparing the peaks of the X­ray diffrac­
tion patterns with the PDF­2 ICDD structural database. 
The parameters of the crystal cells were determined 
based on the interplanar distances (d) for all reflections 
in the angle range from 40 to 120°. The full width at half 
maximum (FWHM) of the X­ray lines was determined 
by approximating the diffraction lines using the Lorentz 
function. The coherent scattering region was calculated 
using the Scherrer equation [19] for the most intense lines 
of the X­ray spectra. Microstresses of 08Kh18N6AG10S 
steel were assessed according to the X­ray data based 
on [20], using calculated microdistortions and litera­
ture data on Young’s modulus. The microdistortion was 
determined using the Stokes–Wilson equation [21]. 
Microstresses in the γ­Fe phase were calculated based 
on the last most distinguishable diffraction reflec­
tion with a plane index (222) under the assumption that 
microdistortion is the main factor determining the dif­
fraction width at far angles.

Steel microhardness was measured using the Vickers 
method on a PMT­3 at a load of 0.98 N and using the Rock­
well method on a TK­″M N1916 at a load of 98.7 N. 
Samples of 10×10×55 mm V­shaped notched of IX type 

according to GOST 6996 – 66 underwent impact bending 
tests at room temperature using a KM­300­M­Sh pendu­
lum impact testing machine. Macroimages of destroyed 
samples were received using an Altami SM0870 stereo­
graphic microscope. Fracture micromechanisms were 
studied using a LEO EVO 50 scanning electron micro­
scope.

The samples were subjected to abrasive wear tests 
according to the ASTM G65­04 standard [22]. Plates 
were fixed in the holder of the abrasive wear unit, oriented 
so that the rubber roller touched the sample at its center. 
Quartz sand with a fraction size of 200 – 300 µm was sup­
plied to the point of contact of the sample with a rubber 
roller at a speed of 400 g/min. The roller rotation speed 
was 100 rpm. Tests were conducted following method D 
of the ASTM G65­04 standard, wherein the roller dis­
tance was 4309 m, and the roller clamping force was 
45 N. After completion of the test, as well as at inter­
vals of linear continuous contact between the samp le and 
the roller of 1000, 2000, 3000, and 4309 m, the samples 
were removed from the holder and weighed on an ana­
lytical laboratory balance AV­120­01 with an accuracy 
of 0.0001 g, followed by the relative weight loss control.

 Results and discussion

 Microstructural studies

Fig. 1 illustrates the microstructures of 08Kh18N6AG10S 
steel in the supply conditions and after quenching at 1040 
and 1100 °C. The steel structure in the supply condi­
tions features large austenitic grains (Fig. 1, a) with 
an average size of 42.3 ± 6 µm with a large number 
of twins characterized for austenite (Fig. 1, a, indicated 
by arrows) [23]. Quenching at temperature of 1040 and 
1100 °C resulted in grain refinement, the average grain 
size reduced to 38.1 ± 5.0 μm and 39 ± 4.5 μm, respec­
tively (Fig. 1, b, c). The reduction in grain size is likely 
due to the high cooling rate during quenching. The aus­
tenitic structure with twin boundaries remains intact. 
Additionally, dark areas were observed at the boundar­
ies of austenite grains in the microstructure after quench­
ing at 1040 °C (Fig. 1, d). Higher magnification revealed 
numerous inclusions within the dark areas of the grain 
boundaries (inset in the bottom corner, Fig. 1, d). Energy 
dispersive analysis during SEM enabled the detec­
tion of carbon segregations in the boundary regions (inset 
in the upper corner, Fig. 1, d). This phenomenon is attrib­
uted to incomplete dissolution of all alloying elements 
during heating to 1040 °C, leading to carbide precipita­
tion at grain boundaries. During rapid cooling, particle 
segregation at grain boundaries can result in microcracks. 
These particle segregations and microcracks in steel after 
quenching at 1040 °C are considered as structural defects 
that can affect the properties of the steel. The authors [13] 
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noted that as carbide phases precipitated along grain 
boundaries, the susceptibility to intergranular corro­
sion of steel increased.

Fig. 2 presents the X­ray diffraction patterns 
of 08Kh18N6AG10S steel in the condition of supply and 
after quenching at 1040 and 1100 °C. All X­ray diffrac­
tion patterns exhibit lines corresponding to the γ­Fe phase 
with a face­centered cubic lattice. Quenching of the steel 
resulted in a decrease in the full width at half maximum 
(FWHM) of the γ­Fe phase diffraction lines compared 
to the X­ray diffraction pattern of the steel in the condi­
tion of supply. For instance, the FWHM of the diffrac­
tion reflection (111) decreased from 0.2496 to 0.1797° 
at a quenching temperature of 1040 °C and from 0.2496 
to 0.2080° at a quenching temperature of 1100 °C. This 
trend aligns with the findings of [24], where heat treatment 
of Fe – Cr – Mn – C – N steel resulted in a decrease in 
FWHM of diffraction lines from 1.1 to 0.89°. The reduc­
tion in FWHM of diffraction lines may stem from an 

Fig. 1. Microstructure of 08Kh18N6AG10S steel in condition of supply (а), 
after quenching at 1040 °C (b, d) and 1100 °С (c)  

Рис. 1. Микроструктура стали марки 08Х18Н6АГ10С в состоянии поставки (а), 
после закалки от 1040 °С (b, d) и от 1100 °С (c)

Fig. 2. X­ray images of 08Kh18N6AG10S steel in condition  
of supply (1), after quenching at 1040 °C (2) and 1100 °C (3) 

Рис. 2. Рентгенограммы стали марки 08Х18Н6АГ10С в состоянии 
поставки (1), после закалки от 1040 °С (2) и 1100 °С (3)
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increased size of coherent scattering regions and changes 
in microstress values due to quenching.

The X­ray diffraction patterns of all studied conditions 
show no lines characteristic of free carbon or carbides 
(Fig. 2), indicating that the proportion of the carbide 
phase is insignificant relative to the austenitic matrix.

The cell parameter of the γ­Fe phase of steel in the con­
dition of supply was measured at 0.3629 ± 5·10–4 nm. 
After quenching the cell parameter of the γ­Fe phase 
changed insignificantly to 0.3631 ± 5·10–4 nm after 
quenching at 1040 °C and 0.3633 ± 5·10–4 nm after 
quenching at 1100 °С.

Calculation of type II stresses revealed that after 
quenching at 1040 °C, microstresses present in the ini­
tial steel structure relaxed. Type II stresses decreased 
from 0.27 GPa in the supply condition to 0.24 GPa after 
quenching at 1040 °C. Quenching at 1100 °C leaded 
to the microstress value increased to 0.32 GPa, likely due 
to the formation of a fine­grained structure and better dis­
solution of alloying components in the solid solution. 

 Mechanical properties of steel

Table 1 displays the microhardness values and 
the results of impact tests for steel 08Kh18N6AG10S 
conducted at room temperature. The microhard­
ness of the steel in the condition of supply was 
3285 ± 80 MPa, which aligns well with literature 
data [25]. After quenching the microhardness decreased 
to 2895 ± 70 MPa (equivalent to 30 ± 1 HRC) at 1040 °C 
and to 3090 ± 80 MPa (equivalent to 32 ± 1 HRC) 
at 1100 °C. Notably, the microhardness values of steel 
after quenching at 1040 °C are lower compared to those 
after quenching at 1100 °C. This suggests that the heat­
ing temperature of 1040 °C may not be sufficient for all 
alloying elements to enter the solid solution, leading 
to carbide precipitation at grain boundaries (Fig. 1, d). 
Consequently, the effect of solid solution hardening is 
more pronounced in steel after quenching at 1100 °C. 
This aligns with the type II stresses calculation results, 
showing an increase in microstress to 0.32 GPa after 
quenching at 1100 °C.

The hardness of chromium­manganese­nickel aus­
tenitic steels decreases during quenching as carbides 
of alloying elements dissolve and the supersaturated solid 
solution is maintained during rapid cooling. Additionally, 
recrystallization processes during quenching eliminate 
the effect of dislocation hardening due to plastic defor­
mation under forging.

The fracture toughness of steel in the condi­
tion of supp ly is 55 J/cm2. Fractures of the steel samples 
in the condition of supply exhibit minimal tightening 
of the side faces, and shear lips are practically absent 
(Fig. 3, a), indicating that macroplastic deformation pre­
ceding destruction is not significant.

The fracture micromechanism of steel in the condi­
tion of supply is mixed, featuring large pits characte ristic 
of ductile fracture, as well as areas of brittle fracture 
with typical cleavage facets and microcracks (Fig. 3, a, 
inset). Cracking is observed within large austenite 
grains. Energy dispersive analysis revealed that second­
phase inclusions in large pits consist of manganese and 
iron carbides, silicon, and aluminum oxides (Table 2, 
with areas of energy dispersive analysis indicated in 
Fig. 3 as an example). The size of round particles ranges 
from 3.2 to 5.0 µm. 

After quenching at 1040 °C, the fracture toughness 
of the steel is significantly higher (Table 1) compared 
to the condition of supply. Concurrently, the tighten­
ing of the side faces and the width of the shear lip areas 
at the fractures (Fig. 3, b, marked with an arrow), which 
characterize the degree of plastic deformation as the crack 
develops, increased. The destruction micromechanism 
of the samples is entirely ductile and dimple­shaped, 
without signs of brittle fracture (Fig. 3, b, inset).

Round and elongated particles, with shapes close 
to plates, were detected in the pits. The size of round par­
ticles ranged from 1.5 to 5.5 µm, while the size of elon­
gated particles reached 3×15 µm.  

After quenching at 1100 °C, the impact strength 
of the steel is the highest among those presented, reach­
ing 240 ± 5 J/cm2 (Table 1). The fractures of the samples 
are characterized by a high degree of tightening (Fig. 3, c, 
marked with an arrow) and sophisticated surface topogra­

Table 1. Microhardness and results of impact tests of 08Kh18N6AG10S steel at room temperature

Таблица 1. Микротвердость и результаты ударных испытаний, проведенных при комнатной температуре,  
стали марки 08Х18Н6АГ10С 

Steel condition
Hardness Fracture toughness, 

J/cm2
Fracture 
energy, Jaccording to Vickers, MPa HRC

Supply 3285 ± 80 35 ± 1 55 ± 11 44 ± 11
Quenching at 1040 °С 2895 ± 70 30 ± 1 223 ± 10 178 ± 10
Quenching at 1100 °С 3090 ± 80 32 ± 1 240 ± 5 192 ± 5
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phy. Large pores on the fracture surface indicate the duc­
tile nature of the fracture. Particles of different mor­
phologies and sizes were found in the pores (Fig. 3, c). 
These include round particles, ranging in size from 3.5 
to 5.0 µm, dispersed particles with sizes of 0.8 – 1.5 µm, 
and elongated particles measuring 1.5 × 7.0 µm. Accord­
ing to the energy dispersive analysis data, the particles 
in the pits are primarily oxides of manganese and sili­
con (Table 2). The proportion of carbide inclusions in 
the steel after quenching at 1100 °C is significantly 
smaller. This confirms the earlier conclusions that when 
heated to 1100 °C, most of the alloying elements enter 

the solid solution, leading to a reduction in the carbide 
inclusions of in the steel. The smaller proportion of car­
bide particles and their smaller size account for the higher 
fracture toughness of the steel in this structural condi­
tion (Table 1).

During the abrasive wear testing of the steel in differ­
ent structural conditions, marked traces of abrasive wear 
and changes in the geometry of the samples are observed 
after the roller covers a distance of 4309 m (the traces 
of abrasive wear of the sample in the supply condition are 
shown as an example, Fig. 4, a). 

Fig. 3. Fracture surfaces of 08Kh18N6AG10S steel in condition of supply (a), after quenching at 1040 ℃ (b) and 1100 ℃ (c) 

Рис. 3. Поверхности разрушения стали марки 08Х18Н6АГ10С в состоянии поставки (а), после закалки от 1040 ℃ (b) и 1100 ℃ (c)
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In all three cases, the maximum decrease in 
the samp le height is approximately 1.5 mm and observed 
at the center, corresponding to 15 % of the total sample 
height. Fig. 4, b depicts the dependence of mass loss 
on the roller path during the testing of 08Kh18N6AG10S 
steel. The dependencies for all samples are linear. 
Steels in the condition of supply and after quenching at 
1040 °C exhibit comparable weight loss values, approxi­
mately 7.7 %. After quenching at 1100 °C, the weight 
loss is slightly greater about 8.5 %. It can be concluded 
that quenching and changes in the structural condi­
tion of the steel do not significantly alter the wear resis­
tance.

Thus, when 08Kh18N6AG10S steel is utilized to manu­
facture the RSS housing, quenching at 1100 °C is recom­

mended. Suggested heat treatment can notably enhance 
the fracture toughness of the steel without compromising 
wear resistance and hardness. Additionally, quenching at 
a temperature of 1100 °C results in a decrease in the pro­
portion of carbide inclusions with magnetic properties, 
which are unacceptable when conducting geophysical 
research during drilling.

 Conclusions

After quenching 08Kh18N6AG10S steel at 1040 
and 1100 ℃, an austenitic structure forms with grain 
sizes of 38.1 ± 5.0 and 39 ± 4.5 μm, respectively. It was 
observed that quenching at 1040 ℃ leads to the precipi­
tation of excess carbide phases at grain boundaries due 
to incomplete austenitization.

According to energy dispersive analysis, the propor­
tion of carbide inclusions decreases after quenching at 
1100 °C with the main inclusions being manganese and 
silicon oxides.

The research revealed that quenching at 1040 and 
1100 ℃ significantly increases the fracture toughness 
of 08Kh18N6AG10S steel to 223 – 240 J/cm2 compared 
to the condition of supply values of 55 J/cm2.

Abrasive wear tests demonstrated that despite 
decreased hardness and increased fracture toughness 
steel samples after quenching at 1040 and 1100 ℃ 
exhibit approximately the same wear resistance as the as­
supplied steel. 

Therefore, we recommend quenching at 1100 ℃ for 
08Kh18N6AG10S steel used in RSS housing manufac­
turing as it provides the required mechanical properties 
and helps to reduce the proportion of magnetic inclusions 
in the material.

Fig. 4. Macrophotograph of lateral side of the steel sample in condition of supply after passing the distance from the roller of 4309 m (a), 
dependences of the mass loss on the roller path during abrasive wear tests 08Kh18N6AG10S steel (b):

 – in condition of supply;  and  – after quenching at 1040 and 1100 °C

Рис. 4. Макрофотография боковой стороны образца стали в состоянии  
поставки после прохождения дистанции ролика 4309 м (а), зависимость потери массы от пути ролика  

при испытаниях на абразивный износ стали марки 08Х18Н6АГ10С (b):
 – в состоянии поставки;  и  – после закалки от 1040 и 1100 °С

Table 2. Result of X­ray energy dispersive microanalysis 
obtained from fractures of 08Kh18N6AG10S steel 

Таблица 2. Результаты энергодисперсионного  
микроанализа, полученные с изломов стали  

марки 08Х18Н6АГ10С

Spectrum
Element content, at. %

C O Mg Al Si Cr Mn Fe
Supply condition

Spectrum 1 45.1 – – – – 4.6 42.3 8.0
Spectrum 2 14.9 46.0 8.5 21.5 – 3.8 4.1 1.2

Quenching at 1040 °С
Spectrum 3 50.7 – – – 0.5 1.2 46.0 1.6
Spectrum 4 19.3 46.5 5.6 – 11.9 0.6 15.2 0.9

Quenching at 1100 °С
Spectrum 5 7.9 51.9 8.6 – 13.9 0.8 15.7 1.2
Spectrum 6 15.5 49.5 2.0 – 11.1 1.8 17.0 3.1



Известия вузов. Черная металлургия. 2024;67(2):195–204.
Гордиенко А.И., Абдульменова Е.В. и др. Влияние режимов термической обработки на структуру и свойства стали 08Х18Н6АГ10С

202

 References / Список литературы

1. Brook B.W., Alonso A., Meneley D.A., Misak J., Blees T., 
van Erp J.B. Why nuclear energy is sustainable and has to be 
part of the energy mix. Sustainable Materials and Technolo-
gies. 2014;1­2:8–16.

 https://doi.org/10.1016/j.susmat.2014.11.001
2. Jia C., Pang X., Song Y. The mechanism of unconventional 

hydrocarbon formation: Hydrocarbon self­sealing and inter­
molecular forces. Petroleum Exploration and Development. 
2021;48(3):507–526.

 https://doi.org/10.1016/s1876-3804(21)60042-3 
3. Shevchenko I.A. Drilling wells with a large departure from 

the vertical, using a rotary­driven systems with control geo­
physical parameters in real­time. Modern Science: Actual 
Problems of Pheory and practice. Series: Natural and Tech-
nical Sciences. 2014;(1­2):36–39. (In Russ.).

 Шевченко И.А. Бурение скважин с большим отходом от 
вертикали с использованием роторных управляемых сис­
тем при контроле геофизических параметров в режиме 
реального времени. Современная наука: актуальные 
проблемы теории и практики. Серия: естественные и 
технические науки. 2014;(1­0):36–39.

4. Zakirov A.Ya. The first test results of Russian­made rotary­
controlled systems. Proneft’. Professionally about oil. 
2016;(2(2)):43–47. (In Russ.).

 Закиров А.Я. Первые результаты испытаний роторно­
управляемых систем российского производства. Pro-
нефть. Профессионально о нефти. 2016;(2(2)):43–47.

5. Zhang C., Zou W., Cheng N. Overview of rotary steerable 
system and its control methods. In: Proceedings of 2016 
IEEE Int. Conf. on Mechatronics and Automation. 2016: 
1559–1565. https://doi.org/10.1109/icma.2016.7558796 

6. Kushnereva D.S., Sapozhnikov G.V. Properties investi­
gations of the new high­strength stainless steels. Chemi-
cal Physics and Mesoscopy. 2019;21(1):39–44. (In Russ.). 
https://doi.org/10.15350/17270529.2019.1.6 

 Кушнерева Д.С., Сапожников Г.В. Исследование свойств 
новых высокопрочных нержавеющих сталей. Химичес-
кая физика и мезоскопия. 2019;21(1):39–44.

 https://doi.org/10.15350/17270529.2019.1.6  
7. Foldyna V., Kubon Z., Filip M., Mayer K.­H., Berger C. Eva­

luation of structural stability and creep resistance of 9–12 % 
Cr steels. Steel Research. 1996;67(9):375–381.

 https://doi.org/10.1002/srin.199605504
8. Grässel O., Krüger L., Frommeyer G., Meyer L.W. High 

strength Fe–Mn–(Al, Si) TRIP/TWIP steels development – 
properties – application. International Journal of Plasticity. 
2000;16(10­11):1391–1409.

 https://doi.org/10.1016/S0749-6419(00)00015-2
9. Brüx U., Frommeyer G., Grässel O., Meyer L.W., Weise A. 

Development and characterization of high strength impact 
resistant Fe–Mn–(Al, Si) TRIP/TWIP steels. Steel Research. 
2002;73(6­7):294–298.

 https://doi.org/10.1002/srin.200200211
10. Frommeyer G., Brüx U., Neumann P. Supra­ductile and 

high­strength manganese­TRIP/TWIP steels for high energy 
absorption purposes. ISIJ International. 2002;43(3):438–446. 
https://doi.org/10.2355/isijinternational.43.438

11. Kostina M.V., Bannykh O.A., Blinov V.M. Features 
of nitrogen­alloyed steels. Metallovedenie i termicheskaya 
obrabotka metallov. 2000;(12):3–6. (In Russ.).

 Костина М.В., Банных О.А., Блинов В.М. Особенности 
сталей, легированных азотом. Металловедение и терми-
ческая обработка металлов. 2000;(12):3–6.

12. Mudali U.K., Dayal R.K. Influence of nitrogen addi­
tion on the crevice corrosion resistance of nitrogen­bearing 
austenitic stainless steels. Journal of Materials Science. 
2000;35(7):1799–1803.

 https://doi.org/10.1023/A:1004740905317
13. Kostina M.V., Rigina L.G. Nitrogen­containing steels and 

methods of their production. Izvestiya. Ferrous Metallurgy. 
2020;63(8):606–622. (In Russ.).

 https://doi.org/10.17073/0368-0797-2020-8-606-622 

 Костина М.В., Ригина Л.Г. Азотосодержащие стали 
и способы их производства. Известия вузов. Черная 
металлургия. 2020;63(8):606–622. 

 https://doi.org/10.17073/0368-0797-2020-8-606-622
14. Naumenko V.V., Shlyamnev A.P., Filipov G.A. Nitrogen in 

austenitic stainless steels of various alloying systems. Metal-
lurg. 2011;(6):46–53. (In Russ.).

 Науменко В.В., Шлямнев А.П., Филипов Г.А. Азот в 
аустенитных нержавеющих сталях различных систем 
легирования. Металлург. 2011;(6):46–53.

15. Klotz U.E., Solenthaler C., Ernst P., Uggowitzer P.J., 
Speidel M.O. Alloy compositions and mechanical proper­
ties of 9–12 % chromium steels with martensitic–auste­
nitic microstructure. Materials Science and Engineering: A. 
1999;272(2):292–299.

 https://doi.org/10.1016/S0921-5093(99)00490-6
16. Rawers J.C. Characterizing alloy additions to carbon high­

nitrogen steel. Journal of Materials: Design and Applica-
tions. 2004;218(3):239–246.

 https://doi.org/10.1177/146442070421800309 
17. Rawers J.C. Alloying effects on the microstructure and phase 

stability of Fe–Cr–Mn steels. Journal of Materials Science. 
2008;43(10):3618–3624.

 https://doi.org/10.1007/s10853-008-2576-3
18. Mushnikova S.Yu., Kostin S.K., Sagaradze V.V., Katae­

 va N.V. Structure, properties, and resistance to stress­cor­
rosion cracking of a nitrogen­containing austenitic steel 
strengthened by thermomechanical treatment. Physics 
of Metals and Metallography. 2017;118(11):1155–1166.

 https://doi.org/10.1134/S0031918X17110096
19. Scherrer P. Bestimmung der Größe und der inneren Struk­

tur von Kolloidteilchen mittels Röntgenstrahlen. Nachrich-
ten von der Gesellschaft der Wissenschaften zu Göttingen, 
Mathematisch-Physikalische Klasse. 1918;1918(2):98–101. 
(In Germ.).

20. Timoshenko S.P., Goodier J.N. Theory of Elasticity. New 
York – Toronto – London: McGraw­Hill book company; 
1951:519.

21. Stokes A.R., Wilson A.J.C. The diffraction of X rays by 
distorted crystal aggregates. Proceedings of the Physical 
Socie ty. 1944:56(3):174–181.

 https://doi.org/10.1088/0959-5309/56/3/303
22. ASTM G65. Standard Test Method for Measuring Abra­

sion Using the Dry Sand/Rubber Wheel Apparatus ASTM. 
2016:14.

https://doi.org/10.1016/j.susmat.2014.11.001
https://doi.org/10.1016/s1876-3804(21)60042-3
https://doi.org/10.1109/icma.2016.7558796
https://doi.org/10.15350/17270529.2019.1.6
https://doi.org/10.15350/17270529.2019.1.6
https://doi.org/10.1002/srin.199605504
https://doi.org/10.1016/S0749-6419(00)00015-2
https://doi.org/10.1002/srin.200200211
https://doi.org/10.2355/isijinternational.43.438
https://doi.org/10.1023/A:1004740905317
https://doi.org/10.17073/0368-0797-2020-8-606-622
https://doi.org/10.17073/0368-0797-2020-8-606-622
https://doi.org/10.1016/S0921-5093(99)00490-6
https://doi.org/10.1177/146442070421800309
https://doi.org/10.1007/s10853-008-2576-3
https://doi.org/10.1134/S0031918X17110096
https://doi.org/10.1088/0959-5309/56/3/303


Izvestiya. Ferrous Metallurgy. 2024;67(2):195–204.
Gordienko A.I., Abdulmenova E.V., etc. Effect of heat treatment modes on structure and properties of 08Kh18N6AG10S steel

203

Антонина Ильдаровна Гордиенко, к.т.н., научный сотрудник 
лаборатории физической мезомеханики и неразрушающих мето-
дов контроля, Институт физики прочности и материаловедения 
Сибирского отделения РАН
ORCID: 0000-0002-4361-8906
E-mail:  mirantil@ispms.ru 

Екатерина Владимировна Абдульменова, к.т.н., младший науч-
ный сотрудник лаборатории молекулярного имиджинга и фото-
акустики, Институт физики прочности и материаловедения 
Сибирского отделения РАН
ORCID: 0000-0002-9594-5706
E-mail:  Ekaterina.V.Abdulmenova@yandex.ru 

Танзиля Вакильевна Козлова, к.ф.-м.н., младший научный 
сотрудник лаборатории физической мезомеханики и неразрушаю-
щих методов контроля, Институт физики прочности и материа-
ловедения Сибирского отделения РАН
ORCID: 0000-0003-0890-9983
E-mail:  kozlovatv@ispms.ru 

Юлия Федоровна Гоморова, к.т.н., научный сотрудник лаборато-
рии физической мезомеханики и неразрушающих методов конт-
роля, Институт физики прочности и материаловедения Сибир-
ского отделения РАН
ORCID: 0000-0002-0880-2898
E-mail:  gomjf@ispms.ru 

Илья Викторович Власов, к.т.н., научный сотрудник лаборато-
рии физической мезомеханики и неразрушающих методов конт-
роля, Институт физики прочности и материаловедения Сибир-
ского отделения РАН
ORCID: 0000-0001-9110-8313
E-mail:  viv@ispms.ru 

Игорь Андреевич Фотин, инженер лаборатории физической 
мезомеханики и неразрушающих методов контроля, Институт 
физики прочности и материаловедения Сибирского отделе-
ния РАН
ORCID: 0000-0001-5185-6405
E-mail:  i.fotin2010@gmail.com 

Константин Николаевич Каюров, генеральный директор, ООО 
научно-производственное предприятие геофизической аппара-
туры «Луч»
ORCID: 0000-0001-9545-5400
E-mail:  kayurov@looch.ru 

Светлана Петровна Буякова, д.т.н., профессор, заместитель 
директора по научной работе, заведующий лабораторией физи-
ческой мезомеханики и неразрушающих методов контроля, 
Институт физики прочности и материаловедения Сибирского 
отделения РАН
ORCID: 0000-0002-6315-2541
E-mail:  sbuyakova@ispms.ru 

Antonina I. Gordienko, Cand. Sci. (Eng.), Research Associate of the 
Laboratory of Physical Mesomechanics and Non-Destructive Control 
Methods, Institute of Strength Physics and Materials Science, Siberian 
Branch of Russian Academy of Sciences
ORCID: 0000-0002-4361-8906
E-mail:  mirantil@ispms.ru 

Ekaterina V. Abdulmenova, Cand. Sci. (Eng.), Junior Research of the 
Laboratory of Molecular Imaging and Photoacoustics, Institute of 
Strength Physics and Materials Science, Siberian Branch of Russian 
Academy of Sciences
ORCID: 0000-0002-9594-5706
E-mail:  Ekaterina.V.Abdulmenova@yandex.ru 

Tanzilya V. Kozlova, Cand. Sci. (Phys.-Math.), Junior Research of the 
Laboratory of Physical Mesomechanics and Non-Destructive Control 
Methods, Institute of Strength Physics and Materials Science, Siberian 
Branch of Russian Academy of Sciences
ORCID: 0000-0003-0890-9983
E-mail:  kozlovatv@ispms.ru 

Yulia F. Gomorova, Cand. Sci. (Eng.), Research Associate of the Labora-
tory of Physical Mesomechanics and Non-Destructive Control Methods, 
Institute of Strength Physics and Materials Science, Siberian Branch of 
Russian Academy of Sciences
ORCID: 0000-0002-0880-2898
E-mail:  gomjf@ispms.ru 

Il’ya V. Vlasov, Cand. Sci. (Eng.), Research Associate of the Laboratory of 
Physical Mesomechanics and Non-Destructive Control Methods, Institute 
of Strength Physics and Materials Science, Siberian Branch of Russian 
Academy of Sciences
ORCID: 0000-0001-9110-8313
E-mail:  viv@ispms.ru 

Igor’ A. Fotin, Engineer of the Laboratory of Physical Mesomechanics 
and Non-Destructive Control Methods, Institute of Strength Physics and 
Materials Science, Siberian Branch of Russian Academy of Sciences
ORCID: 0000-0001-5185-6405
E-mail:  i.fotin2010@gmail.com 

Konstantin N. Kayurov, General Director, LLK Scientific Production 
Enterprise of Geophysical “Luch”
ORCID: 0000-0001-9545-5400
E-mail:  kayurov@looch.ru 

Svetlana P. Buyakova, Dr. Sci. (Eng.), Prof., Deputy Director for Research, 
Head of the Laboratory of Physical Mesomechanics and Non-Destructive 
Control Methods, Institute of Strength Physics and Materials Science, 
Siberian Branch of Russian Academy of Sciences
ORCID: 0000-0002-6315-2541
E-mail:  sbuyakova@ispms.ru 

Information about the Authors Сведения об авторах

23. Yuan X., Chen L., Zhao Y., Di H., Zhu F. Influence of anneal­
ing temperature on mechanical properties and microstruc­
tures of a high manganese austenitic steel. Journal of Mate-
rials Processing Technology. 2015;217:278–285.

 https://doi.org/10.1016/J.JMATPROTEC.2014.11.027
24. Lee E., Mishra B., Palmer B.R. Effect of heat treatment 

on wear resistance of Fe–Cr–Mn–C–N high­interstitial stain­
less steel. Wear. 2016;368­369:70–74.

 https://doi.org/10.1016/j.wear.2016.09.008
25. Speidel M.O. Nitrogen containing austenitic stainless steels. 

Materials Science and Engineering Technology. 2006; 
37(10):875–880. https://doi.org/10.1002/mawe.200600068

http://www.ispms.ru/ru/275
http://orcid.org/0000-0002-4361-8906
mailto:mirantil@ispms.ru
http://orcid.org/0000-0002-9594-5706
mailto:Ekaterina.V.Abdulmenova%40yandex.ru?subject=
http://www.ispms.ru/ru/275
http://orcid.org/0000-0003-0890-9983
mailto:kozlovatv@ispms.ru
http://www.ispms.ru/ru/275
http://orcid.org/0000-0002-0880-2898
mailto:gomjf@ispms.ru
http://orcid.org/0000-0001-9110-8313
mailto:viv@ispms.ru
http://orcid.org/0000-0001-5185-6405
mailto:i.fotin2010@gmail.com
http://orcid.org/0000-0001-9545-5400
mailto:kayurov@looch.ru
http://www.ispms.ru/ru/275
http://orcid.org/0000-0002-6315-2541
mailto:sbuyakova@ispms.ru
http://orcid.org/0000-0002-4361-8906
mailto:mirantil@ispms.ru
http://orcid.org/0000-0002-9594-5706
mailto:Ekaterina.V.Abdulmenova%40yandex.ru?subject=
http://orcid.org/0000-0003-0890-9983
mailto:kozlovatv@ispms.ru
http://orcid.org/0000-0002-0880-2898
mailto:gomjf@ispms.ru
http://orcid.org/0000-0001-9110-8313
mailto:viv@ispms.ru
http://orcid.org/0000-0001-5185-6405
mailto:i.fotin2010@gmail.com
http://orcid.org/0000-0001-9545-5400
mailto:kayurov@looch.ru
http://orcid.org/0000-0002-6315-2541
mailto:sbuyakova@ispms.ru
https://doi.org/10.1016/J.JMATPROTEC.2014.11.027
https://doi.org/10.1016/j.wear.2016.09.008
https://doi.org/10.1002/mawe.200600068


Известия вузов. Черная металлургия. 2024;67(2):195–204.
Гордиенко А.И., Абдульменова Е.В. и др. Влияние режимов термической обработки на структуру и свойства стали 08Х18Н6АГ10С

204

Received 10.10.2023
Revised 01.11.2023

Accepted 10.01.2024

Поступила в редакцию 10.10.2023 
После доработки 01.11.2023 

Принята к публикации 10.01.2024

А. И. Гордиенко – литературный обзор публикаций по теме ста-
тьи, написание текста рукописи, проведение закалки стали, ана-
лиз экспериментальных данных. 
Е. В. Абдульменова – литературный обзор публикаций по теме 
статьи, написание текста рукописи, проведение и анализ рентге-
ноструктурных исследований. 
Т. В. Козлова – литературный обзор публикаций по теме статьи, 
написание текста рукописи, измерение микротвердости, обра-
ботка результатов и анализ данных. 
Ю. Ф. Гоморова – доработка текста, проведение структурных 
исследований методами оптической микроскопии, изучение 
поверхностей изломов образцов после механических испытаний 
методом растровой электронной микроскопии.
И. В. Власов – проведение испытаний на ударный изгиб, описа-
ние результатов ударных испытаний. 
И. А. Фотин – проведение испытаний образцов стали на абразив-
ный износ и численный анализ экспериментальных результатов.
К. Н. Каюров – формирование основной проблемы в области 
роторных управляемых систем, обсуждение полученных резуль-
татов.
С. П. Буякова – формирование основной концепции, цели и задач 
исследования; доработка текста рукописи.

A. I. Gordienko – literary review, writing the text, conducting steel 
quenching, analysis of experimental data.

E. V. Abdulmenova – literary review, writing the text, conducting and 
analyzing X-ray diffraction studies.

T. V. Kozlova – literary review, writing the text, microhardness mea-
surement, processing results and data analysis.

Yu. F. Gomorova – revision of the text, carrying out structural studies 
by optical microscopy and the study of fracture surfaces after mechani-
cal testing by scanning electron microscopy.

I. V. Vlasov – carrying out impact bending tests, describing the results 
of impact tests.
I. A. Fotin – testing of steel samples for abrasive wear, numerical analy-
sis of experimental results.
K. N. Kayurov – formation of the main problem in the field of rotary 
steerable systems, discussion of the results.

S. P. Buyakova – formation of the main concept, goals and objectives of 
the study; finalization of the text.

Contribution of the Authors Вклад авторов



Izvestiya. Ferrous Metallurgy. 2024;67(2):205–210.
Upolovnikova A.G., Shartdinov R.R., Smetannikov A.N. Effect of basicity on physical properties of ladle slags ...

205

  UDC 669.046.584.2
   DOI 10.17073/0368-0797-2024-2-205-210

  upol.ru@mail.ru
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шлаках изучаемой оксидной системы на вязкость, температуру начала кристаллизации и структуру. Экспериментальные исследования 
физических свойств этих шлаков показали, что c ростом основности от 2,0 до 5,0 наблюдается рост температуры начала кристал­
лизации и вязкости, что связано со структурой формируемых шлаков. Повышение основности способствует повышению вязкости 
от 0,20 до 0,41 Па·с при температуре 1500 °С и повышению температуры кристаллизации от 1397 до 1497 °С. Полученные результаты 
показали, что на структуру церийсодержащего шлака влияют как ион Si4+, так и ион Al3+, которые являются сеткообразователями. 
Ионы кремния в рассматриваемой системе присутствуют в виде [SiO4 ]­тетраэдров, тогда как ионы алюминия присутствуют в виде 
[AlO4 ]­тетраэдров и [AlO6 ]­октаэдров. С повышением основности от 2,0 до 2,5 кремниевая структура усложняется, а затем при основ­

  upol.ru@mail.ru
Abstract. The authors studied the physical properties of the slags of CaO ‒ SiO2 ‒ Al2O3 ‒ MgO system containing cerium oxide. The developed slags 

are based on a calcium silicate system, the basicity (CaO)/(SiO2) of which has a great influence on the slag properties. Generalization of the performed 
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temperature from 1397 to 1497 °C. The structural analysis showed that the structure of the cerium­containing slag is influenced by both the Si4+ ion 
and the Al3+ ion, which are grid­forming agents. Silicon ions in this system are present in the form of [SiO4 ]­tetrahedra, whereas aluminum ions are 
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 Introduction

Viscosity stands out as one of the most crucial physi­
cal properties of slag, as metallurgical processes hinge 
on phenomena influenced by heat and mass transfer 
within both slag and metal [1; 2]. Exploring the utili­
zation of rare earth element (REE) oxides represents 
a promising avenue for decreasing the viscosity of refin­
ing slags. Investigations into the impact of cerium oxide 
additives on slag’s physical properties have revealed 
that cerium oxide reduces both viscosity and crystalli­
zation temperature [3 ‒ 5]. Recent studies have demon­
strated that incorporating rare earth oxides into slag can 
diminish the activity of Al2O3 oxide in the slag while 
enhancing the slag’s adsorption capacity for Al2O3 inclu­
sions in the metal [6 ‒ 8]. Additionally, the equilibrium 
between refining slag containing Ce2O3 and molten steel 
deoxidized with aluminum hints at the potential for intro­
ducing a small amount of cerium, which may transfer 
into the steel [9 – 11], thereby facilitating micro­alloying 
and modification [12]. However, to date, the influence 
of basicity on the physical properties of cerium­contain­
ing ladle slags remains unexplored in both domestic and 
foreign literature. 

This study aimed to investigate the physical proper­
ties of slags within the CaO – SiO2 – Ce2O3 – Al2O3 – MgO 
system. By consolidating research findings, we sought 
to generate new insights into the impact of basicity 
on the viscosity, temperature of crystallization onset, and 
structure of cerium­containing slags within the studied 
oxide system. 

 Research methods

The slags of the CaO – SiO2 – Ce2O3 – Al2O3 – MgO 
oxide system were melted in a resistance furnace using 
graphite crucibles under an argon atmosphere. Analyti­
cal grade oxides were calcined for 2 – 3 h at a tempera­
ture of 800 °C prior to melting. Viscosity measurements 
of the slags were conducted in graphite crucibles using 
an electric vibrating viscometer, with continuous cooling 
of the melt from a homogeneous­liquid to a solid state [13]. 
A molybdenum rod with a diameter of 1.5 mm served 
as the measuring spindle. The temperature of the slag 
was monitored using a VR 5/20 tungsten­rhenium ther­
mocouple. The crystallization temperature of the slags 
was determined according to Frenkel’s theory of viscous 
flow. For this purpose, graphs were plotted in coordinates 
ln η – 1/T, with breaks indicating the onset temperature 
of slag crystallization [14]. The results of viscosity and 
crystallization temperature measurements are presented 
in Table 1 and Fig. 1.

The structure of test slag samples was investigated 
using a Raman microscope spectrometer U 1000 with 
a laser having an excitation wavelength of 532 nm. 
The obtained spectra, within the wave number range 
of 450 – 1250 cm–1, are depicted in Fig. 2. The observed 
lines in such spectra can be clearly attributed to vibra­
tions of the molecules of the material under study. 
Depending on the frequency, intensity, and shape of these 
lines, conclusions about the structure of the slags can 
be drawn [15]. This transformation can be attributed 
to the characteristics of the slag structure. Fig. 2 displays 

Table 1. Composition, temperature of crystallization onset and viscosity of experimental slags

Таблица 1. Состав, температура начала кристаллизации и вязкость экспериментальных шлаков

Oxide content, %
B tcr , °С

Viscosity, Pa·s, at T, °C
CaO SiO2 Ce2O3 MgO Al2O3 1500 1550
41.3 20.7 15 8 15 2.0 1397 0.20 0.16
44.8 17.2 15 8 15 2.5 1419 0.22 0.17
48.2 13.8 15 8 15 3.5 1463 0.26 0.18
51.7 10.3 15 8 15 5.0 1497 0.41 0.23

ности 3,5 ‒ 5,0 упрощается. Алюминатная структура усложняется за счет повышения содержания оксида СаО, который участвует в 
компенсации заряда полимеризованных структурных единиц [AlO4 ]­тетраэдров с образованием более стабильной тетраэдрической 
структуры, и, как следствие, повышенной вязкости шлака. Шлаки изучаемой оксидной системы, содержащие 15 % Ce2О3 , характери­
зуются в рассматриваемом диапазоне основности достаточно высокой жидкоподвижностью. 

Ключевые слова: вязкость, температура начала кристаллизации, рамановская спектроскопия, оксид церия, шлак, фазовый состав, структура 
шлака
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the Raman spectra of slag samples with varying basicity, 
featuring peaks: in the low­frequency region with wave 
numbers around 600 cm‒1, representing Al ‒ O stretch­
ing vibrations in [AlO6 ] octahedra within the range 
of slag basicity from 2.0 to 2.5; as basicity increases 
to 3.5 – 5.0 units, peaks emerge in the region of about 
550 cm‒1, attributed to the transverse motion of brid ging 
oxygen inside the Al ‒ O ‒ Al bond; peaks in the range 
of 650 ‒ 800 cm‒1, reflecting Al – O stretching vibrations 
in [AlO4] tetra hedra. Peaks in the higher wave numbers 
region (800 – 950 cm–1) are associated with the silicate 
structure ([SiO4]­tetrahedra). The intensity and shape 
of these peaks allow for the evaluation of the influence 

of basicity on the structure of the formed slags and their 
viscosity. 

For further quantitative determination of changes 
in structural units with different basicity of the slag, 
the Raman spectra (Fig. 2) were deconvoluted by the 
Gaussian method using the PeakFit software with 
the correlation coefficient of minimum 0.99. The results 
of deconvolution of the silicate region of Raman spectra 
are shown in Fig. 3 and Table 2.

 Results and discussion

The viscosity dependence of the studied slags on tem­
perature, within a basicity range of 2.0 to 5.0, is illustrated 
in Fig. 1. As basicity increases, slags transition gradually 
from fluid states with low crystallization temperatures 
to those with higher viscosity and crystallization onset 
temperatures (Table 1). 

The slag structure formed at a basicity of 2.0 is low­
polymerized. As noted earlier, it is characterized by 
the presence of [AlO6]­octahedra, which function as grid 

Table 2. Proportion of structural elements 

Таблица 2. Доли структурных элементов

Slag B   BO

1 2.0 0.48 0.52 0.52
2 2.5 0.41 0.59 0.59
3 3.5 0.53 0.47 0.47
4 5.0 0.88 0.12 0.12

Fig. 1. Dependence of viscosity of the slags on temperature 
at basicity of 2.0 ( ), 2.5 ( ), 3.5 ( ) and 5.0 ( )

Рис. 1. Зависимость вязкости шлаков от температуры 
при основности 2,0 ( ), 2,5 ( ), 3,5 ( ) и 5,0 ( )

Fig. 2. Raman spectra of the slags at basicity of 2.0 (1), 2.5 (2), 3.5 (3) and 5.0 (4) 

Рис. 2. Рамановские спектры изучаемых шлаков при основности 2,0 (1), 2,5 (2), 3,5 (3) и 5,0 (4)
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modifier (Fig. 2), along with two depolymerized struc­
tural units of silicon: [SiO4]4– with an increased propor­
tion of non­bridging oxygen to 0.48 (  ) and [Si2O7]6– 
with a proportion of one bridging oxygen increased 
to 0.52 (  ) (Fig. 3, Table 2). This structure arises due 
to the presence of structure modifiers – calcium and 
cerium oxides – in the slag. Their dissociation in melts 
releases additional O2– ions, which interact with [AlO4 ]­ 
and [SiO4 ]­tetrahedra, disrupting the aluminate and sili­
cate melt structures [16; 17]. Consequently, these slags 
exhibit a low crystallization temperature (1397 °C) 
and low viscosity (0.20 and 0.16 Pa·s) at temperatures 
of 1500 and 1550 °C (Table 1).

As the basicity increases to 2.5, the silicate structure 
becomes more complex. Its polymerization degree rises 
from 0.52 to 0.59, while the proportion of non­bridg­
ing oxygen decreases from 0.48 to 0.41, and the pro­
portion with one bridging oxygen increases from 0.52 
to 0.59 (Table 2). In high­basicity slags containing Al2O3 , 
Al3+ ions are absorbed by the silicate structure, acting 
as grid­forming agents, thus enhancing the complexity 

of the silicate structure [18]. The increased complex­
ity of the slag structure elevates the onset temperature 
of crystallization to 1419 °C and viscosity to 0.22 and 
0.17 Pa·s at temperatures of 1500 and 1550 °C (Table 1). 

As the basicity increases to 3.5 and 5.0, a peak emerges 
in the region of about 550 cm–1, attributed to the transverse 
motion of bridging oxygen inside the Al –  O  – Al bond. 
The relative Al  – О  – Al intensity gradually increases with 
increasing basicity, while the opposite trend is observed for 
[AlO6] octahedra. This indicates an enhanced Al  – O  – Al 
bond and a decreased proportion of [AlO6 ] octahedra, 
leading to polymerization of the aluminate grid. Addition­
ally, an increase in the slag basicity from 3.5 to 5.0 results 
in higher peak intensity in the region of wave numbers 
650 – 800 cm–1. This is attributed to symmetrical stretch­
ing vibrations [AlO3]3– (  ) and [Al2O5]4– (  ) [16; 17], 
indicating that the aluminate structure in the molten 
slag (Fig. 2) has become more complex, resulting in an 
increase in the crystallization onset temperature to 1463 
and 1497 °C. Viscosity increases to 0.26 and 0.18 Pa·s 
at temperatures of 1500 and 1550 °C and a basicity 

Fig. 3. Deconvolution of the silicate region at basicity of 2.0 (а), 2.5 (b), 3.5 (c) and 5.0 (d) 

Рис. 3. Деконволюция силикатной области при основности 2,0 (а), 2,5 (b), 3,5 (c) и 5,0 (d)
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of 3.50 and to 0.41 and 0.23 Pa·s at temperatures of 1500 
and 1550 °C and a basicity of 5.0. 

Alongside the polymerization of the aluminate struc­
ture at basicities of 3.5 and 5.0, the silicate structure 
becomes simpler, and the polymerization degree decreases 
from 0.47 to 0.12 (Table 2). CaO oxide can act not only 
as a grid modifier but also as a charge compensator due 
to the excess of Ca2+ ions formed with increasing basi­
city. Ca2+ cations will compensate for the polymerized 
structural units of [AlO4]­tetrahedra, leading to the for­
mation of a more stable tetrahedral structure and resulting 
in increased slag viscosity [19; 20]. Cerium ions can act 
as charge compensators and stabilize the aluminate struc­
ture [3; 21; 22]. 

 Conclusions

Experimental studies of the physical properties 
of the slags within the CaO – SiO2 – Ce2O3 – Al2O3 – MgO 
oxide system have indicated that increasing the basicity 
from 2.0 to 5.0 leads to higher viscosity and temperature 
of crystallization onset. This phenomenon is attributed 
to the structure of the resulting slags. With the augmenta­
tion of basicity, the aluminate structure becomes more 
complex, while the silicate structure becomes simpler 
due to an excess of Ca2+ ions, which serve as charge com­
pensators for the polymerized structural units of [AlO4] 
tetrahedra. Overall, the slags within the studied oxide 
system containing 15 % Ce2О3 exhibit sufficiently high 
fluidity within the considered basicity range.
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Аннотация. Задачей настоящего теоретического исследования является определение внешних факторов, при которых сферическая оболоч­
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металл, оболочковая форма, опорный наполнитель). Для решения задачи авторы используют уравнение линейной теории упругости, 
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Abstract. The task of the present theoretical investigation was to determine the external factors at which a spherical shell mold will not fail due to 

temperature stresses occurring in it. The problem is formulated for determining the stress­strain state of the spherical shell mold formed in the support 
filler at cooling of solidifying spherical steel casting. The investigated axisymmetric rotational body has four zones: liquid metal, solid metal, shell 
mold, and support filler. To solve the problem, the equation of linear elasticity, the equation of heat capacity and a well­proven numerical method 
were used according to which the investigated zone is partitioned into elements by a system of orthogonal surfaces. For each element, a formu­
lated system of equations is written in difference form, taking into account axial symmetry through the values   of stresses and displacements along 
the element edges and the lengths of the ribs’ arcs that limit its volume. The heat conduction equation is written in difference form for construction 
of a heat balance for an arbitrary orthogonal element, including both average temperature of the element and temperatures of the elements surrounding 
its volume. The authors found the solution of the difference analogue of heat equation by the “sweep” method according to the compiled iterative 
scheme. A diffe rence analogue of the formulated system of differential equations of the linear theory of elasticity has the form of an algebraic system 
of equations. The algorithm for convolution of this system allows one to significantly reduce its rank. A general numerical scheme and algorithm for 
solving the problem are presented. The result of the solution is the magnitude of stresses, displacements on average along the edges of each element 
and average temperature in the element. 
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 Introduction

Numerous analytical [1; 2] and theoretical stu­
dies [3 – 5] have investigated the crack resistance 
of a ceramic shell mold (CSM) after liquid metal is 
poured into it and the solidifying casting is cooled. 
A glass­shaped shell mold bounded by spherical and 
cylindrical surfaces was studied. It was established that 
the most dangerous stresses that arise when liquid metal 
is cooled in the shell mold are normal tensile stresses on 
the outer surface of the mold adjacent to the support filler. 
The researchers determined the optimal external force 
and temperature influences on the shell mold to guarantee 
its durability during steel casting production. Addition­
ally, they studied the morphological structures of shell 
molds that can withstand the thermal stresses of cooled 
castings and proposed new designs. 

Numerous theoretical and experimental studies have 
been conducted to establish the characteristics of the 
stress­strain state (SSS) of a ceramic shell mold and 
the resulting castings in investment casting, and the 
SSS dependence on factors such as the consumable pat­
tern [6; 7], the shape and geometry of the ceramic shell 
mold [8; 9], mold wall thickness [10; 11], mold mate­
rial [12; 13], geometry of castings [14 – 16], and methods 
of mold strength tests [17; 18].

Other works describe mathematical modeling of these 
processes, including modeling methods [19], research 
methods [20 – 22], studies based on numerical model­
ing [23 – 25], special mathematical models [26 – 28], 
and software [29; 30]).

Further theoretical studies have shown that the dura­
bility of shell molds largely depends on their shape, 
which is organically related to the geometry of the cast­
ing formed in them.

However, practically no studies have investigated 
the modeling of the crack resistance of a ceramic shell 
mold based on the quantitative and qualitative indicators 
of its stress­strain state as a steel casting in the shape of 
a sphere (ball) is formed in it. This issue is addressed in 
our study.

We conducted a theoretical study related to steel 
casting production in a spherical shell mold. A variety 
of parts have spherical shapes, including spherical joints, 
which are crucial components in mechanical engineering 
and robotics. 

The first theoretical results of the investigated manu­
facturing process were published in [31], where it was 
clearly shown that the stress­strain state in a spherical 
shell mold is drastically different from that in a cylindri­
cal shell mold when producing a steel casting. However, 
the paper [31] does not present a mathematical model 
of the process.

This study shows that high­quality billets for spheri­
cal joints can be obtained using casting, which is much 
cheaper than metal treatment under pressure.

 Engineering problem statement

Liquid steel is poured into a spherical mold, where it 
crystallizes by removing heat through the shell mold walls 
via the support filler (Fig. 1, а). A spherical shell mold 
can be monolithic or consist of several layers [1], each 
with its own physical and mechanical properties. When 
steel is cooled in a shell mold, temperature stresses arise 
in the wall due to a large temperature gra dient. Under 
certain external influences, these stresses can lead to wall 
destruction, resulting in the rejection of the steel cast­
ing. Therefore, the objective of this theoretical study is 
to determine the external factors under which the spheri­
cal shell mold will not be destroyed by the temperature 
stresses arising in it. 

 Mathematical problem statement

An axisymmetric rotational body is under consider­
ation. The deformable material is considered isotropic, and 
the movement is deemed slow.

We have a four­component system (Fig. 1, b). The 
deformable medium includes the solidified metal (region II) 
and the mold (region III), both of which are isotropic 
materials. The process is non­stationary. Using the theory 

уравнение теплопроводности и апробированный численный метод, согласно которому исследуемая область разбивается системой орто­
гональных поверхностей на элементы. Для каждого элемента записана система уравнений в разностном виде с учетом осевой симметрии 
через напряжения и перемещения по граням элемента и длинам дуг ребер, ограничивающих его объем. Уравнение теплопроводности 
записано в разностном виде из построения теплового баланса для произвольного ортогонального элемента, включающее как среднюю 
температуру элемента, так и температуры элементов, окружающих его объем. Решение разностного аналога уравнения теплопроводности 
осуществляется методом «прогонки» по составленной итерационной схеме. Приведен разностный аналог сформулированной системы 
дифференциальных уравнений линейной теории упругости в виде алгебраической системы уравнений. Представленный алгоритм свертки 
этой системы позволяет значительно понизить ее ранг.. Приводится общая численная схема и алгоритм решения задачи. Результатом 
решения являются величины напряжений, перемещений в среднем по граням каждого элемента и средняя температура в элементе. 

Ключевые слова: литье по выплавляемым моделям, оболочковая форма, напряженное состояние, моделирование, трещинообразование

Благодарности: Исследование выполнено за счет гранта Российского научного фонда № 24­29­00214, https://rscf.ru/project/24­29­00214/.

Для цитирования: Одиноков В.И., Евстигнеев А.И., Дмитриев Э.А., Намоконов А.Н., Евстигнеева А.А., Чернышова Д.В. Напряженно­де­
формированное состояние керамической оболочковой формы при формировании в ней стальной шарообразной отливки. Часть 1. Извес-
тия вузов. Черная металлургия. 2024;67(2):211–218. https://doi.org/10.17073/0368-0797-2024-2-211-218

https://fermet.misis.ru/index.php/jour/search/?subject=литье по выплавляемым моделям
https://fermet.misis.ru/index.php/jour/search/?subject=оболочковая форма
https://fermet.misis.ru/index.php/jour/search/?subject=напряженное состояние
https://fermet.misis.ru/index.php/jour/search/?subject=моделирование
https://fermet.misis.ru/index.php/jour/search/?subject=трещинообразование
https://rscf.ru/project/24-29-00214/
https://doi.org/10.17073/0368-0797-2024-2-211-218


Izvestiya. Ferrous Metallurgy. 2024;67(2):211–218.
Odinokov V.I., Evstigneev A.I., etc. Stress-strain state of ceramic shell mold during formation of spherical steel casting in it. Part 1

213

of elasticity and the Eulerian reference frame, we write 
a system of equations for each region:

‒ for region I:

    (1)

‒ for regions II, III:

      (2)

where σij are the components of the stress tensor; σ is the 
hydrostatic stress; εij are the components of the elastic 
strain tensor; h is the height of the liquid metal column;  
 

 is the coefficient of volume compressibility; 
 

μ is Poisson’s ratio; E is Young’s modulus; Gp is the shear 
modulus in region p (II, III); αp is the linear expansion 
coefficient; a1 is the temperature conductivity coefficient 
in the region I; τ is time; θ is temperature; Cp is the spe­
cific heat in the region p; γ is density;  is the initial 
temperature in the region p; λ = λ(θ) is heat conduction;  
 

 and summation over repeated indi­ 
 
ces is performed.

In accordance with axial symmetry, we consider the 
meridian section (Fig. 1, b).

If θm ≤ θcr (θm and θcr are the temperatures of the metal 
and crystallization), as the liquid metal is cooled, its tem­
perature is determined by the thickness of the solidified 
layer Δi from the solution of the interphase transition 
equation [5].

Initial statement of the problem:
Δ|τ = 0 = 0 (absence of the metal solid phase);

|τ = 0 = 0 =  (temperature of the poured liquid me ­
tal);

|τ = 0 = θ* (initial mold temperature). 
Boundary conditions of the problem (Fig. 1, b): 
‒ on the axis of symmetry: U2 = 0; σ21 = 0; qn = 0;
‒ on surfaces S1 , S3 , S4

        (3)

where Uck is the sliding of the mold material relative 
to the sand; U * is the normalizing displacement; and ψ is 
a parameter characterizing the friction conditions between 
the mold and the support filler.

Fig. 1. General (a) and calculation (b) diagrams of a spherical shell 
mold (SM) molded in support filler and poured with liquid metal 

in accordance with the axial symmetry:
LM – liquid metal (area I); SlM ‒ solid metal (area II); SM – shell mold 

(area III); SF – support filler (area IV); S1 – inner contact surface of 
liquid and solidified metal; S2 – inner contact surface of solidified metal 

and shell mold; S3 – outer surface of the shell mold; 
S4 – free surface of the end face of casting cup; R – radius of the 

spherical casting; S ‒ thickness of shell mold; Sc – thickness of solidified 
metal crust; α ‒ slope angle of casting cup; φ ‒ angle of enclosing 

surface of shell mold with a support filler

Рис. 1. Общая (а) и расчетная (b) схемы шарообразной ОФ, 
заформованной в опорный наполнитель и залитой 

жидким металлом с учетом осевой симметрии:
LM – жидкий металл (область I); SlM ‒ твердый металл 

(область II); SM – оболочковая форма (область III); 
SF – опорный наполнитель (область IV); S1 – внутренняя поверх­

ность контакта жидкого и затвердевшего металла; 
S2 – внутренняя поверхность контакта затвердевшего металла и 

оболочковой формы; S3 – внешняя поверхность оболочковой фор­
мы; S4 – свободная поверхность торца литниковой чаши SM; 

R – радиус шарообразной отливки; S – толщина оболочковой фор­
мы; Sc – толщина корочки затвердевшего металла; α ‒ угол наклона 

литниковой воронки; φ – угол охвата поверхности оболочковой 
формы опорным наполнителем
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The numerical method was used [32] to solve the sys­
tem (2). According to this method, the deformation region 
is divided into a finite number of orthogonal curved ele­
ments (Fig. 2, а).

With axial symmetry, we have σ31 = σ32 = 0; σ13 = 
= σ23 = 0; U3 = 0.

In accordance with [32], the equations (2) and the 
va lues εii taking into account axial symmetry, will be writ­
ten as follows:

    (4)

               (5)

       (6)

   (7)

where  (i = 1, 2);   
 

The adopted symbols are described in [1; 7].
The equations (4) – (7) are written taking into account  

 

that  i = 1, 2, 3; for rotational bodies  
 
ΔS31 = 0; ΔS32 = 0;  U3 = 0; on the sur ­  
 
face x1x3 :  on the surface x2x3 :  shift 
values εij (i ≠ j) shall be written for the node (0) (Fig. 2, d) 
in the form

           (8)

where  
   is the average of the value Ui along the 

element edges. 
The authors of [32] prove that if there are initial and 

boundary conditions, the difference analogue of the sys­
tem (4) – (6), taking into account the equation (7), is 

definable. The order of the system (4) – (6) is significantly 
reduced when the following operations are performed.

1. The differences (σij – σjj) in equations (4) are 
expressed by formula (5).

2. The mass conservation equation is rewritten in the 
recurrent form, taking into account expressions (7), in the 
form  =  + [A]; where [A] is an operator that does not 
contain  ; direction of bypassing the area along x1 (→), 
along x2 (↑).

3. Shift expressions εij (i ≠ j) are determined based 
on internal grid nodes in accordance with formulas (8); 
i = 1, j = 2.

4. The values σij (i ≠ j) are determined based on the inter­
nal grid nodes from the equations of state 

5. The values σij are determined based on the external 
grid nodes from the boundary conditions, and on the con­
tact surfaces – from the friction law.

6. σij are determined based on the element edges as the 
average of the values σij at the edges’ nodes.

7. The first equation (4) is rewritten in the recurrent form 
 =  + [Б]; where [Б] is an operator that does not con­

tain  ; direction of bypassing the area along x1 (←), along 
x2 (↓).

8. From the system of equations (the second equation 
in the system (4) and the equation σ22 – σ11 = 2λ(ε11 – ε22)) 
the values  and  for the element are determined, the 
equations of the form  composed 
for the internal edges (where J is the element index on the 
coordinate x2 ).

Thus, if we consider  in ­
dependent variables, the sequence (1) ‒ (7) can be used 
to determine the dependent variables through X (  is the 
final value of the coordinate x in the curved region.

The equivalent system of equations looks as follows

   (9)

where  is known from the boundary conditions of dis­
placement U1 at the boundary of the region (x1 = );  
is known from the boundary conditions of stress σ11 at the 
boundary of the region (x1 = 0). 

There are as many equations F1 = 0 as there are unknown 
variables  and as many equations F2 = 0 as there  
 

are unknown variables U1|x1
 = 0.

The coefficients and free terms of the new equivalent 
system of equations (9) can be found using the following 
procedure.

Suppose the equivalent system of equations looks as fol­
lows

           (10)
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If we assume that all unknown variables are equal to zero 
(xi = 0, i = 1, ..., n), based on the above sequence (1) – (7) 
and the calculation of  by the formulas (9), we will find 
the free terms of the new system (10):

Next, we find the coefficients aij . To do so, we calculate 
xk = 1, xi = 0 (i ≠ k; i = 1, ..., n). Using the above sequence, 
we find the value  and aik by the following formula:

Thus, we determine the entire matrix aik of the new 
equivalent system, which is solved using a standard pro­
gram. The order of the equivalent system is reduced 
by approximately 10 times compared to the original one.

The heat conduction equation is solved using a numeri­
cal method [1; 32]. Under the method being considered, for 
each internal kth element (Fig. 2, а) the heat conduction sys­
tem is written from the heat balance in difference form, tak­
ing into account axial symmetry, and an iterative procedure 
is constructed, which, given that the heat flow along x3 is 
equal to zero, is represented by the iterative formula:

    (11)

where  is the average temperature in the kth element at the 
beginning of the time step Δτ; λk , θk , Ck , γk are the ave­
rage heat conduction, temperature, heat capacity, and den­
sity in the kth element at the end of the time step Δτ;   
and  , (i = 1, 2) are the heat conduction and tem­

Fig. 2. Deformation zone: 
a ‒ scheme of breakdown into elements; b – distribution of stresses; c, d – distribution of displacements along the element edges

Рис. 2. Область деформирования: 
а – схема разбивки на элементы; b – распределение напряжений; c, d – распределение перемещений по граням элемента
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perature in the element following the element k on the 
coordinate xi in the negative and positive directions xi ; 

   (i ≠ j; i, j = 1, 2) and  
 

 are the length of the arc  of the element following 
the element k in the positive and negative directions on the 
coordinate xj .

The authors of [32] proved the iteration procedure con­
vergence (11).

 Algorithm for solving the problem

1. The cooling time τ* is divided into a finite number of 
steps:  where n is the number of the time step.

2. The region under study is divided into a finite number 
of orthogonal elements.

3. The initial and boundary conditions for the elements 
forming the investigated region and the constants of the 
physical and mechanical properties of the materials are 
established.

4. The lengths of the elements’ arcs are calculated  
(i, k = 1, 2; i ≠ k; j = 1, 2). 

5. The temperature field at the time step Δτn is deter­
mined by the numerical solution of the heat equation using 
the iterative formula (11) if there are initial and boundary 
conditions at the investigated time step.

6. If the temperature in the region I near the surface S2 
θ|S2

 ≤ θk , the thickness Δn of the crystallized crust is calcu­
lated [5]. If θ|S2

 > θk , the following operation is performed.
7. The system of equations (2) is solved taking into 

account difference analogues (4) – (7) and the developed 
procedures [1; 32] described above. The fields of stress σij 
and displacements Ui (i, j = 1, 2) are determined. 

8. Time steps are taken; if  the operation 4  
 

is performed; if  the calculation process is comp­
leted.

As the temperature problem was solved, boundary con­
ditions of the first kind (3) were used. To determine θm(τ) 
and θ*(τ), we will use the experimental data from [1]. 
Approximation of these values yields the following result:

where τ is the cooling time, s.
The time τ does not exceed 60 s, since at τ ≥ 60 s the 

stresses in the shell mold plummet and cannot cause its 
destruction.

A mathematical model has been developed to determine 
the stress­strain state and temperature in the shell mold 
when a spherical casting is cooled in it. This model was 
used in a numerical solution of the problem on modeling 
the crack resistance of a spherical shell mold.

 Conclusions

The first theoretical attempt was made to formulate 
and solve the problem of determining external factors at 
which a spherical shell mold will not fail due to temperature 
stresses occurring in it. 

Based on the fundamental equations of the theory of 
elasticity and numerical methods, a numerical scheme and 
algorithm for solving the problem were developed. 

The proposed method for modeling the crack resistance 
of a spherical shell can be recommended for other func­
tional shells.
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Аннотация. Дуплексные коррозионностойкие стали – это современный класс материалов, обладающих уникальным сочетанием высоких 

коррозионных и механических свойств. Благодаря этому они могут получить широкое применение в деталях машин и агрегатов на 
месторождениях с агрессивными условиями добычи нефти и газа. Одним из недостатков этих материалов является их склонность к 
локальным коррозионным поражениям, при прочих равных условиях формирующихся на неметаллических включениях (НВ), которые 
образуются при выплавке и разливке. Для управления чистотой стали в условиях открытой индукционной выплавки эффективно приме­
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Abstract. Duplex stainless steels are a modern class of materials with a unique combination of high corrosion and mechanical properties. Due to this, 

they can be widely used in machine parts and aggregates in fields with aggressive oil and gas production conditions. One of the disadvantages 
of these materials is their tendency to local corrosion damage on non­metallic inclusions, other things being equal, formed during smelting and 
casting. To control the purity of steel in conditions of open induction smelting, it is effective to use modification with rare earth metals (REM). 
Therefore, the purpose of this work was to determine the optimal content of REM in duplex steel to increase corrosion properties. Thermodynamic 
modeling of the formation of nonmetallic inclusions in duplex corrosion­resistant steel S32750 was carried out and the results of calculations were 
compared with the experimental data. It is shown that there is an optimal concentration of REM at which contamination with inclusions is minimal 
due to favorable conditions for their removal, and with a further increase in consumption it increases due to coagulation of a large number 
of refractory oxides. Electrochemical tests were performed and parameters such as corrosion potential, pitting formation potential and the basis 
of pitting resistance of experimental steels were determined. Therefore, the corrosion properties of the investigated duplex steel are significantly 
improved when treated with REM. The electro chemical potentials of different types of inclusions are evaluated on a qualitative level. Based 
on the obtained results on corrosion resistance and contamination of the studied castings, the optimal amount of REM introduced for modifying 
inclusions is 0.05 % (0.65Ce + 0.35La). 
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 Introduction

Currently, the operational activities of oil and gas com­
panies are shifting towards reservoirs with more aggres­
sive extraction conditions, which continuously increase 
and tighten the requirements for the properties and qua­
lity of materials used in equipment manufacturing. One 
of the unique materials that has been effectively used 
abroad for a long time but is only now gradually being 
implemented in the domestic industry is duplex stainless 
steels (DS) [1; 2]. Due to their high level of chromium, 
nickel, molybdenum, and nitrogen alloying, these steels 
possess resistance to general corrosion at the level of tra­
ditional austenitic steels but allow for significant strength 
characteristics due to the simultaneous existence of aus­
tenite and ferrite. At the same time, these steels are highly 
vulnerable to local types of corrosion, such as pitting and 
crevice corrosion [3; 4].

Under equal conditions, non­metallic inclusions 
(NMIs) are the sites of formation of local corro­
sion da mage, which occur during melting and cas ting pro­
cesses. Therefore, it is necessary to minimize their quantity 
or modify them into types that have a weak effect on cor­
rosion properties. Publications have shown the degree 
of negative influence of different types of NMIs [5; 6], 
their quantity, size, and morpho logy [7 – 9] on the prop­
erties of finished products made from DS.

It is well known that various two­stage processes 
of special electrometallurgy, such as vacuum induc­
tion melting of ingots–electrodes followed by electro­
slag remelting, are used to produce high­quality steels 
and alloys [10 – 12]. However, this technology is quite 
expensive and is also not suitable for obtaining shaped 
castings, which make up a significant part of the range 
of machine parts and units for oil and gas production. 
Such castings are usually produced by melting in an open 
induction furnace with very limited conditions for refi­

ning the melt. One effective way to control inclusions 
in these conditions is to use rare earth metals (REM) as 
modifiers for NMIs. Thus, the introduction of REM can 
lead to the formation of different types of NMIs, both 
increasing [13 – 16] and decreasing [16 – 19] the corro­
sion resistance of highly alloyed steels and alloys.

Therefore, the aim of this study is to investi­
gate the influence of the consumption and concentra­
tion of REM on the formation of NMIs in DS in an open 
induction furnace and to study their effect on the pitting 
corrosion resistance of DS.

 Materials and methods

The study investigated duplex stainless steel 
of the austenitic­ferritic class, type S32750, with varying 
amounts of rare earth metals (REM), obtained in an open 
induction furnace with a capacity of 20 kg. After comp­
lete melting of the charge, the steel was deoxidized with 
silicon and manganese, and then with titanium. It was 
then held in the furnace for 1 min to average the chemi­
cal composition and poured into an 80 mm diameter cast 
iron mold with a capacity of 10 kg. A portion of REM 
was added to the crucible, and the remaining melt was 
poured into a ladle, from which the se cond ingot was cast. 
In the second melt, both ingots were produced using REM, 
but with different amounts. Thus, four ingots weigh­
ing 10 kg each were obtained (Table 1). Since the ratio 
of cerium to lanthanum in all ingots was the same and 
corresponded to the chemical composition of the used 
alloy, for convenience, the total amount of REM was used 
for each ingot in Table 1 and onwards. 

Therefore, the experiment was planned so that DS1 
steel without REM and DS2 steel with a 0.02 % REM 
content were obtained in melt 1, while DS3 and DS4 steels 
with REM contents of 0.05 and 0.08 % respectively were 
obtained in melt 2. DS1 and DS3 steels were poured from 

нять модифицирование редкоземельными металлами (РЗМ). Поэтому целью настоящей работы являлось определение оптимального 
содержания РЗМ в дуплексной стали для повышения коррозионных свойств. Проведено термодинамическое моделирование образования 
НВ в дуплексной коррозионностойкой стали S32750. Результаты расчетов сопоставлены с экспериментальными данными. Показано, что 
существует оптимальная концентрация РЗМ, при которой загрязненность включениями минимальна из­за благоприятных условий для их 
удаления, а при дальнейшем увеличении расхода повышается из­за коагуляции большого количества тугоплавких оксидов. В результате 
электрохимичес ких испытаний определены такие параметры, как потенциал коррозии, потенциал питтингообразования и базис питтин­
гостойкостости опытных сталей. Коррозионные свойства исследованной дуплексной стали значительно улучшаются при обработке РЗМ. 
На качественном уровне проведена оценка электрохимических потенциалов разных типов включений. На основании полученных резуль­
татов по коррозионной стойкости и загрязненности изученных отливок получено оптимальное количество РЗМ, вводимого для модифи­
цирования включений, которое составляет 0,05 % (0,65Ce + 0,35La). 

Ключевые слова: дуплексные коррозионностойкие стали, термодинамическое моделирование, технология раскисления, модифицирование, 
неметаллические включения, электрохимические исследования
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the furnace spout, while DS2 and DS4 steels were poured 
using a ladle. Since it is believed that pouring through 
a ladle allows for intensified metal mixing at the moment 
of pouring and increases the inclusion floatation time, 
this order of obtaining the ingots allowed for studying 
the influence of REM consumption and casting techno­
logy in two melts, excluding the influence of other mel­
ting features.

To obtain the required amount of ferrite (50 %) and 
eliminate secondary phases formed during slow cool­
ing of selected section ingots, samples were quenched 
in water after isothermal holding at 1100 °C. The con­
tamination assessment of experimental steels with inclu­
sions was carried out using ASTM E 1245 method by 
field­by­field cumulative method. The volumetric inclu­
sion content V, %, average diameter by Feret d, μm, 
and maximum diameter of the largest inclusions dmax , 
μm, were eva luated. The chemical composition of NMI 
was determined by X­ray spectral microanalysis using 
the TESCAN Mira­3M scanning electron microscope.

Thermodynamic simulation of inclusion forma­
tion was conducted according to the methodology presented 
in [20 – 22]. For the calculation of primary inclusions, 
the initial oxygen content interacting with deoxidizers 
during their introduction was taken into account. To cal­
culate the equilibrium type of NMI for each deoxidizer 
concentration during steel cooling, solubility surfaces 
of components in metal (SSCM) were calculated [20], 
using temperature­dependent equilibrium constants and 
first­order interaction parameters for each considered 
reaction [23 – 25]. When forming tertiary inclusions, 
liquation was taken into account according to the Scheil 
equation [26].

The resistance of steels to pitting corrosion was evalu­
ated by electrochemical method using VersaStat Prince­
ton Applied Research potentiostat. The tests were con­
ducted in a 5 % aqueous solution of NaCl, acidified with 
acetic acid to pH = 3 at 22 °C. During the experiment, 
the following parameters were determined: 

– the steady­state corrosion potential Esteady , which 
was recorded after holding without external polariza­
tion for 1 h;

– the corrosion potential Ecor , indicating the potential 
of the metal at which anodic and cathodic reactions are in 
equilibrium under polarization conditions;

– the pitting potential Epit , corresponding to the cur­
rent at which pitting occurs as a result of local breakdown 
of metal passivity;

– the pitting resistance basis, calculated as the dif­
ference between the corrosion potential and the pitting 
potential.

 Results and discussion

 Thermodynamic simulation and assessment of NMIs

Fig. 1 shows the result of thermodynamic modeling 
of inclusion formation during deoxidation of experi­
mental steel with titanium at 1550 °C. The initial oxy­
gen content in equilibrium with non­deoxidized DS is 
0.025 %. Upon introduction of titanium, up to a con­
centration of 0.01 %, deoxidation practically does not 
occur, the total oxygen content is equal to the sum 
of the amount of oxygen bound in a small number of pri­
mary inclusions and dissolved. In equilibrium with 
the melt, primary inclusions of the |FeO·Cr2O3 |solid sol. 
type are present. In the range of titanium concentra­
tions from 0.010 to 0.023 %, the formation of a solid 
solution |Cr2O3 , MnO, TiO2 |solid sol. becomes pos­
sible, while the solubility of oxygen in the steel begins 
to decrease. With further increase in titanium concentra­
tion to 0.027 %, the formation of titanium oxide Ti3O5 
occurs, and when the titanium concentration reaches 
0.075 %, Ti2O3 inclusions are formed. 

To track the changes in the equilibrium phase com­
position in DS when introducing REM, SSCM was 
calculated for the studied steel in the lg[Ce] – lg[La] 
coordinates (Fig. 2). Using this diagram, the combined 
influence of cerium and lanthanum on the type of formed 
non­metallic inclusions (NMI) can be assessed at a con­
stant titanium concentration of 0.05 %, which corre­
sponds to the experimental steels (Table 1, dashed line 
in Fig. 1). Let us consider the phases in equilibrium 
with the melt. In region I, the composition of the liquid 

Table 1. Chemical compositions of the studied duplex steels

Таблица 1. Химический состав исследуемых дуплексных сталей

Sample Melting Pouring  
method

Elements, wt. %
C Cr Si Mn Ni Mo N Cu S Ti REM

DS1 1
From spout

0.027 24.000 0.300 1.000 7.600 3.400 0.100 0.700 0.012 0.050

–
DS2 Through ladle 0.020
DS3 2

From spout 0.050
DS4 Through ladle 0.080
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metal is given, which is in equilibrium with solid par­
ticles |Ti3O5 |sol . Even with such a small amount of REM, 
the formation of inclusions |Cr2O3 , MnO, TiO2 |solid sol. , 
which appear during preliminary deoxidation with tita­
nium, is completely suppressed. As the lanthanum content 
increases, the equilibrium phase becomes a solid solu­
tion of oxides |La2O3 , CeO2 |solid sol. ([La] ≥ 0.000007 %, 
region II), and with even higher concentration, lantha­
num sulfide LaS is formed ([La] ≥ 0.0020 %, region III). 
The formation of Ce2O3 type inclusions is possible at 
a concentration of [Ce] ≥ 0.0004 wt. %. The SSCM also 
includes a line representing the ratio of cerium and lan­
thanum concentrations in the mischmetal. Thus, when 
increasing the amount of the added REM, the change in 
the equilibrium type of inclusions will occur along this 
line.

Since the formation of inclusions occurs not only 
during deoxidation and modification, but also during 
cooling and solidification, modeling of these stages has 
been carried out. The results of the calculations for all 
four steels are shown in Fig. 3, where images and phase 
composition of the found inclusions in these ingots are 
also included for convenience of analysis. Table 2 pre­
sents the results of the assessment of the volumetric frac­
tion and sizes of NMIs.

In DS1 steel, pure titanium oxides Ti3O5 (Fig. 3, a) 
are formed initially as primary, and then as secondary 
and tertiary inclusions. However, in practice, complex 
oxides like Cr2O3 – MnO – TiO2 have been found in this 
steel. The formation of these inclusions is associated with 
the time point of introducing titanium into the melt, when 
microvolumes with different concentrations are formed 
due to its uneven distribution in the furnace, leading 
to the possible formation of various oxides (Fig. 1). This 

steel is the most contaminated with NMIs, with a volu­
metric fraction of 0.259 %, an average size of 1.8 µm, 
and the largest inclusion reaching 18 µm (Table 2).

When adding 0.02 % REM to DS2 steel, in addi­
tion to primary titanium oxides, the formation of a solu­
tion |Ce2O3 – La2O3 | becomes possible (Fig. 3, d). Simi­
lar NMIs have been found experimentally in the metal 
(Fig. 3,  f). However, besides these, large inclusions 
of Cr2O3 – MnO – TiO2 have also been found in the same 
sample (Fig. 3, e). These inclusions, like in DS1 steel, are 
products of preliminary deoxidation that do not have time 
to recrystallize into equilibrium inclusions, resulting in 
their volumetric fraction in this steel being lower than in 
DS1 but still at a relatively high level (0.216 %). The ave­
rage size of inclusions in this steel is almost the same, 
with the largest NMI size being 19 µm.

With an increase in REM concentration to 0.05 % 
(steel DS3), the fraction of primary lanthanum and cerium­
based inclusions increases, while the number of forming 
titanium oxides decreases accordingly (Fig. 3, g). Experi­
mentally, a large number of Ce2O3 – La2O3 inclusions and 
a significantly smaller number of Cr2O3 – MnO – TiO2 
inclusions have been found in this steel. The contamina­
tion of NMIs in this steel is significantly lower, as primary 
REM inclusions are actively removed from the melt, with 
a fraction of 0.161 % and an average NMI size of 1.8 µm, 
with the largest inclusion size being 12 µm.

When introducing 0.08 % REM (DS4 steel), the for­
mation of primary titanium oxides is completely sup­
pressed, as all initial oxidization is removed due 

Fig. 1. Thermodynamic modeling of inclusions formation during 
deoxidation of experimental steel by titanium

Рис. 1. Термодинамическое моделирование образования включений 
при раскислении опытной стали титаном

Fig. 2. Stability diagrams 
of nonmetallic inclusions (NMI) for the system 

0.027C – 24Cr – 0.3Si – 1.0Mn – 7.6Ni – 3.4Mo – 0.1N – 0.7Cu – 0.012S 
at T = 1550 °C, P = 1 atm

Рис. 2. Поверхности растворимости компонентов 
в металле для системы 

0,027C – 24Cr – 0,3Si – 1,0Mn – 7,6Ni – 3,4Mo – 0,1N – 0,7Cu – 0,012S 
при Т = 1550 °C, P = 1 атм
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Table 2. Results of the assessment of contamination with non­metallic inclusions (according to ASTM E1245) 

Таблица 2. Результаты оценки загрязненности неметаллическими включениями (по ASTM E1245)

Sample Melting Pouring method V, % d, μm dmax , μm
DS1 1

From spout 0.259 ± 0.036 1.8 ± 0.1 18
DS2 Through ladle 0.216 ± 0.030 2.1 ± 0.3 19
DS3 2

From spout 0.161 ± 0.018 1.8 ± 0.2 12
DS4 Through ladle 0.179 ± 0.017 1.9 ± 0.2 15

Fig. 3. Thermodynamic modeling and NMIs in experimental steel ingots: 
DS1 (а – c); DS2 (d – f); DS3 (g – i); DS4 (j – l) 

Рис. 3. Термодинамическое моделирование и экспериментально найденные НВ в опытных слитках сталей: 
ДС1 (а – c); ДС2 (d – f); ДС3 (g – i); ДС4 (j – l)
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to the formation of REM inclusions (Fig. 3,  j). In this 
case, titanium oxides are formed as secondary and ter­
tiary inclusions, making their removal from the melt dif­
ficult. Two­phase NMI containing cerium and lanthanum 
with a small amount of Cr2O3 – MnO – TiO2 oxides were 
found in a real DS4 ingot (Fig. 3, k), as well as large inclu­
sions based on cerium and lanthanum oxide and titanium 
oxide. By their morphology, it can be concluded that 
they are formed due to the coagulation of a large amount 
of refractory primary oxides (Fig. 3, l). The assessment 
results of contamination confirm this, as the volume 
fraction of NMI in this steel is higher than in DS3 steel, 
at 0.179 %, with an average size of 1.9 µm and the largest 
NMI size of 15 µm.

Analysis of the data in Table 2 also allows us to con­
clude that in the treatment of REM, the pouring techno­
logy (From spout or Through ladle) does not have a sig­
nificant effect on the contamination of NMI.

Thus, thermodynamic simulation efficiently describes 
the observed types of NMI and their quantities in experi­
mental steels. However, even in steels with increased 
REM content, non­equilibrium products of primary deox­
idation by titanium are found, as the amount of primary 
inclusions in DS steel is so high that even 0.08 % REM 
for complete modification is insufficient.

 Influence of NMIs on corrosion resistance

The results of the evaluation of the corrosion pro­
perties of the studied steels are presented in Table 3. 
The steady­state corrosion potential Esteady for the steel 
deoxidized only by titanium (DS1) is significantly 
lower than for the steels modified by REM. The addi­
tion of REM increased the value of Esteady , but there is no 
dependence between the specific amount of introduced 
REM and Esteady.

The values of the equilibrium corrosion potential for 
the steels modified by REM are approximately the same 
and significantly lower than the corresponding parameter 
for the steel without REM. The pitting resistance poten­
tials slightly increase from the first steel to the fourth. 
In order to fully describe the range of potentials at which 

the material exists in a passive state, the so­called pitting 
resistance basis is calculated. If the process of destruc­
tion of the oxide film begins at the corrosion potential, 
and its complete destruction occurs at the pitting poten­
tial, then the higher the value of the pitting resistance 
basis (∆E = Epit – Еcor ), the better the material’s resistance 
to pitting corrosion. Thus, the addition of REM signifi­
cantly increased the resistance to pitting corrosion of all 
steels treated with mischmetal.

The investigation of the pitting initiation sites was 
carried out on polished samples after electrochemi­
cal testing (Fig. 4). In steels DS1 (Fig. 4, a) and DS2 
(Fig. 4, b) without REM or weakly modified by REM, 
numerous pits were found on Cr2O3 – MnO – TiO2 inclu­
sions. In steels DS3 (Fig. 4, c) and DS4 (Fig. 4, d), it 
was found that in two­phase inclusions, the part consist­
ing of oxides based on Cr2O3 – MnO – TiO2 is primarily 
damaged, while the part based on cerium and lanthanum 
oxides is retained.

There are several hypotheses about the mechanisms 
of inclusion influence on pitting initiation and develop­
ment. The first hypothesis is based on the difference in 
the coefficient of thermal expansion (CTE) between 
the inclusion and the matrix [6]. If the CTE of the inclu­
sion is higher than that of the matrix, compressive 
stresses are generated upon cooling, leading to the forma­
tion of microvoids. Conversely, if the CTE of the inclu­
sion is lower, tensile stresses are generated. However, in 
this case, this mechanism is not applicable as no poros­
ity or microvoids were observed at the inclusion­matrix 
interface before testing (Fig. 3). The se cond hypothesis, 
proposed in [27], suggests the formation of chromium­
depleted zones around oxide inclusions based on chro­
mium. However, other studies [6; 28] that have inves­
tigated the distribution of chromium around oxides 
do not confirm this hypothesis. Moreover, in the present 
study, an investigation of the element distribution across 
the NMI section (Fig. 5) shows no depletion zone 
around the Cr2O3 – MnO – TiO2 inclusion. Since the dif­
fusion relaxation of reactants around a growing inclu­
sion in liquid metal occurs within a few seconds [29], 
and the reactant concentrations quickly equilibrate, 
depletion can only occur during the growth of the inclu­

Table 3. Corrosion test results

Таблица 3. Результаты коррозионных испытаний

Sample Steady corrosion  
potential Esteady , V

Equilibrium corrosion 
potential Еcor  , V

Pitting formation  
potential Epit , V

Pitting resistance  
basis ∆E, V

DS1 0.109 –0.092 1.058 1.150
DS2 0.191 –0.143 1.087 1.230
DS3 0.190 –0.145 1.074 1.219
DS4 0.190 –0.138 1.086 1.223
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sion in solid metal, when the diffusion rate decreases 
by several orders of magnitude [30]. Due to the fact that 
Cr2O3 – MnO – TiO2 oxides are formed as primary inclu­
sions (Fig. 1), the formation of a diffusion­depleted zone 
around them is impossible.

The third hypothesis is related to the dissolu­
tion of inclusions in the corrosive environment [7]. 
It is known that REM oxides form hydrolytically sta­
ble oxides in water [31]. However, these data should 
be cautiously applied to the considered electrolyte with 
a pH of 3. Direct studies on the nature of pitting forma­
tion (Fig. 4) only allow us to state the fact that cerium 
and lanthanum oxides have a higher potential in the cho­
sen test medium, therefore, corrosion damage will pri­
marily occur in the matrix. At the same time, pits were 
found specifically on the side of the Cr2O3 – MnO – TiO2 
oxides in the vicinity of two­phase inclusions consisting 
of cerium and lanthanum oxides, and complex compounds 
of Cr2O3 – MnO – TiO2 oxides (Fig. 4, c, d). Therefore, 
the latter have a lower corrosion potential than the steel 
matrix. As shown above, as the REM content in the steel 
increases, the fraction of pure REM oxides increases 
while the fraction of complex NMIs, which are pro­
ducts of preliminary deoxidation, decreases. Therefore, 

in steel containing a higher amount of cerium and lan­
thanum oxide inclusions, the potential for pitting forma­
tion Epit and the basis ΔE are higher. The types of inclu­
sions can be arranged in order of increasing potential 

Fig. 4. NMIs in experimental steels after corrosion tests:
DS1 (а); DS2 (b); DS3 (c); DS4 (d) 

Рис. 4. Неметаллические включения в опытных сталях после коррозионных испытаний:
ДС1 (а); ДС2 (b); ДС3 (c); ДС4 (d)

Fig. 5. Distribution of elements around Cr2O3 – MnO – TiO2 inclusion

Рис. 5. Распределение элементов в окрестности включения 
Cr2O3 – MnO –  TiO2
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in the selected electrolyte: Cr2O3 – MnO – TiO2 < steel 
matrix < La2O3 – CeO2/Ce2O3.

 Conclusions

Taking into account the specific qualitative potential 
of the matrix and different types of inclusions, as well 
as the estimated quantity of inclusions and their sizes, 
the optimal amount of REM introduced for modifying 
inclusions in the studied DS is 0.05 %. At this content 
of REM, the best effect of modification can be achieved 
and the quantity and size of inclusions can be mini­
mized, resulting in a significant improvement in cor­
rosion properties. With a lower REM consumption, 
a large amount of primary oxidation products, which are 
more likely to form pitting, are preserved. On the other 
hand, with a significant increase in REM consumption, 
the volume fraction and size of inclusions increase due 
to intensified coagulation of primary refractory oxides. 
To increase the efficiency of modification and further 
reduce the required modifier consumption, measures 
should be taken to reduce the initial oxidation of the melt 
and decrease the quantity of primary inclusions.
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Abstract. The article is devoted to the study of dependence of carbon dioxide corrosion rate on the microstructure of material design of the pipeline 

for CO2 transport and injection. Today there is a task of choosing such material design. For pipeline construction the most cost­effective materials 
are carbon steels, but for their application it is necessary to pay increased attention to the problem of carbon dioxide corrosion, which is intensified 
in wet, undrained CO2 flows. At the same time, the choice of material should be made reasonably, taking into account the balance between corrosion 
resistance, mechanical characteristics and economic aspect of the issue. In this paper, the influence of microstructural state features on the corrosion 
rate of low­alloy mild steels for CO2 transport and injection was investigated. The authors studied the features of steels with ferritic­bainitic, bainitic­
ferritic­perlitic and ferritic­perlitic microstructures. Tests on corrosion resistance were carried out on the bench autoclave complex, which allows 
to recreate conditions of high pressure and temperature and to simulate real environments. It was determined that the microstructural state of steel 
has a significant effect on the corrosion rate, which increases with increasing volume fraction of pearlite. Understanding the relationship between 
the microstructural characteristics of steels and corrosion rates can simplify material selection for infrastructure facilities and contribute to more 
efficient and reliable use of low­alloy carbon steels in carbon capture, use, and storage projects. This study will be useful in selecting favorable micro­
structures for low­alloy mild steels that can be used for CCUS (Carbon Capture, Use and Storage) infrastructure projects. 

Keywords: carbon capture, carbon storage, CCUS, decarburization, carbon dioxide corrosion, structure–property relationship, microstructure, chemical 
composition, corrosion rate
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 Introduction

Carbon capture, use, and storage (CCUS) is a research 
area aimed at reducing CO2 emissions and combating 
climate change. In the CCUS process (Carbon Capture, 
Use and Storage) [1; 2], CO2 emitted into the atmosphere 
from various sources such as industrial enterprises, power 
plants, and motor vehicles is captured and subsequently 
stored in underground formations [3; 4]. This allows for 
the isolation of carbon dioxide from the atmosphere and 
prevents its negative impact on the climate.

Currently, there is a challenge in selecting the material 
design for infrastructure objects used for CO2 transport 
and injection under increased environmental and eco­
nomic risks [5; 6]. The selection of material should strike 
a balance between effectiveness in preventing intensive 
carbon dioxide corrosion [7] and the cost of the final solu­
tion [8].

A review of open sources on the topic of mate­
rial selection for CCUS facilities [3; 9] has shown 

that carbon steels are the most economically advanta­
geous materials for pipeline construction [10]. Howe­
ver, their application necessitates increased attention 
to the problem of carbon dioxide corrosion [11], which 
intensifies in wet CO2 flows [12]. Additionally, there is 
no consensus in the literature regarding the influence 
of steel microstructure and thermomechanical treatment 
modes on the mechanism and kinetics of corrosion pro­
cesses [13 – 16]. This is because conditions can vary 
from one facility to another in terms of mineralization, 
component composition of environments, partial pres­
sure, and temperature. Consequently, corrosion product 
deposits of varying morphology form on the steel sur­
face, which can either be protective or accelerate the cor­
rosion process. Therefore, the selection of materials must 
consider the operational conditions and actual environ­
ments at the facility. In this context, the goal of the pre­
sent work is to investigate the influence of microstruc­
tural state features on the corrosion rate of low­alloy mild 
steels for CO2 transport and injection, based on the con­
ditions of a specific facility.

  harchenko.annna@yandex.ru
Аннотация. Работа посвящена исследованию зависимости скорости углекислотной коррозии от микроструктуры материального испол­

нения трубопровода для транспорта и закачки СО2 . На сегодняшний день существует задача выбора материального исполнения инфра­
структурных объектов транспорта и закачки СО2 . Для строительства трубопроводов наиболее экономически эффективными материалами 
являются углеродистые стали, однако для их применения необходимо уделять повышенное внимание проблеме углекислотной коррозии, 
которая интенсифицируется во влажных неосушенных потоках CO2 . При этом выбор материала должен проводиться обоснованно, 
учитывая баланс между коррозионной стойкостью, механическими характеристиками и экономической стороной вопроса. В данной 
работе проведено исследование влияния особенностей микроструктурного состояния на скорость коррозии низколегированных малоуг­
леродистых сталей для транспорта и закачки СО2 . В ходе исследования изучены особенности сталей с ферритно­бейнитной, бейнитно­
ферритно­перлитной и ферритно­перлитной микроструктурой. Испытания на стойкость к коррозии проведены на стендовом автоклавном 
комплексе, позволяющем воссоздавать условия высокого давления и температуры и моделировать реальные среды. Показано, что микро­
структурное состояние стали оказывает значительное влияние на скорость коррозии, которая возрастает при увеличении объемной доли 
перлита. Понимание взаимосвязи микроструктурных особенностей сталей и скорости коррозии может значительно облегчить выбор 
материала для инфраструктурных объектов и способствовать более эффективному и надежному использованию низколегированных угле­
родистых сталей в проектах по улавливанию, использованию и хранению углерода. Данное исследование будет полезно при выборе 
благоприятной микроструктуры для низколегированных малоуглеродистых сталей, которые могут применяться для строительства 
инфраструктурных объектов CCUS (Carbon Capture, Use and Storage). 

Ключевые слова: улавливание углерода, хранение углерода, CCUS, декарбонизация, углекислотная коррозия, взаимосвязь структура – свойст­
ва, микроструктура, химический состав, скорость коррозии
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 Materials and method

To recreate the conditions of actual facilities, various 
bench setups are used, such as closed­loop flow stands or 
autoclave setups that replicate conditions of high pressure 
and temperature. In this work, an autoclave setup with 
a 3­liter capacity vessel was used. Currently, there are no 
standard methodologies for conducting corrosion tests in 
autoclaves, so the methodology used in this experiment is 
described below. The test conditions were selected based 
on the situation at the actual facility. 

The essence of the corrosion testing method is to deter­
mine the mass loss of samples during their exposure 
to the corrosive environment. In the gravimetric method, 
the corrosion rate is determined by the mass parameter ρ, 
expressed in g/m2·h:

             (1)

where m1 is the mass of the sample before testing, g; 
m2 is the mass of the sample after testing, g; S is the sur­
face area of the sample, m2; τ is the duration of the test, h.

If the change in mass is directly proportional 
to the depth of corrosion penetration under uniform cor­
rosion conditions, the corrosion rate is recalculated into 
the depth parameter v, expressed in mm/year. This para­
meter characterizes the uniform corrosion loss (thinning) 
of the sample per unit time:

            (2)

where v is the depth parameter of the corrosion rate, 
mm/year; 8760 is the number of hours in a year; 7.85 is 
the density of the investigated steel, g/cm3.

The gravimetric method allows for highly accurate 
results, as weighing is one of the most precise opera­
tions in quantitative analysis. The confidence interval for 
determining measurement error was 95 %.

Before testing, the samples were degreased using 
an ultrasonic cleaner in acetone, air­dried, and placed 
on a suspension in the autoclave, which was then sealed 

and deaerated for 60 min with an inert gas flow rate 
of 100 ml/min per liter of capacity. The deaerated test 
solution was then saturated with CO2 . The total pres­
sure in the autoclave was 6 MPa, with a partial pressure 
of CO2 at 0.3 MPa. The temperature was maintained 
cons tant at 25 °C. The test duration was 96 h. For corro­
sion tests, three samples were selected from each steel.

The test solution consisted of 133 g/l CaCl2 , 31 g/l 
MgCl2 , 0.5 g/l NaHCO3 , 0.1 g/l Na2SO4 in distilled 
water. The total mineralization was 164.6 g/l. This com­
position corresponds to the fluid composition in the well 
being injected with CO2 into underground formations. 
After testing, the samples were washed and air­dried, then 
cleaned of corrosion products using an eraser. The inves­
tigated steels correspond to the strength class K52, with 
their chemical composition presented in Table 1. 

The microstructure of the steels was evaluated using 
a Reichert­Jung MEF3A optical microscope. To per­
form a quantitative assessment of the phase components, 
etching was selected to provide a contrasting image 
of the phases without revealing grain boundaries for 
subsequent automatic recognition by the Thixomet Pro 
image analyzer [17]. For this purpose, etching with a 4 % 
alcoholic solution of picric acid was used to reveal pear­
lite. For overall microstructure identification, a 3 % nitric 
acid solution in alcohol was used.

The traditional method for grain size assessment is 
described in GOST 5639 – 82, which, however, does not 
allow for the assessment of the heterogeneity of the grain 
structure. Nowadays, many methods for evaluating 
the grain structure of a material are known [18; 19]. For 
instance, in [20], a method for calculating the grain size 
variation factor FZ is proposed by the formula

          (3)

where fmax is the fraction of the grain occupying the maxi­
mum area on the cross­section, %; Zmax is the grade 
of the grain occupying the maximum area on the cross­
section; fi is the fraction of the grain with a specific 
grade, %; Zi is the grade of the grain.

Table 1. Chemical compositions of the studied steels

Таблица 1. Химический состав исследуемых сталей

Steel
Quantity, wt. %

C Cr Cu Mn Ni P S Si
1 0.039 0.66 0.50 0.98 0.22 0.0074 0.0011 0.22
2 0.062 0.51 0.10 0.50 0.12 0.0055 0.0015 0.17
3 0.080 0.62 0.34 0.49 0.38 0.0037 0.0014 0.24
4 0.050 0.65 0.14 0.75 0.07 0.0031 0.0018 0.24
5 0.056 0.63 0.16 0.64 0.21 0.0042 0.0019 0.28
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 Results of the quantitative assessment
 

of structural components and corrosion testing

The materials investigated in this study were obtained 
from various domestic metallurgical enterprises using 
a technology that includes converter smelting, ladle treat­
ment, continuous casting, followed by thermomechanical 
processing. The microstructures of the steels were exam­
ined in cross­section (Fig. 1). 

The microstructure of steel 1 is characterized as 
ferritic­bainitic. The pearlite content in this steel is 
the lowest among all the steels studied, at 2.20 vol. %, 
and the grain structure (by the grain number occupying 
more than 10 % of the cross­section area) is evaluated as 
G10 (30 %) and G11 (28 %). The microstructure of steel 2 
is characterized as ferritic­pearlitic with predominantly 
non­polygonal ferrite, with the grain structure evaluated 
as G9 (13 %) and G10 (21 %). The pearlite content in this 
steel is 3.57 vol. %. The microstructure of steel 3 is also 
characterized as ferritic­pearlitic. The structure is eva­
luated as G11 (32 %) and G12 (32 %), and the pearlite con­
tent is 6.72 vol. %. The distribution of pearlite colonies is 
uneven, appearing as separate clusters with coarse mor­
phology, similar to steel 2 (Fig. 2). The microstructure 
of steel 4 is characterized as ferritic­pearlitic­bainitic, 
with a pearlite content of 7.51 vol. %. The distribution 
of pearlite in this steel is fairly uniform, and the struc­
ture is evaluated as G9 (14 %), G10 (28 %), G11 (29 %), 

and G12 (18 %). The microstructure of steel 5 is characte­
rized as ferritic­pearlitic. This steel has the highest pear­
lite content, 13.80 vol. %, after etching with picric acid. 
The structure is evaluated as G10 (21 %), G11 (32 %), and 
G12 (25 %).

 Results and discussion

In ferritic­pearlitic steels, pearlite consists of a lamel­
lar structure composed of alternating layers of ferrite and 
iron carbide (cementite). When exposed to aggressive 
media containing CO2 , the ferrite in the pearlite becomes 
the anode and dissolves quickly, while the cementite 
remains intact (Fig. 4). The carbon content is directly pro­
portional to the pearlite content. The results of the corro­
sion tests shown in Fig. 3, a demonstrate that as the pear­
lite fraction in the microstructure increases, the overall 
corrosion resistance of the steels decreases.

The study [21] indicates that the most vulnerable 
areas are the boundaries between ferrite and cementite, 
where corrosion processes initially begin. It appears that 
increasing the number of pearlite colony areas leads to an 
increase in the number of vulnerable ferrite­cementite 
interphase boundaries and ferrite plates, which sub­
sequently become anodes and dissolve quickly. 

It is also worth noting the positive effect of copper on 
corrosion resistance – increasing the copper content from 
~0.12 to 0.50 wt. % led to a reduction in the corrosion rate 

Fig. 1. General view of microstructures of the studied steels:
composition 1 (а); composition 2 (b); composition 3 (c); composition 4 (d); composition 5 (e) 

Рис. 1. Общий вид микроструктур исследуемых сталей:
состав 1 (а); состав 2 (b); состав 3 (c); состав 4 (d); состав 5 (e)
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Fig. 2. Detection of perlite in the studied steels:
composition 1 (а); composition 2 (b); composition 3 (c); composition 4 (d); composition 5 (e) 

Рис. 2. Выявление перлита в исследуемых сталях:
состав 1 (а); состав 2 (b); состав 3 (c); состав 4 (d); состав 5 (e)

Fig. 3. Dependence of corrosion rate of the studied steels on: 
perlite content (а); content of Cu in the steel (b); grain size number G (c); grain size variation factor FZ (d) 

Рис. 3. Зависимость скорости коррозии исследуемых сталей от: 
содержания перлита (а); содержания Cu в стали (b); номера зерна G (c); фактора разнозернистости FZ (d)
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from 0.237 to 0.167 mm/year (Fig. 3, b). The beneficial 
effect of copper on the corrosion properties of steels is 
noted in many studies. For instance, in [23], it was found 
that the introduction of a small amount of copper (usually 
up to 1 %) significantly enhances the corrosion resistance 
of low­carbon steels. Moreover, in high­strength low­
alloy steels, copper is an alloying element that provides 
high toughness and good weldability. However, despite 
the advantages of adding copper to steel composition and 
the corrosion characteristics of ferritic­pearlitic micro­
structures demonstrated in this work, low­alloy mild 
steels should be used cautiously for the material design 
of CO2 transport and injection infrastructure objects, and 
only with strict control over the presence of free water 
in the transported gas – its amount should be minimal. 
Other wise, corrosion­resistant materials must be used. 

Based on the evaluation of the microstructural para­
meters of the investigated steels presented in Table 2, it 
can be concluded that grain size does not have a determin­
ing influence on the corrosion resistance of the investi­
gated steels (Fig. 3, c). However, the grain size variation, 
assessed by equation (3), significantly affects corrosion 
resistance (Fig. 3, d). Therefore, it can be concluded that 
the higher the uniformity of the structure (and, accord­
ingly, the value of the FZ factor), the higher the corrosion 
resistance of the material. 

 Conclusions

A study was conducted on the influence of micro­
structural state features on the corrosion rate of low­
alloy mild steels for CO2 transport and injection (CCUS). 
It was shown that in ferritic­pearlitic steels, ferrite is 
primarily susceptible to corrosion processes, becom­
ing an anode and dissolving quickly within pearlite. As 
a result, increasing the number of pearlite colony areas in 
the microstructure leads to a decrease in the overall cor­
rosion resistance of the steel. The positive effect of cop­
per on corrosion resistance was established – increasing 
the copper content in the investigated compositions from 
0.12 to 0.50 wt. % led to a 1.5­fold reduction in the cor­
rosion rate. It was noted that corrosion resistance is 
significantly influenced not by grain size, but primarily 
by the heterogeneity of the structure. 
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Аннотация. В работе представлены результаты теоретических и экспериментальных исследований процессов восстановления марганца 

из оксидов высококачественного марганцевого концентрата, полученного в результате гидрометаллургического обогащения железомар­
ганцевых руд, а также из марокита (продукта термического синтеза концентрата) и доломита углеродом и кремнием. Методом термо­
динамического моделирования с использованием программного комплекса Терра определены оптимальные температуры и расходы 
восстановителей, обеспечивающие полное восстановление марганца. В качестве восстановителя при использовании оксидных марга­
нецсодержащих материалов для обработки стали можно использовать любой из рассмотренных восстановителей или их комбинацию 
в определенных соотношениях. Результаты экспериментальных исследований позволили разработать технологию получения марокит­
манганитового концентрата и монофазного синтетического материала (CaMnO3 ). Эти материалы можно получать по технологии, которая 
включает механическую и термическую обработки смеси высококачественного марганцевого концентрата и обожженного доломита или 
извести. Марокит­манганитовый концентрат применим для легирования стали марганцем при выплавке ее в электропечи и в агрегате 
ковш­печь, а монофазный синтетический материал ‒ для производства металлического марганца. На основании результатов термоди­

  m.irina1976@mail.ru
Abstract. The article presents the results of theoretical and experimental studies of manganese reduction processes from oxides of high­quality manganese 

concentrate obtained by hydrometallurgical enrichment of ferromanganese ores, as well as, from marokite (product of thermal synthesis of concentrate 
and dolomite) with carbon and silicon. The method of thermodynamic modeling with TERRA software complex determined the optimal temperatures 
and consumption of reducing agents that ensure the complete reduction of manganese. It was found that any of the above­mentioned reducing agents, 
or a combination thereof in certain ratios, can be utilized as a reducing agent when using oxide manganese­containing materials for steel treatment. 
The results of experimental studies made it possible to develop technology for the production of marokite­manganite concentrate and monophase 
synthetic material (CaMnO3 ). They can be obtained using the technology developed by the authors, which includes mechanical and thermal treat­
ment of a mixture of high­quality manganese concentrate and calcined dolomite or lime. Marokite­manganite concentrate is useful for alloying steel 
with manganese when it is smelted in an electric furnace or in a ladle furnace unit, and a monophasic synthetic material is efficient for the production 
of metal manganese. Based on the results of thermodynamic calculations and experimental studies, technological parameters for processing steel with 
marokite­manganite concentrate in an electric furnace and a ladle furnace unit are proposed. Monophasic synthetic material CaMnO3 should be used 
as the charge component for the production of metal manganese by the out­of­furnace aluminum thermal treatment, which will increase the thermality 
of the process, as well as the extraction of manganese at the level of 90 %. The results of experimental studies were obtained using modern research 
methods with laboratory and analytical equipment, as well as statistical processing methods. 

Keywords: high­quality manganese concentrate, marokite, monophase synthetic material, thermochemical synthesis, thermodynamic reduction, reducing 
agents, steel treatment, metal manganese
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 Relevance

To supply the metallurgical industry with manga­
nese, a strategically important raw material, state­of­the­
art technological developments should be employed for 
the industrial mining and enrichment of manganese ores 
from Russian deposits. Russia has significant reserves 
of manganese ores (more than 290 million tons), but 
most are of low quality and classified as refractory. These 
ores have a low manganese content (18 – 24 %), a high 
specific phosphorus content (P/Mn ratio > 0.006), and 
increased iron and silicon content [1 ‒ 3].

Significant reserves of ferromanganese ores are 
concentrated in the Selezenskoye and Kaigadatskoye 
(32.7 million tons) deposits. Currently, these ores are not 
utilized in metallurgical production because metallurgi­
cal enrichment cannot be applied to them [1; 3; 4].

Over the last two decades, to ensure cost­effec­
tive resource use, Russian [5 – 8] and foreign resear­
chers [9 – 12] have been actively exploring new chemical 
and hydrometallurgical methods for enriching low­grade 
manganese ores, slags, and sludges [13 – 15]. Nowa­
days, environmental safety has been added to the exis­
ting requirements related to the economic efficiency 
of the processes [16 – 18].

We conducted thermodynamic calculations and exper­
imental studies on the enrichment of ferromanganese ores 
in the Kemerovo region (Kuzbass). The findings allowed 
us to determine the main technological para meters for 
extracting manganese and iron, and to develop an enrich­
ment process diagram. This enables the production 
of high­quality concentrates of manganese and iron, with 
manganese recovery reaching 90 – 92 % and iron reco­
very amounting to 86 ‒ 90 % [19]. 

The relevant objectives include studying the pro­
cesses of manganese reduction from oxides in high­
quality manganese concentrate, choosing reducing agents 
that can significantly enhance manganese extraction, and 
developing effective technologies for preparing and using 
high­quality manganese concentrate.

 Materials and methods

We determined the phase and chemical compositions 
of high­quality manganese concentrate using chemical 
and X­ray phase analysis methods.

The research [1] showed that the metallothermic 
reduction of manganese from oxides is significantly 
accelerated with the presence of marokite (Ca,  Mg)Mn2O4 
and calcium and magnesium manganites (Ca, Mg)MnO3 , 
which can be obtained from the high­quality manganese 
concentrate. A constant amount of marokite and calcium 
and magnesium manganites is required in the initial man­
ganese­containing material for stable reduction of man­
ganese. Marokite­manganite concentrate and monophase 
synthetic manganese material (CaMnO3 ) can be obtained 
using a technology that includes the mechanical and ther­
mal treatment of a mixture of high­quality manganese 
concentrate and calcined dolomite or lime. 

Marokite­manganite concentrate can be used for 
alloying steel with manganese when it is smelted in an 
electric furnace or ladle furnace unit, while monophase 
synthetic manganese material is efficient for the produc­
tion of metallic manganese.

For thermodynamic modeling of manganese reduc­
tion from oxides of high­quality manganese concentrate 
and marokite­manganite concentrate, we used the Terra 
software package. This software, based on the maximum 
entropy principle, finds the equilibrium composition 
of a multicomponent, heterogeneous thermodynamic sys­
tem under high­temperature conditions [20].

To determine the technological parameters of the mix­
tures for steel treatment in an electrical steel­melting 
furnace, briquettes were fabricated in the ladle furnace 
unit from marokite­manganite concentrate and powder 
of spontaneously scattered alloy FS45Mn25 (25 % Mn 
and 45 % Si) [1]. The binder consisted of 23.2 % ashes 
from combined heat and power plants (8.88 % Al2O3 ; 
23.98 % SiO2 ; 0.56 % TiO2 ; 45.85 % CaO; 4.98 % MgO; 
6.32 % FeO; 8.18 % Fe2O3 ; 1.82 % losses on ignition 
and water (the rest).

намических расчетов и экспериментальных исследований предложены технологические параметры обработки стали марокит­мангани­
товым концентратом в электропечи и агрегате ковш­печь. Для получения металлического марганца внепечным алюминотермическим 
процессом следует использовать в качестве шихтовой составляющей монофазный синтетический материал CaMnO3 , что позволит повы­
сить термичность процесса, а также извлечение марганца на уровне 90 %. Результаты экспериментальных исследований были получены 
при использовании современных методов исследования с применением лабораторного и аналитического оборудований, а также методов 
статистической обработки результатов. 

Ключевые слова: высококачественный марганцевый концентрат, марокит, монофазный синтетический материал, термохимический синтез, 
термодинамическое восстановление, восстановители, обработка стали, металлический марганец
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The briquettes were melted in a Tamman furnace at a 
temperature of 1773 – 1823 K. After holding for 5 min, 
the metal and slag were drained and analyzed. 

Using monophase synthetic material CaMnO3 
to obtain metallic manganese through aluminothermic 
treatment enhances the process’s thermality (since man­
ganese in this compound is in a higher oxidation state), 
allows smelting to be conducted using an out­of­furnace 
process, and increases manganese recovery.

A software application was developed to calculate 
the charge composition, smelting products, and the spe­
cific thermal effect of the aluminothermic treatment 
of metallic manganese, based on the stoichiometric equa­
tions of heat balance in the metallothermic process. 

For experimental melting, the charge included high­
quality concentrate, monophase material (CaMnO3 ), and 
aluminum powder. The melting was carried out in a cru­
cible with an upper opening.

 Results and discussion

The averaged chemical composition of the high­qua­
lity manganese concentrate is as follows: 59.50 % Mntot ; 
0.28 % Fetot ; 5.35 % CaO; 4.00 % CaCl2; less than 
1.00 % SiO; and less than 0.01 % P. The results of X­ray 
phase analysis showed that manganese in the high­qua­
lity concentrate mainly exists in the form of Mn3O4 , and 
it also contains small quantities of α­manganese, man­
ganosite MnO, and calcium chloride CaCl2 .

The study of the carbonothermal reduction of man­
ganese in the Mn3О4 – C system, in the absence of iron, 
showed that the manganese reduction begins at tempera­
tures above 1723 K with carbon consumption exceeding 
1.5 moles. At this temperature, manganese starts to evap­
orate. At 1723 K, with excess carbon, manganese carbide 
(Mn7C3 ) is present in the system but disappears with 
increasing temperature. Complete reduction of manga­
nese occurs at a carbon consumption of 2 moles.

Calculations in the Mn3O4 – Si system showed that 
manganese can be reduced by silicon over the entire spe­
cified temperature range. The research results, presented 
in Fig. 1, indicate that complete reduction of manganese 
occurs at a silicon molar rate of 1 mole. This value cor­
responds to the maximum (47 %) manganese content in 
the system, which decreases with increasing consumption 
of the reducing agent due to dilution with excess silicon.

During thermodynamic modeling of the manganese 
reduction from marokite oxides, calculations were per­
formed for 1 kg of CaMn2O4 , with the amount of reducing 
agents (carbon and silicon) ranging from 0 to 0.30 kg/kg 
marokite at temperatures from 1273 to 2273 K.

The results demonstrated that when carbon is used 
as a reducing agent, reduction begins at a temperature 
of 1623 K with carbon consumption exceeding 0.05 kg/kg 
marokite, and ends at 1723 K. When manganese is reduced 
from marokite oxides with silicon, the process is inde­
pendent of temperature within the given range, meaning 
that at steelmaking temperatures, manganese reduction 
depends solely on the consumption of the reducing agent.

During the joint reduction of manganese from maro­
kite with carbon and silicon at steelmaking temperatures, 
manganese is found in the form of metallic manganese in 
both condensed and gaseous phases, with no manganese 
carbide present.

Fig. 2 shows the dependence of the manganese reco­
very coefficient on the consumption of carbon and sili­
con at T = 1923 K, proving that when the consumption 
of reducing agents exceeds 0.2 kg/kg marokite, manga­
nese is completely reduced.

Thus, any of the considered reducing agents or their 
combinations in specific proportions can be utilized as a 
reducing agent when manganese­containing oxide mate­
rials are used for steel treatment. 

The results of the phase analysis of marokite­man­
ganite concentrate samples obtained by heat treatment 

Fig. 1. Dependence of equilibrium compositions  
in the Mn3O4 ‒ Si system on silicon consumption

Рис. 1. Зависимости равновесных составов  
в системе Mn3О4 ‒ Si от расхода кремния

Fig. 2. Manganese recovery coefficient at combined reduction  
with silicon and carbon at T = 1923 K

Рис. 2. Коэффициент извлечения марганца при совместном  
восстановлении кремнием и углеродом при температуре 1923 К
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of mixtures of the high­quality manganese concentrate 
and calcined flux metal, and their weighing after two 
weeks of storage in air are presented in Table 1. 

The mixture of high­quality manganese concentrate 
and calcined dolomite, after being held for 2 h at a tem­
perature of 1223 K, transforms into marokite­manganite 
concentrate, which is practically non­hygroscopic in air 
as it does not contain free calcium oxides.

Experimental data on the manganese reduction from 
briquettes with the marokite­manganite concentrate are 
presented in Table 2. When the marokite­manganite con­
centrate is obtained from the high­quality manganese con­
centrate and dolomite, steel treatment with manganese­
containing materials becomes practically waste­free. 

The ratio (CaO + 1.4MgO)/Mn in the marokite­man­
ganite concentrate can range from 0.5 to 1.0. However, 
during smelting, the best results are obtained with a ratio 
of (CaO + 1.4MgO)/Mn in the marokite­manganite con­
centrate between 0.50 and 0.72. This is due to the lower 
consumption of the reducing agent (silicon), which in turn 
reduces the slag ratio. At (CaO + 1.4MgO)/Mn = 0.51 
to 1.00, all manganese is bound into calcium and mag­
nesium manganites and marokite, ensuring its comp­
lete reduction. At (CaO + 1.4MgO)/Mn < 0.50, free 
manganese oxides appear, leading to increased manga­

nese loss during reduction. Conversely, when this ratio 
exceeds 0.72, silicon consumption for reduction and 
the slag ratio increase, though the reduction value remains 
high if the ratio is less than 1.0. 

Based on the results of thermodynamic calculations 
and experimental studies, the following technological 
parameters for steel treatment with marokite­manganite 
concentrate in an electric furnace and a ladle­furnace unit 
are proposed: the concentrate should be applied to the sur­
face of the metal, and initially, the metal and slag should 
be thoroughly deoxidized to reduce the total oxidation 
of the metal­slag systems. The actual reducing agent that 
reduces manganese from the melt of the marokite­man­
ganite concentrate is silicon. To conserve silicon, manga­
nese should be initially reduced with carbon introduced 
with coke onto the surface of the manganese­containing 
oxide melt.

When using high­quality manganese concentrate 
to produce metallic manganese through thermochemi­
cal synthesis, a monophasic material is obtained, and 
the results of its X­ray phase analysis are presented in 
Table 3.

The manganese reduction by aluminum from the syn­
thesized material is accompanied by a significant release 
of heat and can be represented by the equation

Table 1. Results of phase analysis of the samples

Таблица 1. Результаты фазового анализа образцов

Indicator
Indicator value as an experiment

1 2 3 4
Ratio (CaO + 1.4Mg)/Mn in the mixture 1.00 0.83 0.72 0.55
Main phase Manganite Manganite Manganite Marokite
Present in noticeable quantities ‒ Marokite Marokite ‒

Traces, a few Marokite, 
hausmannite

Gausmanite, 
manganosite Gausmannite Gausmannite

Change in weight after two weeks of holding Not observed Not observed Not observed Not observed

Table 2. Average results of experiments on reduction of briquettes with marokite­manganite concentrate

Таблица 2. Средние результаты опытов восстановления брикетов с марокит­манганитовым концентратом

Ratio  
(CaO + 1.4MgO)/Mn

in the concentrate

Briquette 
composition, % Melting indicators Metal 

composition, %
Manganese 
recovery, %

Silicon 
consu­
m p tion, 
kg/kg, 
manga­

nese 
reduction

Beneficial 
use of 

silicon, %Alloy 
FS45Mn25

Con cen t­
rate

Metallic 
yield, %

Slag  
ratio, t/t Mn Si

from the 
briqu­

ette

from the 
concent­

rate

0.55 52.6 47.4 116.5 0.61 74.14 18.55 95.8 92.80 0.441 90.3
0.72 51.7 48.3 115.7 0.64 75.26 18.90 96.0 94.27 0.422 91.6
0.83 50.5 49.5 115.5 0.71 73.30 18.15 93.1 87.90 0.483 87.0
1.00 50.2 49.8 112.2 0.75 74.50 17.45 92.3 89.48 0.540 82.3
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CaMnO3 + Al → [CaO·Al2O3 + 12CaO·7Al2O3] + Mn.

The resulting Al2O3 reacts with CaO to form low­
melting aluminates. Therefore, during reduction, manga­
nese losses can theoretically be minimal.

Since a mixture of high­quality manganese concen­
trate and monophase synthetic material CaMnO3 was used 
as the initial manganese­containing material, the optimal 
ratio of the mixture components had to be determined. 
Heat balances of the aluminothermic melting of metallic 
manganese were calculated using the developed method. 
The calculation results are presented in Fig. 3, a.

To achieve a specific thermal effect of 2500 – 2600 kJ/kg 
of charge required for the spontaneous process and good 
separation of metal and slag, the charge should con­
tain 25 – 35 % of the synthesized monophase material 

CaMnO3 and 65 – 75 % of the high­quality manganese 
concentrate, as confirmed by experimental data (Fig. 3, b).

As a result of experimental melting, the metal was 
obtained with the chemical composition presented 
in Table 4. The results obtained clearly show that 
the alloy’s chemical composition meets the requirements 
of GOST 6008 – 80.

It should be noted that metallic manganese has a low 
content of harmful impurities (phosphorus and sulfur), 
and the iron content does not exceed 1 %. The manganese 
recovery from the concentrate averaged approximately 
90 %, and the slag ratio ranged from 2.30 to 2.65.

During the experiments, the melt temperature was 
about 2300 – 2373 K, with the optimal ratio of high­qua­
lity concentrate to monophase material (CaMnO3 ) being 
6.5 – 7.5 to 3.5 – 2.5.

Table 3. Results of X­ray phase analysis of synthesized monophase material

Таблица 3. Результаты рентгенофазового анализа синтезированного монофазного материала

Material Phase composition

Lime Large quantity of: lime CaO
Present: portland Ca(OH)2 , calcite CaCO3

High quality manganese concentrate Large quantity of: hausmannite Mn3О4

Synthetic material Large quantity of: CaMnO3
Small quantity of: marokite CaMn2O4

Table 4. Chemical composition of the experimental metal

Таблица 4. Химический состав опытного металла

Melt
Metal composition, % MnO content  

in the slag, %
Mn 

recovery, %Mn Al Si Fe S P
1 96.89 0.81 0.45 0.88 0.004 0.006 7.24 90.70
2 97.00 0.75 0.38 0.83 0.002 0.006 6.15 90.11
3 97.12 0.73 0.40 0.74 0.003 0.005 6.01 91.16
4 96.78 0.68 0.58 0.97 0.004 0.004 8.15 87.68
5 96.84 0.83 0.64 0.91 0.004 0.006 7.35 89.89

Fig. 3. Dependence of specific heat of the process (а) and of manganese yield (b) on the content of synthetic monophase material

Рис. 3. Зависимость удельной теплоты процесса (а) и выхода марганца (b) от содержания синтетического монофазного материала
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The recovery of manganese during smelting from the 
high­quality manganese concentrate reached 85.3 – 89.3 %, 
which significantly exceeds the manganese recovery 
when producing metallic manganese from peroxide man­
ganese ores by aluminum thermal out­of­furnace treat­
ment (69 – 72 %). The beneficial use of aluminum was 
94 – 96 %.

Based on the thermodynamic and experimental stu­
dies, we developed the process diagram (Fig. 4) for using 
high­quality manganese concentrate obtained through 
hydrometallurgical enrichment of ferromanganese ores 
from Kuzbass. 

 Conclusions

The results of experimental studies enabled devel­
opment of a technology for producing marokite­man­
ganite concentrate and single­phase synthetic material 
(CaMnO3 ), the use of which enhances manganese reco­
very to 90 ‒ 92 %.

Thermodynamic modeling was used to determine 
the optimal temperatures and consumption of reducing 
agents (carbon and silicon) to ensure manganese reduction 
from the oxides of high­quality manganese concentrate 
obtained from the hydrometallurgical enrichment of fer­
romanganese ores, as well as from marokite­manganite 
concentrate. We established that any of the considered 
reducing agents or their combinations in specific propor­
tions can be used as a reducing agent when oxide manga­
nese­containing materials are used for steel treatment.

Based on the results of thermodynamic calculations 
and experimental studies, we proposed technological 
parameters for processing steel with marokite­manganite 

concentrate in an electric furnace and a ladle furnace unit. 
To obtain metallic manganese using the out­of­furnace 
aluminum thermal treatment, optimal processing me thods 
were developed involving the monophasic synthetic 
material (CaMnO3 ) and high­quality manganese concen­
trate, which will increase manganese recovery to 90 %.
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Аннотация. В статье представлены результаты разработки информационно­моделирующей системы движения слоев шихты и накопления 

расплава в горне доменной печи. В основу работы положены математические модели, отражающие современные представления о проте­
кании физико­химических явлений доменной плавки и технологические особенности ведения доменного процесса. Применение системы 
позволяет определить и визуализировать конфигурацию слоев железорудных материалов и кокса по высоте рабочего пространства 
с учетом заданной рудной нагрузки в равновеликих кольцевых зонах доменной печи. В построении конфигурации слоев шихты при 
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Abstract. The article presents the results of development of an information modeling system for movement of charge layers and melt accumulation in 

a blast furnace well. The work is based on mathematical models reflecting modern ideas on the course of physico­chemical phenomena of blast furnace 
melting and technological features of the blast furnace process. The use of such system makes it possible to determine and visualize the configura­
tion of layers of iron ore materials and coke according to the working space height, taking into account a given ore load in equal­sized annular zones 
of the blast furnace. In constructing the configuration of the charge layers, when materials are approaching the furnace belly, the peculiarities of their 
movement are taken into account. This is due to the influence of tuyere zone, primary slag formation processes, and changes in thickness of the coke 
layer caused by development of the direct reduction process. Calculation of the melt accumulation process in the blast furnace well provides deter­
mining the volume of slag remaining there after the notch closure of previous tapping, calculating the dynamics of filling the furnace well with melts 
of cast iron and slag, determining the volume output of melts of cast iron and slag for the inter­tapping period and calculating the duration of tapping. 
The developed information modeling system makes it possible to evaluate the dynamics of changes in configuration of layers in the working space 
height, as well as the process of melt accumulation in the blast furnace well, using really accessible information about a working furnace. The soft­
ware architecture is described, the characteristics of the modules are presented and its operation is illustrated. The developed system can be used 
by technological staff of a blast furnace shop to study the processes occurring in blast furnaces, improve the technological modes of operation, predict 
the melting progress in real time in conditions of operation instability. 
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 Introduction

The rational distribution of charge materials in a blast 
furnace [1 – 3], which fully aligns with the thermal, blast, 
and slag parameters as well as current blast furnace prac­
tices overall [4 – 6], remains an urgent challenge for both 
industrial engineers and researchers studying the blast fur­
nace process [7 ‒ 9].

The processes within the blast furnace well significantly 
affect its performance [10 – 12], thus drawing increased 
attention from engineering and technological person­
nel [13; 14]. The most challenging task is to arrange effec­
tive well performance, specifically the dynamics of fill­
ing the furnace hearth with cast iron and slag [15 – 19]. 
An in formation modeling system was developed to study 
the movement of charge layers throughout the furnace work­
ing space height and the accumulation of melt in the furnace 
well. This system is based on the mathematical models that 
reflect modern concepts of physical and chemical processes 
during blast furnace melting, as well as the technological 
features of the blast furnace process [19; 20].

 Functional modeling of an information
 

modeling system

The information system was designed using the con­
cepts of functional modeling and the graphical nota­
tion of the IDEF0 method of structural analysis and 
design [21; 22]. The Federal Agency on Technical Regulat­
ing and Metrology recommends the IDEF0 methodology 
for constructing functional models of business and indust­
rial engineering systems and applying them in practice. 
The advantage of the IDEF0 method is that IT specialists 
can easily exchange information with engineering personnel 
regarding the functioning of the software under development. 

This methodology was employed to develop the func­
tional model of the information modeling system for 
the movement of charge layers and melt accumulation in 
a blast furnace well. The model, created using Ramus soft­
ware [22], contains more than 30 blocks at three levels 
of decomposition. It defines the main functions and rela­
tionships between individual functional blocks of the sys­
tem, control activities, and mechanisms for performing 
each function.

Fig. 1 shows the decomposition of the first level 
of the functional model. The first level of decomposi­
tion of the context diagram includes four blocks: selecting 
the required task, calculating the dynamics of changes in 
the charge layers configuration, calculating the melt level in 
the blast furnace well, and analyzing and saving the results.

 Architecture of the information
 

modeling system

Fig. 2 shows the architecture of the developed informa­
tion modeling system for the movement of charge layers 
and melt accumulation in the blast furnace well. The infor­
mation modeling system is divided into small indepen­
dent blocks – modules that functionally implement com­
plete program segments. The idea behind this approach is 
that the functionality of software modules can be updated 
without the need to change the entire system, making it 
more reliable and scalable. The mathematical libraries and 
classes function as modules [23].

The information modeling system includes the follo­
wing modules:

– the module for calculating the dynamics of changes 
in the configuration of the blast furnace charge layers (used 
to calculate the configuration of the charge layers through­
out the height of the blast furnace profile based on a mathe­
matical model);

– the module for calculating the melt accumula­
tion in the blast furnace well (used to calculate the height 
of slag and cast iron before the next tapping based on a given 
mathematical model);

– the module for analyzing and presenting the results 
(analyzes the results obtained from the calculation modu­
les; displays the results in numerical and graphical forms, 
and can generate and export a report to a Microsoft Excel 
file format).

 Software implementation of the information
 

modeling system

The software implementation of the information system 
is based on a client­server approach, considering integra­
tion possibilities with existing company software products 
and data exchange via API (Application Programming 
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Interface). The client­server architecture follows a classic 
three­tier structure, including presentation, application, and 
data levels.

The presentation level is implemented using high­level 
programming languages such as C#, JavaScript, HTML5, 
and CSS (Cascading Style Sheets). The visual design is 
based on Bootstrap framework. DOM (Document Object 

Model) objects are manipulated by the jQuery library, and 
plotting is handled by the Chart.js library. This level is sup­
ported by the users’ computing resources (web browsers).

The application level is implemented in C# using 
the ASP.NET Core MVC framework on the .NET 6 soft­
ware platform [24]. ASP.NET Core framework manages 
pipelining of user requests, and middleware. The informa­

Fig. 1. Decomposition of the first level of the functional model

Рис. 1. Декомпозиция первого уровня функциональной модели

Fig. 2. Architecture of the information modeling system for movement of charge layers and melt accumulation in the blast furnace well

Рис. 2. Архитектура информационно­моделирующей системы движения слоев шихты и накопления расплава в горне доменной печи
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tion system includes error handling middleware, authen-
tication middleware, MVC middleware and session mid-
dleware. 

Error handling middleware enables the system to flag 
issues in case of error conditions and ensures the system 
continues to operate and correctly display web pages, even 
when encountering database communication errors or exe­
cuting calculation algorithms.

Authentication middleware introduces the standard 
ASP.NET Identity authentication and authorization mecha­
nism and account management into the information system.

MVC middleware integrates routing systems, depen­
dency injections, as well as model binding and data valida­
tion.

Session middleware processes temporary data of users 
as they interact with the system.

The data level includes a database and a software for 
controlling read and write access. The Microsoft SQL Server 
DBMS is used as the database for the system. The system 
communicates with the database through Entity Framework 
Core, which is based on Object­Relational Mapping (ORM) 
programming, used in object­oriented programming lan­
guages to create virtual circuits for databases. allowing data 
manipulation at the object or class level.

 Structure of the information modeling
 

system

The structure of the information modeling system for 
the movement of charge layers and melt accumulation in 
the blast furnace well includes the following major blocks:

1. Setting operating conditions for blast furnaces:
– setting the production rate of the blast furnace, 

the dimensions of its profile, and the number of tappings 
per day;

– setting the characteristics of the fuel­enriched blast 
(blast consumption, oxygen content in the blast, humidity, 
and natural gas consumption);

– setting the physical properties of individual charge 
components, specific consumption of iron ore material, and 
coke;

 – setting the ore load in annular zones of the blast fur­
nace;

 – setting the required indicators for iron smelting (iron, 
manganese, silicon, and carbon content) and coke (ash, sul­
fur, and volatile content).

2. Calculating changes in the configuration of charge 
layers and melt accumulation in the blast furnace well 
based on mathematical models. Modeling is performed as 
follows [19; 20]:

2.1 ‒ calculating the parameters of equal­sized annu­
lar zones (diameter and radius) on the furnace mouth and 
the distance from the furnace mouth walls to the middle 
of each annular section; 

2.2 ‒ determining the distribution of ore load in 
the annular zones of the furnace mouth based on the results 

of loading models or using indirect indicators such as 
the distribution of CO2 or temperature in the furnace mouth 
cross­section. The calculations assume that the distribu­
tion of ore load is proportional to the CO2 content and 
inversely proportional to the temperature distribution;

2.3 ‒ determining the configuration of layers of iron ore 
materials and coke in the annular sections of the blast fur­
nace mouth, calculated for a given ore load. This involves 
calculating the masses and volumes of iron ore materials 
(IOM) and coke for each annular section, and determining 
the height of the layers of charge materials in the annular 
zones of the furnace mouth based on the volume of coke 
and iron ore materials and the area of the annular section; 

2.4 ‒ determining the configuration of IOM and coke 
layers at all levels of the horizon of the furnace shaft and 
furnace belly. 

When modeling the movement of materials in a blast 
furnace, it is important to consider that the stock line is 
shaped like a funnel towards the center of the furnace. 

In this regard, the type of the formed iron ore materials 
(IOM) and coke layers will depend on the angle of inclina­
tion of the stock line surface, which is a variable value and 
included in the block of normative reference data (NRD) 
for the model.

Constructing the configuration of the charge layers when 
materials approach the furnace belly, we took into account 
the peculiarities of their movement caused by the impact 
of the tuyere zone, as well as the processes of primary slag 
formation that begin in the region of the belly bottom and 
bosh.

Reproducing the type and size of the charge layers in 
the region of the belly, we considered changes in the thick­
ness of the coke layer caused by direct reduction of iron, 
cast iron impurities (silicon, manganese, etc.), and car­
bon required to carburize cast iron. Calculating the rate 
of charge lowering due to IOM softening in the belly, we 
took into account that in the zone of primary slag formation, 
material shrinks by approximately 20 %, which numeri­
cally equals the volume of fractional voids of the IOM layer 
(bed void fractions). 

Above the tuyere zone, there is a rubblized region shaped 
as an ellipsoid of revolution [20]. The top of this zone is 
located in the lower part of the shaft and in the upper part 
of the belly. At the top of this zone, the accelerated move­
ment of charge particles begins. 

2.5 ‒ calculating the blast consumption corresponding 
to the furnace production rate and specific blast consump­
tion. It should be noted that there is a difference between 
the estimated and actual blast consumption, which is attri­
buted to various factors such as inevitable losses of blast 
moving along the air supply path and inaccuracies in 
recording the blast consumption. 

2.6 ‒ calculating the volume of slag remaining in the fur­
nace well after the notch closure of previous tapping; 

2.7 ‒ calculating the dynamics of filling the furnace 
well with melts of cast iron and slag. Calculations are 
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Fig. 3. Block diagram of the algorithm for calculating the configuration of layers of iron ore and coke, melt accumulation in the blast furnace well

Рис. 3. Блок­схема алгоритма расчета конфигурации слоев ЖРМ и кокса, накопления расплава в горне доменной печи
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performed at 10 min intervals. During each 10 min inter­
val, adjustments are made to reflect changes in the actual 
parameters of blast furnace melting, causing changes in 
the production of cast iron per unit time (blast and natu­
ral gas consumption, oxygen concentration in the blast). 
The thickness of the layers of cast iron and slag is then 
determined step by step every 10 min cumulatively, with 
the total height of the melts being adjusted for the volume 
of slag remaining in the furnace well from the previous 
tapping. 

3. The findings are analyzed as follows:

– the dynamics of changes in IOM and coke layers 
are shown as these layers move towards the tuyere zones 
of the blast furnace;

– the dynamics of filling the furnace hearth with cast 
iron and slag is displayed.

The initial data is entered by an authorized user 
on the corresponding web pages. Then, the data from 
the forms is sent to the web server for validation, where 
the entered values are checked for correctness. If the vali­
dation is successful, the calculation is performed according 
to the specified calculation algorithms.

Fig. 4. Fragment of a web page with the results of modeling the configuration of charge layers on blast furnace mouth (a), 
on the first horizon of the furnace shaft (at a distance of 3.79 m from the level of furnace mouth lower edge) (b), 

on the second horizon of the furnace shaft (at a distance of 7.59 m from the level of the lower edge (c), at the level of the blast furnace belly (d) 

Рис. 4. Фрагмент веб­страницы с результатами моделирования конфигурации слоев шихты на колошнике доменной печи (а), 
на первом горизонте шахты (на расстоянии 3,79 м от уровня нижнего обреза колошника) (b),  

на втором горизонте шахты (на расстоянии 7,59 м от уровня нижнего обреза колошника) (c), на уровне распара доменной печи (d)
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 Algorithm for user interaction with the system

The algorithm for modeling the dynamics of changes in 
the configuration of the charge layers and filling of the blast 
furnace well as the charge moves to the tuyere zones 
of the blast furnace is presented in Fig. 3 and includes 
the following main blocks:

1. Input of parameters and NRD block (ore load in 
annular zones, blast consumption, oxygen content in blast, 
humidity, natural gas flow, etc.).

2. Calculation of the parameters of equal­sized annular 
zones (diameter and radius of the annular zones, mass and 
volume of coke and iron ore material in the annular zones).

3. Calculation of the configuration of IOM and coke 
layers, taking into account the slope of the charge level 
on the furnace mouth, changes in the diameter throughout 
the furnace height, direct reduction processes, primary slag 
formation, and rubblized region above the tuyere zones.

4. Calculation of the volume minute output of slag and 
cast iron.

5. Calculation of the slag and cast iron layer height.
Fig. 4 presents fragments of the results of model­

ing changes in the configuration of IOM and coke layers 
on individual horizons of a blast furnace.

Fig. 5 shows a fragment of a web page with the results 
of modeling melt accumulation in a blast furnace well. 
The results of modeling the cycle “filling ‒ tapping” 
of liquid melting products in the blast furnace are pre­
sented. The tapping begins 50 min after the previous one 
finishes. 

 Conclusions

We utilized modern information technologies to develop 
an information modeling system for the movement of charge 
layers and the accumulation of the melt in the blast fur­
nace well. The system enables calculations of the dynamics 
of changes in the configuration of the IOM and coke layers 
throughout the height of the blast furnace working space, as 
well as the dynamics of filling the blast furnace hearth with 
liquid melting products. 

The developed information modeling system can be 
used by technological staff to study the processes occurring 
in blast furnaces, improve the technological modes of oper­
ation, and predict the melting progress in real­time. 
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