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Аннотация. Прогнозирование и управление содержанием углерода в металле по окончании продувки в кислородном конвертере являются 

ключевыми моментами в обеспечении эффективности производства стали. Наиболее точным методом является метод динамического 
прогнозирования, основанный на использовании информации промежуточного замера фурмой-зондом (блок типа TSC) в период 
израсходования порядка 85 – 90 % общего расхода кислорода на плавку и принятой модели заключительного периода продувки. Для 
прогнозирования традиционно используются модели заключительного периода на основе экспоненциальных или кубических функций, 
существуют разработки на основе нейросетевых технологий. В настоящем исследовании заключительный период плавки определили как 
период между первым и последним (перед выпуском плавки) замерами фурмой-зондом. В зависимости от результатов первого замера 
и требуемых параметров металла в этот период может производиться продувка кислородом, присадка флюсов, а также усреднительная 
продувка азотом. Была исследована возможность использования нейросети для прогнозирования конечного содержания углерода 
с использованием результатов промежуточного замера фурмой–зондом (блок типа TSO) в период израсходования порядка 95 % общего 
расхода кислорода на плавку. В качестве модели заключительного периода была программно реализована двухслойная нейросеть с одним 
скрытым слоем и активационной функцией типа Softplus для всех нейронов. Входные данные - содержание углерода промежуточного 
замера и расход кислорода на заключительный период продувки. Выходные данные – прогнозируемое конечное содержание углерода. 
Для обучения использовались данные по фактическому конечному содержанию углерода в металле. Нейронная сеть была настроена 

  shakirov.maxim@mail.ru
Abstract. Prediction and control of the carbon content after the end of oxygen blow in BOF converter are key points of steel production efficiency. 

One of the most accurate methods is the dynamic predicting method based on the use of intermediate sublance measurement (TSC probe) when 
about 85 – 90 % of total oxygen is consumed and on the final period model. Models of the final period are traditionally based on exponential 
or cubic functions, currently there are developments based on neural network technologies. We investigated the possibility of using a neural network 
to predict the final carbon content using the results of intermediate sublance measurement (TSO probe) when about 95 % of total oxygen is consumed. 
As a model of the final period, a two-layer neural network with one hidden layer and an activation function of the Softplus type for all neurons was 
implemented in software. The input vectors contain initial carbon content and oxygen consumption for the second blow values. The output vector 
contains the predicted final carbon content, the output training vector - actual final carbon content values. The network was trained on 700 heats 
data of the training set. The model trained in this way was tested on 232 heats data of the testing set. The prediction errors distribution and values 
of the mean absolute error and root mean square error for the training and testing sets are correspondingly close. They are also comparable with similar 
indicators of the heats, the final period of which was carried out without oxygen blow (only flux additions and/or nitrogen blow), and this indicates 
a high accuracy of the prediction. 

Keywords: BOF, carbon content, sublance, mathematical simulation, prediction, final period, neural network
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 Introduction

The accumulated operational experience with con-
verters employing upper oxygen blow has compellingly 
demonstrated the process’s advantages. These include 
high productivity, sufficiently durable unit lining, simp le 
equipment design and operation, and technological 
flexibility regarding the composition of processed pig-
ments [1 – 3]. However, achieving stable technological 
melting indicators and overall process efficiency depends 
significantly on the accuracy and correctness of deter-
mining the completion moment of the operation [4]. 

In the practice of organizing blowing, addressing this 
challenge typically involves using indirect characteristics 
to gauge the progress of blowing and the bath’s behavior. 
Examples include:

– determining the completion moment of the blowing 
operation based on the oxygen consumption amount;

– observing the luminosity intensity of the exhaust gas 
plume above the converter;

– analyzing the chemical composition of exhaust 
gases;

– examining changes in indirect characteristics such 
as the bath’s behavior (acoustic phenomena, lance vibra-
tion), observing the temperature of the water cooling 
the lance, and measuring the electrical conductivity 
of the bath, among others. 

Simultaneously, the enumerated elements and methods 
for controlling the blowing process can be categorized as 
subjective factors, assuming a high level of competence 
among the process personnel. However, the rapidity 
of oxidative refining processes within the BOF, coupled 
with intense dust and gas emissions, and the fluctuating 
bath level with the potential for emissions or, conversely, 
slag coagulation, all contribute to the substantial comp-
lexity in managing the smelting process.

The scrutinized predictive models assume particular 
significance in the production of specialty steels, espe-
cially low-carbon steels, including void-free steels with 
minimal impurities (≤0.003 % C and 0.004 % N). In this 
context, the accurate prediction and control of carbon con-
tent in the metal during the final phase of the blowing 
operation emerge as a critical task. Effectively addressing 

this challenge facilitates an improvement and stabiliza-
tion of technological performance.

Incorporating additional information for predicting 
smelting characteristics, the well-established methods 
for calculating residual carbon content in metal prior 
to release can be classified as follows [4; 5]:

– prediction through static models; 
– prediction through dynamic models; 
– intelligent prediction.

 1. Static prediction

Static prediction employs what are known as static 
melt models, relying on calculations of thermal and mate-
rial balances or statistical descriptions of the entire melt. 
Initial data include the chemical composition and temper-
ature of the iron, the chemical composition of the solid 
metal charge and additional materials, along with results 
from previous melts and the required values of metal 
indicators at the end of blowing – primarily the chemi-
cal composition and temperature. This method facilitates 
the determination of the quantity of charge and additional 
materials, including assessment of the amount of oxygen 
consumed during the blowing period necessary to achieve 
the desired carbon content in the metal [6 – 8]. 

However, the accuracy of this method in predicting 
post-blowing melt parameters is not consistently stable 
due to the influence of numerous uncontrolled factors [9]. 
These factors may encompass variations in the chemical 
composition and physical properties of the metal charge, 
fluctuations in properties and quantities of additives, 
uncontrolled heat losses, losses of oxygen during differ-
ent blowing periods, and more [7]. Theoretical [10 – 12] 
or static [13 – 15] models, including those based on neu-
ral networks, are the most commonly used approaches for 
static forecasting. 

 2. Dynamic prediction

It is established that the use of a sublance in combina-
tion with models for the final blowing period serves as 
a dynamic control tool, leading to a reduction in the melt-
ing cycle by significantly minimizing the time required 
for corrective operations (turndown, metal cooling) [15]. 

по данным 700 плавок обучающей выборки. Настроенная таким образом модель была дополнительно протестирована на данных 
232 плавок, не использовавшихся при обучении. Получены близкие значения ошибок прогноза для обучающей и тестирующей выборок. 
Кроме того, полученные значения ошибок сопоставимы с изменениями содержания углерода для плавок без использования кислорода 
в заключительный период, что говорит о высокой точности прогноза. 
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Models for the final period are constructed on a statisti-
cal description of the relationships between the ultimate 
values of melting parameters – primarily carbon content 
and temperature – their initial values, and the quantity 
of consumed oxygen [16]. In this scenario, the decarburi-
zation rate can be expressed as follows

         (1)

where k is the decarburization reaction rate constant, s–1; 
C is the current concentration of carbon in the liquid 
metal, %; С0 is the minimum achievable carbon con-
centration in liquid metal, characterizing mass and rate 
of carbon oxidation in the region of its low values, %; τ is 
the duration of oxygen blowing, s.

The use of a sublance facilitates the measurement and 
sampling of metal for chemical analysis without the need for 
tilting, which typically involves interrupting oxygen purge 
and tilting the converter. In this scenario, two measurements 
are usually conducted for each melting operation: one dur-
ing oxygen blowing (after 85 – 90 % of the estimated total 
oxygen amount has been consumed) and another at the con-
clusion of the oxygen blowing process.

The first measurement uses TSC probes (temperature, 
sample, carbon): metal temperature and carbon con-
tent are determined based on the liquidus temperature 
of the melt, and a sample is taken. To enhance result relia-
bility, the oxygen blowing intensity is reduced du ring 
this measurement period. The first “dynamic” measure-
ment serves as input for the final period model, which 
calculates the necessary amount of oxygen and potential 
coolan t required to achieve the desired temperature and 
carbon content during metal tapping.

Following the oxygen blowing phase, measurements 
are conducted using TSO probes (temperature, sample, 
oxygen): the metal’s temperature is determined, its oxida-
tion is assessed, carbon content is calculated, and a metal 
sample is taken. 

However, in domestic converter shops, TSC probes 
are currently not employed, and measurements are instead 
carried out using TSO probes during the blowing period, 
corresponding to a lower (less than 0.15 %) carbon con-
tent in the metal.

The use of a measuring sublance helps eliminate 
the influence of fluctuations in the properties of charge 
materials, thereby enhancing the accuracy of predicting 
the final carbon content for converter smelting compared 
to static prediction methods. Some Japanese manufac-
turers have achieved predicting accuracy of over 90 % 
within an interval of ±0.02 % С [17].

Another variation of dynamic carbon content predic-
tion involves an approach based on utilizing indirect indi-
cators of the decarbonization process, such as the results 

of exhaust gas composition analysis. The primary draw-
back of this option, coupled with the impact on the results 
of analyzing the amount of air drawn from the atmosphere 
in the gas discharge tract operation mode with partial 
combustion of exhaust gases, is the presence of a delay 
(time delay) in the initial information for calculation.

 3. Intelligent prediction

Intelligent prediction of carbon content in the melt, as 
per the aforementioned characteristics, involves employ-
ing additional indirect information about the progress 
of the process, such as the vibration of the oxygen lance, 
the level of slag-metal emulsion, acoustic characteristics 
of the blowing progress, and more.

The initial application of this approach includes 
the development of a model for the final blowdown period 
based on a neural network [18]. 

Specifically, to predict carbon content, a network is 
employed with input neurons corresponding to carbon con-
tent measured by the sublance of the probe, the amount 
of oxygen, and coolant consumed during the final period. 
The positive results obtained allow for conclusions regard-
ing the effectiveness of the method used. 

The development and implementation of such app-
roaches underscore the advantages of predicting car-
bon content in the final blowing period using neural 
networks compared to exponential, cubic, and carbon oxi-
dation models based on analysis of the chemical com-
position of exhaust gases. Notably, these studies were 
conducted using experimental data from intermediate 
measurements employing only TSC probes [17; 19 – 21].

Therefore, it appears pertinent to evaluate the suit-
ability of neural networks for describing the final period 
of blowing, particularly for predicting the final car-
bon content in the metal based on intermediate mea-
surement data from TSO probes commonly used in 
the indust ry. 

 Research methodology

In this current study, the final blowing period was 
defined as the conditional interval between the first 
and last (prior to heat release) sublance measurements. 
Depending on the outcomes of the first measurement and 
the required final parameters of the metal, activities such 
as oxygen blowing, flux addition, and averaging nitrogen 
blowing can be conducted during this period.

The study aimed to assess the accuracy of predicting 
the final carbon content in the metal using intermediate 
measurements by TSO probes, accounting for approxi-
mately 95 % of the estimated total oxygen consump-
tion for melting. Additionally, the results obtained were 
compared with similar ones derived from technology uti-
lizing TSC probes.
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The data analyzed in this study were derived from 
ongoing production heats conducted in a 350-ton con-
verter equipped with a measuring lance under the direct 
supervision of the authors.

The melts chosen for training and testing the car-
bon content prediction specifically involved cases where 
only oxygen blowing was employed in the final period. 

The determination of initial carbon content relies 
on sublance measurements conducted before the com-
mencement of the final period, while the final content is 
ascertained through chemical analysis of a metal sample 
taken with a sublance at the end of blowing. Table 1 pro-
vides the initial (С1) and final (С2) carbon content, along 
with the change in carbon concentration resulting from 
the final period (ΔC 

final = C2 – C1) and the oxygen con-
sumption for the operation. The values are presented in 
Table 1 as a ratio of the range of change in the numerator 
to the average value in the denominator. 

To predict the carbon content at the end of the final 
blowing period, a two-layer neural network with one hid-
den layer was employed. The input data included the actual 
carbon content in the metal before the start of the final 
period C1 and the actual oxygen consumption in the final 
period . The output data consisted of the predicted 
carbon content in the metal  at the end of the final 
period. Training utilized data on the actual final car-
bon content from the metal sample. The activation func-
tion for the network was defined by the equation

          Y = ln(1 + ex ). (2)

The initial and final carbon content, along with oxy-
gen consumption data, were normalized using the follo-
wing equation

         (3)

where Ci is the actual parameter value; Cmin and Cmax are 
the minimum and the maximum values of the parameter, 
respectively. 

A training set comprising data from 700 melts was 
used, with the results tested on data from 232 subsequent 
melts that followed the training set in chronological 

order. Of these, 56 melts were conducted under the direct 
supervision of the authors.

The network was trained using a backpropaga-
tion algorithm, specifically the gradient descent method. 
Throughout the training process, the sum of squared 
deviations between the actual С2 and the predicted car-
bon content  in the metal was minimized. 

The accuracy of prediction was evaluated using 
the following indicators:

– mean error, calculated as

       (4)

where N is the number of observations; Yi ,  are the actual 
and the predicted values of the parameter, respectively;

– mean absolute error, calculated as

      (5)

– root mean square error, calculated as

               (6)

 Results and discussion

As a result of training and subsequent testing 
of the neural network on the corresponding experimental 
data arrays, a distribution of prediction errors of the final 
carbon content in metal C2 –  was obtained 
(see Fig.).

It’s noteworthy that the distribution of predic-
tion errors for the testing set closely aligns with 
that of the training set. The indication that over 90 % 
of errors fall within the range of ±0.010 %, and approxi-
mately 70 % of melts fall within the range of ±0.005 %, 
suggests a sufficiently high accuracy in predicting 
the final carbon content in the metal. 

For a comprehensive comparison, the achieved predic-
tion accuracy indices for both the training and testing sets 
were contrasted with similar indices obtained from melts 
that did not involve the use of oxygen in the final period 
of blowing. In these comparative melts, lime and/or lime-
stone additives were employed, and averaging nitrogen 
blowing occurred through an oxygen lance. The initial 
values of С1, derived from the results of the first sublance 
probe measurement, were used as the predicted values for 
the final carbon content   (Table 2). Accuracy indi-
cators were then calculated according to Eqs. (4) – (6).

The results indicate that the accuracy indicators 
charac terizing the prediction for both the training and 

T a b l e  1

Parameters of the final oxygen blow period

Таблица 1. Параметры заключительного  
периода продувки с использованием кислорода

C1 , % C2 , % ΔC final, % , nm3

0.026 – 0.168
0.055

0.017 – 0.117
0.039

0 – 0.099
0.016

411 – 4012
1156
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testing sets have close values. Additionally, these values 
are comparable with those observed in melts conducted 
without the use of oxygen in the final period. Changes in 
carbon content (C2 – C1 = C2 – ) for such melts are 
evidently associated with the heterogeneity of the chemi-
cal composition throughout the bulk of the metal bath. 
In other words, the data obtained (Table 2) suggest 
that the achieved prediction accuracy is on par with 
changes in the carbon content in the metal, potentially 
linked to the heterogeneity of the bath and, possibly, errors 
in determining the carbon content during measurements 
using sublance. The prediction accuracy of the proposed 
model for the final period, within the ranges of ±0.005 
and ±0.010 % for the testing set, was reported as 70 and 
94 %, respectively. 

The authors in [22] demonstrated, for technology 
employing TSC probes, that a final period model based 
on a neural network allows achieving a prediction error 
for the carbon content in the metal within the ranges 
of ±0.005, ±0.010, ±0.015 and ±0.020 %, correspond-
ing to 25, 54 71 and 91 % of cases. The analysis con-

ducted indicates that these indicators outperform those 
for exponential, cubic models, and the carbon oxida-
tion model based on an analysis of the chemical composi-
tion of exhaust gases. 

However, it’s worth noting that in this case, the aver-
age initial value of carbon content was 0.244 % which is 
significantly higher than that in the present study. 

To optimize the obtained results, future research 
can explore options and assess the impact of updating 
the training set to adapt the model to changing conditions 
during the converter campaign. 

 Conclusions

The accurate prediction of carbon content in the metal 
is crucial for effective management during the final smelt-
ing period in a BOF. The findings of this study align with 
the results reported in works [21; 22], affirming the fea-
sibility of employing a neural network for predicting 
the carbon content in the metal during the final blowing 
period in a BOF. 

Distribution of prediction errors of the final carbon content:
 – training set;  – testing set

Распределение ошибок прогноза конечного содержания углерода:
 – обучающая выборка;  – тестирующая выборка

T a b l e  2

Comparison of parameters of training, testing sets and heats without oxygen in the final period

Таблица 2. Сравнение показателей плавок обучающей, тестирующей выборок и плавок 
без использования кислорода в заключительный период

Set Number of melts ME, % MAE, % RMSE, %
Training set 700 –1.36·10–7 0.0044 0.0060
Testing set 232 –1.09·10–5 0.0043 0.0060
Without О2 330 2.53·10–4 0.0040 0.0048
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Аннотация. Проведены исследования формирования микроструктуры мелющих шаров из отбраковки рельсовой стали при их закалке 

в различных полимерных средах. На первом этапе, на основании исследований охлаждающей способности растворов полимеров 
«ПКМ» и «Термовит» при варьировании их концентраций и температуры построены кривые охлаждения мелющих шаров из рельсовой 
стали марки К76Ф. При концентрации указанных полимеров в водном растворе 2 и 4 % скорость охлаждения мелющих шаров из 
стали К76Ф практически идентична при температурах раствора 20 и 30 °С и значимо снижается в случае увеличении температуры 
раствора полимера до 40 °С. При этом наиболее заметное снижение скорости охлаждения характерно для полимера «ПКМ» при его 
концентрации на уровне 2 %. На втором этапе проведены металлографические исследования микроструктуры мелющих шаров из 
рельсовой стали К76Ф, закалка которых проводилась в лабораторных условиях с использованием полимеров «ПКМ» и «Термовит» 

  umanskii@bk.ru
Abstract. Studies of the formation of microstructure of grinding balls from the rejects of rail steel were carried out during their quenching in various 

polymer media. At the first stage, based on studies of the cooling capacity of solutions of polymers PCM and Thermovit with varying concentrations 
and temperatures, the authors constructed the cooling curves of grinding balls made of K76F rail steel. It was found that at concentration of these 
polymers in an aqueous solution of 2 and 4 %, cooling rate of grinding balls made of K76F steel is almost identical at solution temperatures of 20 
and 30 °C and significantly decreases when the temperature of the polymer solution increases to 40 °C. At the same time, the most noticeable 
decrease in the cooling rate is characteristic of PCM polymer with its concentration at the level of 2 %. At the second stage, the authors carried out 
metallographic studies of the microstructure of grinding balls made of K76F rail steel, which were quenched in laboratory conditions using polymers 
PCM and Thermovit with concentrations of 2 – 4 % and temperature of 20 – 40 °C. As a result, it was determined that the use of the PCM solution 
for quenching balls provides a significantly higher quality of microstructure and hardness of heat-treated balls compared to the use of the Thermovit 
polymer. At the same time, varying the concentration and temperature of the PCM polymer quenching medium allows one to obtain grinding balls 
with different performance characteristics that determine the potential areas of their application. Thus, quenching of balls in a solution of the specified 
polymer with concentration of 2 % and temperature of 20 – 30 °C ensures the production of balls with high hardness (corresponding to the IV hardness 
group according to the state standard GOST 7524 – 2015), and the use of a solution of the same polymer with concentration of 4 % and temperature 
of 20 – 30 °С for quenching creates the possibility of producing balls with lower hardness, but potentially high impact resistance. 

Keywords: microstructure, grinding balls, rail steel, polymers, heat treatment, quenching medium, impact resistance
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 Introduction

In recent years, there has been a noticeable trend 
towards the intensive development of domestic ball rolling 
production. Several modern ball rolling mills have been 
commissioned [1; 2], and significant efforts are underway 
at various operational mills to enhance the technological 
processes for grinding ball production [3 – 6]. This phe-
nomenon is attributed to the growing demand for grin-
ding balls with superior performance characteristics, spe-
cifically hardness, wear resistance, and resistance to shock 
loads. This demand arises from the desire to extend the ser-
vice life of grinding balls used in the metallurgical, mining, 
and cement industries. Prolonging the service life signifi-
cantly reduces the cost of the final product and enhances 
its quality [7 – 9]. Cost reduction is achieved through 
a decrease in the specific consumption of balls, while qua-
lity improvement results from minimizing the entry of bro-
ken ball particles into the crushed materials [10]. 

An analysis of materials from both domestic and 
foreign researchers indicates that the enhancement 
of hardness and impact resistance in balls is primarily 
achieved through the optimization of the chemical com-
position of steels employed in ball production [11 – 13]. 
Additionally, improvements in heat treatment modes play 
a crucial role in achieving these properties [14 – 16]. It 
is noteworthy that, aside from the mentioned characteris-
tics, the impact resistance of grinding balls is significantly 
affected by the quality of their macrostructure [17; 18]. 

The steels used for the production of grinding balls 
can be categorized into two main groups based on their 
chemical composition [19; 20]: 

– specialized ball steel;
– steels initially designed for the production of other 

types of rolled products (either carbon or alloyed).
It’s worth noting that within the second group 

of steels, a substantial portion consists of rejected rail 
steel blanks [21 – 23]. 

The technologies for the heat treatment of grinding 
balls can be categorized into three main organizational 
options:

1) hardening followed by self-tempering of the balls 
in the air;

2) hardening followed by low tempering;
3) “interrupted hardening” (hardening in several 

stages), followed by low tempering. 
The second and third options for the heat treatment 

of balls are deemed more preferable, as they facilitate 
the alleviation of quenching stresses [24; 25]. However, 
implementing the third option is more challenging. 

Irrespective of the chosen heat treatment option for 
grinding balls, the development of their high-qua-
lity quenching microstructure is largely influenced by 
the cooling capacity of the quenching medium employed. 
Polymers emerge as the most promising type of quen-
ching medium, as their cooling ability can be effectively 
regulated across a wide range by adjusting water dilu-
tion at different concentrations. 

In summary, it can be affirmed that investigations 
into the processes governing the formation of the quen-
ching microstructure in grinding balls made of rail steel 
using polymer quenching media are currently of signifi-
cant scientific and practical interest. 

 Materials and methods

The research focused on grinding balls that had not 
undergone heat treatment, selected from the mill line 
after rolling but before hardening, sourced from the cur-
rent production of JSC Guryev Metallurgical Plant and 
made from rejected rail steel grade K76F. 

The research was carried out in two stages:
1 – examination of the cooling effectiveness of PCM 

and Thermovit polymer quenching media on the Kompa-
ton facility, with variations in polymer concentration and 
temperature;

2 – investigation of the microstructure of grinding 
balls after quenching using PCM and Thermovit poly-
mer quenching media, with variations in their concentra-
tion and temperature. 

The temperature of the cooling medium varied in 
the range of 20 – 40 °C with increments of 10 °C, and 
the concentration of each studied polymer was set at 2 
and 4 %. 

The Kompaton facility used in the research is equipped 
with a digital thermometer featuring a temperature sensor. 

с концентраций 2 – 4 % и температурой 20 – 40 °С. Использование раствора «ПКМ» для закалки шаров обеспечивает значительно 
более высокие качество микроструктуры и твердость термообработанных шаров по сравнению с применением полимера «Термовит». 
Варьирование концентрации и температуры полимерной закалочной среды «ПКМ» позволяет получать мелющие шары с различными 
эксплуатационными характеристиками, определяющими потенциальные области их применения. Закалка шаров в растворе указанного 
полимера с концентрацией 2 % и температурой 20 – 30 °С обеспечивает получение шаров с высокой твердостью (соответствующей 
IV группе твердости по ГОСТ 7524 – 2015), а использование для закалки раствора этого же полимера с концентрацией 4 % и температурой 
20 – 30 °С создает возможность производства шаров с более низкой твердостью, но потенциально высокой ударной стойкостью. 
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The temperature was recorded at specified intervals in 
automatic mode, and the TC Soft program was employed 
for data processing, enabling the construction of cooling 
curves.

To assess the cooling effectiveness of polymer quen-
ching media, grinding balls were heated in a laboratory fur-
nace to the quenching temperature and subsequently cooled 
in a tank filled with the respective quenching medium. 
The hardening temperature was maintained 30 °C higher 
than the Ac3 point, taking into account the actual chemi-
cal composition factoring in the actual chemical com-
position of the samples, as determined by X-ray spectral 
analysis using the Shimadzu XRF-1800 spectrometer. 
The actual heating temperature of the samp les for quench-
ing fell within the range of 790 – 802 °C, with a low tem-
pering temperature ranging between 195 – 215 °С. 

Microstructure and hardness studies of the balls were 
conducted on samples that underwent heat treatment. 
For each ball, one portion underwent quenching, while 
the other underwent quenching followed by low temper-
ing. The microstructure analysis utilized an OLYMPUS 
GX-51 optical metallographic microscope, and hardness 
was determined using a TK-2M hardness tester. 

 Results and discussion

The analysis of the obtained cooling curves for grind-
ing balls made of K76F rail steel suggests that, with both 
PCM and Thermovit polymer quenching media, the cool-
ing rate remains practically identical at solution tempera-
tures of 20 and 30 °C, regardless of their concentrations 
(2 or 4 %). However, a noticeable decrease in the cooling 
rate is observed when the polymer solution temperature 
is increased to 40 °C (Figs. 1 and 2). Notably, the most 
pronounced decrease in the cooling rate is observed with 
the PCM polymer at a concentration of 2 %.

Examination of the microstructure of grinding balls after 
a complete heat treatment cycle (quenching + low tempe-
ring) reveals that the most optimal microstructure, compris-
ing martensite + carbides with some residual austenite, is 
achieved under specific quenching medium parameters:

1) at a PCM concentration of 2 % and a solution tem-
perature of 20 and 30 °C (Fig. 3, а, b);

2) at a PCM concentration of 4 % and a polymer tem-
perature of 40 °C (Fig. 3, c);

3) at a Thermovit polymer concentration of 4 % and 
a temperature of 20 °C (Fig. 3, d).

Fig. 1. Cooling curves of K76F rail steel during quenching 
in an aqueous solution of polymers PCM (a) and Thermovit (b) 

with concentration of 2 % depending on the quenching 
medium temperature 

Рис. 1. Кривые охлаждения рельсовой стали К76Ф при закалке 
в водном растворе полимеров «ПКМ» (а) и «Термовит» (b) 

с концентрацией 2 % в зависимости от температуры 
закалочной среды

Fig. 2. Cooling curves of K76F rail steel during quenching 
in an aqueous solution of polymers PCM (a) and Thermovit (b) 

with concentration of 4 % depending on the quenching 
medium temperature

Рис. 2. Кривые охлаждения рельсовой стали К76Ф при закалке 
в водном растворе полимеров «ПКМ» (а) и «Термовит» (b) 

с концентрацией 4 % в зависимости от температуры 
закалочной среды
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Simultaneously, the highest hardness, aligning with hard-
ness group IV as per the state standard GOST 7524–2015 
(refer to the Table), is exhibited by balls hardened using 
the first set of hardening medium parameters (PCM 
concentration 2 %, solution temperature 20 and 30 °C). 
Grinding balls hardened by employing the parameters 
of the quenching medium according to the second and 
third options only meet the criteria for hardness group II, 

as per GOST 7524–2015 (PCM concentration 4 %, tem-
perature 40 °C; Thermovit concentration 4 %, tempera-
ture 20 °С). 

When a 4 % PCM polymer solution is utilized for har-
dening balls at temperatures of 20 and 30 °C, a microstruc-
ture in the form of troostomartensite + carbides + resi-
dual austenite is formed (Fig. 4). Although the hardness 
of such balls falls within hardness group II according 

Fig. 3. Microstructure of grinding balls made of K76F rail steel after quenching with subsequent low tempering:
a, b – PCM polymer concentration of 2 % at 20 and 30 °C; c – PCM polymer concentration of 4 % at 40 °C; 

d – Thermovit polymer concentration of 2 % at 20 °C

Рис. 3. Микроструктура мелющих шаров из рельсовой стали К76Ф после закалки с последующим низким отпуском: 
а, b – концентрация полимера «ПКМ» 2 %, температура 20 и 30 °С; c – концентрация полимера «ПКМ» 4 %, температура 40 °С; 

d – концентрация полимера «Термовит» 2 %, температура 20 °С

Fig. 4. Microstructure of grinding balls made of K76F rail steel after quenching in a solution of PCM polymer 
with concentration of 4 % at 20 (a) and 30 °C (b)  

Рис. 4. Микроструктура мелющих шаров из рельсовой стали К76Ф после закалки в растворе полимера «ПКМ» 
с концентрацией 4 %, температура 20 °С (а) и 30 °С (b)
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to GOST 7524–2015 (refer to the Table), they exhibit 
potentially higher impact strength owing to the properties 
of the troostomartensite phase.

However, quenching balls according to other com-
binations of quenching medium parameters results in 
a defective microstructure. In addition to martensite, 
there is the presence of quenching troostite in various 
forms: acicular, spheroidal, and in the form of a net-
work (Fig. 5). The existence of troostite in the structure 
indicates a lower cooling rate, signifying inadequate 
cooling capacity of the quenching medium. Regardless 
of the type of troostite, its negative impact on the hard-
ness of the grinding balls is evident (refer to the table). 
Notably, the more pronounced negative influence is nat-
urally exerted by the spheroidal troostite and the form 
of a grid. 

In general, it is noteworthy that the quality 
of the microstructure in balls hardened with PCM solu-
tion is significantly superior compared to those hardened 
with Thermovit polymer solution. For instance, balls 
hardened in a PCM solution with a 2 % concentration at a 
temperature of 40 °C exhibit only acicular troostite in 
the structure (Fig. 5, a); balls hardened with Thermovit 
polymer at a similar concentration and temperature dis-
play spheroidal troostite and troostite in the form of a grid 
(Fig. 5, c). Moreover, the hardness of balls hardened using 
PCM polymer with the specified concentration and tem-
perature, both on the surface and in the core, is, on ave-

rage, 6 – 7 HRC higher than the hardness of balls harde-
ned in Thermovit polymer medium (refer to the Table).

In conclusion, it can be inferred that altering 
the parameters of the polymer quenching medium enables 
the variation of performance characteristics in grinding 
balls made of rail steel, thus determining potential appli-
cations. For example:

• quenching balls in a PCM polymer solution with 
a 2 % concentration at a temperature of 20 – 30 °C 
ensures the production of balls with high hardness (hard-
ness group IV as per GOST 7524–2015).

• employing the same polymer solution for quenching 
with a 4 % concentration and a temperature of 20 – 30 °C 
creates the possibility of producing balls with lower hard-
ness but potentially high impact resistance.

However, caution is advised as certain combinations 
of PCM and Thermovit polymer concentrations and tem-
peratures may lead to a high risk of obtaining a defective 
microstructure.

 Conclusions

Based on laboratory experimental studies, cooling 
curves were constructed for hardening of the balls made 
of K76F rail steel in solutions of PCM and Thermovit 
polymers, each with a concentration of 2 and 4 % and 
temperature ranging from of 20 to 40 °C. The experimen-
tal research in the laboratory has elucidated the patterns 

Comparative analysis of hardness of the balls after heat treatment using various quenching media

Сравнительный анализ твердости шаров после термообработки 
при использовании различных закалочных сред

Temperature 
of quenching 
medium, °С

Ball hardness after heat treatment using various quenching media and their 
concentrations, HRC

PCM Thermovit
2 % 4 % 2 % 4 %

Surface
20 54 – 56 48 – 51 48 – 50 43 – 45
30 53 – 55 47 – 49 44 – 46 38 – 45
40 50 – 52 48 – 50 44 – 45 46 – 48

Requirements of GOST 7524–2015 for balls 60 mm in diameter by groups
Group I at least 43 HRC
Group II at least 48 HRC

Groups III, IV at least 53 HRC
At the depth of 1/2 ball radius

20 52 – 54 48 – 51 48 – 50 39 – 41
30 51 – 53 47 – 49 44 – 46 38 – 45
40 50 – 51 48 – 50 44 – 45 38 – 42

Requirements of GOST 7524–2015 for balls 60 mm in diameter by groups
Groups I, II, III –

Group IV at least 43 HRC
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governing the formation of the microstructure in grind-
ing balls from the specified steel when utilizing PCM 
and Thermovit polymer quenching media with varying 
heat treatment parameters. 

Notably, the use of PCM solution for ball harden-
ing ensures a significantly higher quality of the micro-
structure and hardness of the balls compared to utiliza-
tion of Thermovit polymer. As a result, recommendations 
have been developed for optimal combinations of con-
centration and temperature of PCM polymer. These rec-
ommendations aim to ensure the production of balls with 
increased hardness as well as the production of balls with 

lower hardness but with a heightened level of impact 
resistance. 
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Аннотация. Бакальские сидериты относятся к бедным, труднообогатимым карбонатным железным рудам. Низкое содержание фосфора 

и цветных металлов делает сидериты ценным сырьем для получения высокометаллизированного концентрата, пригодного для 
использования в сталеплавильных процессах. Восстановление сидеритов во вращающейся печи при 1300 – 1350 °С с последующим 
отделением пустой породы методом магнитной сепарации позволяет получить в качестве сырья концентрат со степенью металлизации 
более 90 % и содержанием пустой породы около 5 %, пригодный для выплавки стали. Цель данной работы – оценить эффективность 
процесса получения металла из сидеритовой руды, включающего получение высокометаллизованного сидеритового концентрата 
в восстановительной печи, а также его горячую загрузку в руднотермическую печь и сам процесс плавки. Для этого произведен расчет 
электроплавки в электрической руднотермической печи, позволяющий определить большое количество параметров, в том числе расход 
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Abstract. The Bakal siderites belong to low-grade refractory carbonate iron ores. The low content of phosphorus and non-ferrous metals makes siderites 

a valuable raw material for obtaining highly metallized concentrate suitable for use in steelmaking processes. Reduction of siderites in a rotary furnace 
at 1300 – 1350 °C followed by magnetic separation of waste rock allows to obtain a concentrate with metallization degree over 90 % and a content 
of waste rock of about 5 % suitable for steelmaking as raw materials. The purpose of this work is to evaluate the efficiency of the process aimed 
at obtaining metal from siderite ore including obtaining of highly metallized siderite concentrate in a recovery furnace, as well as its hot loading 
into ore-thermal furnace and melting process itself. To do this, the electric melting was calculated in the electric ore melting furnace providing for 
determination of a large number of parameters including the electricity consumption required for melting. As raw materials we used a highly metallized 
siderite concentrate (φmet = 92.3 %) containing 35 % of waste rock and, for comparison, a briquetted metallized siderite concentrate obtained from 
a lump concentrate in which a significant amount of waste rock was removed by wet magnetic separation. The results analysis shows that increase in 
concentrate temperatures from 25 to 1000 °C decreases specific energy consumption and at the same time increases the furnace productivity to values 
comparable to the parameters of melting briquetted concentrate. This confirms the efficiency of the developed process. To reduce the melting point 
of high-magnesium slag, it is proposed to use colemanite as flux. 

Keywords: iron ore raw materials, Bakal siderites, ore benefication, metallization, concentrate, electric melting, colemanite
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 Introduction

The Bakal group of deposits, situated in the Chelya-
binsk region, holds siderites categorized as low-grade 
refractory carbonate iron ores. Predominantly composed 
of sideroplesite and pistomesite, these ores comprise 
iron, magnesium, and manganese carbonate solid solu-
tions. Complementing these minerals are barren compo-
nents such as quartz-clay slates, dolomites, dolomitized 
limestones, diabases, and quartzites [1 – 4].

Siderites, characterized by their low phosphorus con-
tent, absence of non-ferrous metals like copper and zinc, 
and inclusion of manganese, stand as valuable resources 
for yielding high-metal concentrates suitable for steel-
making processes [5; 6]. Various process solutions have 
been devised for their production.

Pyrometallurgical techniques for processing low-
grade iron ores, involving metallization with a solid 
reducing agent within rotary furnaces followed by waste 
rock separation through grinding and magnetic proce-
dures, are widely employed in global industrial prac-
tice [7 – 11]. The refractory nature of siderite waste rock 
permits operation at temperatures ranging from 1300 
to 1350 °C. This facilitates the enlargement of iron grains 
and significantly enhances their extraction into the con-
centrate through magnetic separation. In this process, 
a product boasting a metallization degree exceeding 
90 % is achieved, containing approximately 5 % waste 
rock primarily composed of magnesium oxide [12; 13]. 
The preliminary removal of easily fusible slates enables 
processing in heavy media [14], where during separation, 
the lighter fraction of waste rock floats atop the suspen-
sion and is subsequently removed. 

The metallurgical plants in the Ural region are cur-
rently facing a severe shortage of iron ore resources, 
necessitating their importation from other regions 
of the country [15 – 17]. Consequently, ensuring steel-
making production with a high-quality metal charge 
becomes a crucial objective. Therefore, there is an urgent 
need to evaluate the potential utilization of metallized 
concentrate derived from Bakal siderites through direct 
reduction as a resource for electric steelmaking furnaces.

In the majority of coke-free metallurgy technologies, 
the final product designated for electric steelmaking typi-
cally consists of 90 – 93 % iron with a metallization degree 
ranging from 92 – 95 %, alongside 3 – 5 % waste 
rock [18; 19]. As the proportion of waste rock increases, 
furnace yield and productivity decline, while power con-
sumption rises. However, it is recognized that elevating 
the temperature of the loaded resources leads to a signifi-
cant reduction in power consumption of the arc furnace, 
electrodes, and refractory materials, while simultaneously 
enhancing furnace productivity [19].

Hence, the objective of this study is to assess the effi-
ciency of utilizing metallized siderite concentrate within 
an ore-thermal furnace.

 
 Materials and methods

The methodology for calculation and the software 
module developed for determining the technical and eco-
nomic indicators of smelting in an ore-thermal furnace 
comprise a data input block, encompassing: 

– chemical composition of charge materials; 
– fluxing and fuel additives; 
– furnace operation settings. 
The electric smelting calculation in an ore-thermal 

furnace entails: 
– determining metal and slag yield;
– assessing the chemical composition of the final slag 

with specified basicity or iron monoxide content; 
– estimating the final metal temperature; 
– designing sulfur content in the metal; 
– analyzing the composition of flue gas; 
– calculating mass and heat balances of the process; 
– evaluating process production costs. 
The developed software module, accessible in interac-

tive mode, enables the user to: 
– enter and edit information, as well as input data 

for calculations, with the ability to select and sort based 
on displayed edit fields; 

электроэнергии, необходимый для плавки. В качестве исходных материалов использовали кусковой металлизированный сидеритовый 
концентрат (φмет = 92,3 %), содержащий 35 % пустой породы. Для сравнения взят брикетированный металлизированный сидеритовый 
концентрат, полученный из кускового концентрата, в котором значительное количество пустой породы удалено методом мокрой магнитной 
сепарации. Анализ результатов показывает, что повышение температуры кускового концентрата от 25 до 1000 °С снижает удельные 
энергозатраты и одновременно увеличивает производительность печи до значений, сравнимых с параметрами плавки брикетированного 
концентрата. Это подтверждает эффективность предлагаемого процесса. Для снижения температуры плавления высокомагнезиальных 
шлаков в качестве флюса предложено использовать колеманит. 

Ключевые слова: железорудное сырье, бакальские сидериты, обогащение руды, металлизация, концентрат, электроплавка, колеманит

Благодарности: Работа выполнена при поддержке Российского научного фонда, проект № 22-29-00400.

Для цитирования: Вусихис А.С., Леонтьев Л.И., Чесноков Ю.А. Оценка эффективности электроплавки металлизованного сидеритового 
концентрата. Известия вузов. Черная металлургия. 2023;66(6):653–658. https://doi.org/10.17073/0368-0797-2023-6-653-658

https://fermet.misis.ru/index.php/jour/search/?subject=железорудное сырье
https://fermet.misis.ru/index.php/jour/search/?subject=бакальские сидериты
https://fermet.misis.ru/index.php/jour/search/?subject=обогащение руды
https://fermet.misis.ru/index.php/jour/search/?subject=металлизация
https://fermet.misis.ru/index.php/jour/search/?subject=концентрат
https://fermet.misis.ru/index.php/jour/search/?subject=электроплавка
https://fermet.misis.ru/index.php/jour/search/?subject=колеманит


Izvestiya. Ferrous Metallurgy. 2023;66(6):653–658.
Vusikhis A.S., Leont’ev L.I., Chesnokov Yu.A. Evaluating the efficiency of metallized siderite concentrate electric melting

655

– quickly add new input data by copying and editing 
existing records; 

– archive and print both input data and calcula-
tion results, while also providing authorized access 
to the software module. 

To determine the chemical composition of the initial 
materials used in the calculations, experimental modeling 
of the siderite metallization process in a rotary furnace 
was conducted. A graphite crucible containing raw side-
rite lumps ranging from 10 to 40 mm in size, along with 
breeze coke filler sized between 0 and 5 mm, was placed 
in a Tamman furnace heated to a temperature of 1300 °C. 
The setup was maintained under specified conditions for 
2 h before being cooled down with the furnace. This pro-
cess resulted in the formation of a metallized concentrate 
(in lump form). Subsequently, a portion of the metallized 
concentrate lumps underwent grinding and wet magnetic 
separation to produce a product suitable for smelting in 
an electric furnace in the form of briquettes, referred to as 
metallized concentrate (briquette). The compositions 
of these materials are outlined in Table 1.

The temperature at which the concentrate (metallized 
concentrate in lump form) was loaded into the furnace 
after reducing roasting varied within the range of 25 
to 1000 °С. The concentrate (metalized concentrate in 
briquette from) was loaded at 25 °С.

 Results and discussion

Variants of calculations of melting indicators in 
an ore-thermal furnace with the use of lump metallized 
siderite concentrate loaded into the furnace at tempera-
tures of 25 – 1000 °С as an initial resource, all other con-
ditions being equal, are given in Table 2. 

Graphical interpretation of the effect of tempera-
ture of the lump metallized siderite concentrate loaded 
into a furnace on the productivity and specific power con-
sumption for melting is given in the Figure.

The analysis of the obtained results shows that the use 
of highly heated lump metallized siderite concentrate is 
one of the important process measures to increase the effi-
ciency of its electric smelting. When the temperature 
of the material increases in the range from 25 to 1000 °С, 
the specific power consumption decreases and the fur-
nace productivity increases.

T a b l e  1

Chemical composition of metallized siderites, wt. %

Таблица 1. Химический состав металлизованных сидеритов, % (по массе)

Description C Femet S Р CaO SiO2 MgO MnO FeO Al2O3 φmet

Metallized concentrate (lump) 0.90 57.07 0.14 0.03 3.49 12.89 14.34 3.28 6.12 1.77 92.3
Metallized concentrate (briquette) 0.21 83.58 0.12 0.04 0.44 0.92 3.01 0.38 11.06 0.24 90.7

T a b l e  2

Indicators of melting in ore­thermal furnace

Таблица 2. Показатели плавки в руднотермической печи

Indicator 25 °C 100 °C 500 °C 1000 °C
Furnace capacity, MVA 16.5
Consumption of iron-ore 
components, kg/t metal 1681.8 1681.8 1681.8 1681.8

Metallized concentrate 
(lump), kg/t metal 1681.8 1681.8 1681.8 1681.8

Dust output, kg/t metal 46.8 46.8 46.8 46.8
Metal losses, kg/t metal 10.0 10.0 10.0 10.0
Electrode consumption, 
kg/t metal 20.2 20.2 20.2 20.2

Metal composition, %
Si 0.40 0.40 0.40 0.40
Mn 1.24 1.24 1.24 1.24
P 0.03 0.03 0.03 0.03
S 0.005 0.005 0.005 0.005
C 0.10 0.10 0.10 0.10

Metal temperature, °C 1600 1600 1600 1600
Slag output, kg/t metal 579.8 579.8 579.8 579.8
Slag composition, %

SiO2 34.58 34.58 34.58 34.58
MgO 40.36 40.36 40.36 40.36
Al2O3 4.89 4.89 4.89 4.89
MnO 5.32 5.32 5.32 5.32
FeO 5.00 5.00 5.00 5.00

Basicity of slag, CaO/SiO2 0.28 0.28 0.28 0.28
Heat losses, % 35.0 35.0 35.0 35.0
Material balance, kg

Receipt 1678.2 1678.2 1678.2 1678.2
Consumption 1678.1 1678.1 1678.1 1678.1

Power consumption, 
kW·h/t sold 1271.2 1229.2 1005.2 725.1

Throughput capacity, t/day 
metal 231.3 239.2 292.5 405.5

Table 3 presents calculations comparing the melting 
indicators in an ore-thermal furnace using a briquetted 
metallized siderite concentrate loaded at a temperature 
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of 25 °C as feedstock, with all other conditions held con-
stant. Additionally, the data obtained, along with the cal-
culated melting indicators of the lump metallized siderite 
concentrate loaded at 1000 °C, are provided. 

An analysis of the data reveals that feeding a lump 
metallized siderite concentrate directly into an ore-ther-
mal furnace immediately after discharge from the rotary 
furnace at temperatures exceeding 1000 °C (similar 
to the technology employed in processing titanomag-
netites of the Bushveld complex in roasting furnaces 
with loading of a hot stub end into the ore-thermal fur-
nace [20]), proves to be more efficient compared to melt-
ing a briquetted metallized siderite concentrate produced 
through the pyrometallurgical processing of siderites as 
described in [6; 12; 13]. 

Consequently, the pyrometallurgical processing tech-
nology eliminates the need for operations such as grind-
ing, magnetic separation for waste rock removal, as well 
as drying and briquetting, thereby significantly reducing 
the product’s overall cost. 

The calculations demonstrate that the melting pro-
cess yields slag with a high magnesium oxide content, 
characterized by a high melting temperature. However, 
the addition of material containing boron, such as cole-
manite [21], to high-magnesia steelmaking slags signifi-
cantly reduces their melting point. 

 Conclusions

The direct loading of lump metallized siderite con-
centrate into the electric furnace from the reducing fur-
nace in a hot state (at temperatures exceeding 1000 °C) 
proves to be an effective method for melting and produc-
ing metal – a semi-product suitable for subsequent steel 
production. To ensure adequate fluidity of the high-mag-
nesia slag at outlet temperatures, the addition of boron-

containing materials, such as colemanite, to the charge 
becomes necessary. 
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Аннотация. Исследованы особенности формирования зеренной структуры и механические свойства малолегированной стали 10Г2ФБЮ 

после прокатки в плоских и рельефных валках в условиях обычной и электропластической деформации. При прокатке в рельефных 
валках достигается существенная неравномерность деформации по сечению проката, что выражается в локализованных макросдвигах, 
направленных под углом 45° к плоскости проката. Локальная сдвиговая деформация при прокатке в рельефных валках приводит 
к возрастанию предела прочности исследуемой стали при снижении пластичности прокатанного материала. Прокатка стали 
10Г2ФБЮ в рельефных валках в условиях электропластичности обеспечивает максимальные прочностные характеристики с высоким 
коэффициентом упрочнения на стадии макродеформации. Пластичность при этом сохраняется на достаточном для технологических целей 
уровне. Структурные металлографические и электронно-микроскопические исследования показали, что повышение прочности стали при 
прокатке в рельефных валках в условиях электропластического эффекта обусловлены измельчением зерен феррита до размеров менее 
0,5 мкм. Фрактографические исследования выявили изменения характера разрушения в стали при прокатке в рельефных валках, которое 
выражается в появлении областей хрупкого разрушения в прокатанных образцах. Переход к прокатке в условиях электропластичности 
повышает долю вязкого разрушения и пластичность стали 10Г2ФБЮ. 

  pochiv@ispms.ru
Abstract. The article describes the features of grain structure formation and mechanical properties of low-alloy steel 10G2FBYu after rolling in flat 

and embossed rolls under the conditions of ordinary and electroplastic deformation. When rolling in embossed rolls, a significant non-uniformity of 
deformation is achieved over the rolling cross-section, expressed in localized macroshifts directed at an angle of 45° to the rolling plane. It is shown 
that local shear deformation during rolling in embossed rolls leads to an increase in the ultimate strength of the steel under study with a decrease 
in plasticity of the rolled material. Rolling 10G2FBYu steel in embossed rolls under conditions of electroplasticity provides maximum strength 
characteristics with a high hardening coefficient at the stage of macrodeformation. At the same time, the plasticity is maintained at a level sufficient for 
technological purposes. Structural metallographic and electron microscopic studies showed that increase in strength of steel when rolling in embossed 
rolls under conditions of electroplastic effect is caused by the refinement of ferrite grains to sizes less than 0.5 µm. Fractographic studies revealed 
changes in the nature of fracture in steel during rolling in embossed rolls, which is expressed in appearance of areas of brittle fracture in the rolled 
samples. Rolling under conditions of electroplasticity increases the proportion of ductile fracture and ductility of 10G2FBYu steel. 

Keywords: 10G2FBYu steel, rolling, embossed rolls, electroplastic deformation, fracture, structure
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 Introduction

Improving the quality of rolled sheets stands as 
the paramount objective in rolling production. Attain-
ing enhanced strength in low-alloy steels, crucial for 
construction, oil and gas equipment manufacturing, 
and oil and gas pipeline production, can be achieved 
through various methods: targeted alloying [1], cont-
rolled rolling [1; 2], asymmetric rolling [3], and other 
techniques [4 – 6]. To produce high-strength fine-grained 
rolled products, the suggestion is to employ deforma-
tion rolling processes featuring local macroshifts. These 
macroshifts are facilitated by rolling sheet material in 
rolls with annular grooves [7 – 9]. In [10], it is demon-
strated that rolling 09G2BT steel in such rolls results in 
a 10 % increase in tensile strength and a 17 – 47 MJ/m2 
boost in impact strength, while decreasing anisotropy (r) 
from 2.8, observed during rolling in smooth rolls, to 1.9 
when using rolls with annular grooves.

In [11 – 13], the study explores rolling in rolls with 
a corrugated or wavy surface as a form of intense plas-
tic deformation. This induces local macroshifts, influ-
encing the rolled metal through localized deformation 
effects. Such macroshifts play a crucial role in process-
ing the entire thickness of the sheet, refining the grain 
structure, and forming a fine-crystalline grain structure. 
This overall enhancement leads to improved strength 
characteristics in the rolled metal, including an increase 
in impact strength.

The quality of rolled metal can undergo substan-
tial improvement through the application of specia-
lized rolling methods combined with additional impact 
on the metal via low-duty impulses of high-density elect-
ric current (up to 1000 A/mm2) [14 – 16]. This approach 
is grounded in the electroplastic effect, which entails an 
augmentation in the plasticity of materials under the influ-
ence of an electric current. Notably, higher deformations 
have been achieved through rolling in the electroplastic 
deformation mode, eliminating the need for intermedi-
ate high-temperature annealing [17 – 19]. In a related 
study [20], it was demonstrated that rolling with current 
could lead to the formation of a nanocrystalline structure 
in titanium-based alloys and titanium nitride, signifi-
cantly enhancing their strength characteristics.

The current investigation encompasses an exami-
nation of the combined method involving rolling in 
embossed rolls with the additional impact of electric cur-
rent pulses on the structure and mechanical properties 

of low-alloy steel 10G2FBYu. This is compared to rolling 
in flat rolls, encompassing the electroplastic deformation 
(EPD) mode.

 Materials and methods

This study focused on low-alloy low-carbon steel 
10G2FBYu. The steel composition includes, wt. %: 
C 0.10; Mn 1.58; Si 0.38; S 0.005; P 0.015; Ti 0.019; 
Al 0.034; V 0.076; Nb 0.048; N2 0.008. 

The investigation involved steel in its as-delivered 
state, specifically a 56 mm thick sheet after hot rolling. 
Billets for rolling, in the form of rectangular section rods 
measuring 15×10 mm with a length of 200 mm, were 
cut from the original sheet along the rolling direction. 
Four rolling modes were employed. Mode 1: rolling bil-
lets in flat rolls, reducing thickness from 10 mm to 1 mm 
without intermediate annealing in multiple passes with 
a reduction per pass of 0.2 mm (referred to as rolling in 
flat rolls). Mode 2: rolling samples from 10 mm to 3 mm 
in flat rolls, from 3 mm to 1.6 mm in embossed rolls, 
and from 1.6 mm to 1 mm in flat rolls without interme-
diate annealing in multiple passes with a reduction per 
pass of 0.2 mm (referred to as rolling in embossed rolls). 
Modes 3 and 4 differed from modes 1 and 2 by applying 
electrical current pulses, with a frequency of 4 kHz and 
a duration of 100 μs, from a specialized pulse generator 
with a power of 600 W (referred to as rolling with EPD). 

The rolling of steel samples took place on a VEM 3 
laboratory mill.

Mechanical tests for uniaxial tension were conducted 
using an Instron-5582 universal testing machine at a speed 
of 10–4 s–1 at room temperature. Samples of 10G2FBYu 
steel for mechanical testing were cut into double-sided 
blades with a working length of 25 mm and a cross-sec-
tion of 1×5 mm. 

Metallographic studies utilized a Zeiss Axiovert 25 
CA optical microscope.

Fractographic studies of the destroyed samples were 
carried out using the raster electron microscopy with 
a Tesla BS-300 scanning microscope.

Electron microscopic analysis was conducted utili-
zing a JEM–100 CXII transmission electron microscope 
operating at an accelerating voltage of 100 kV. To pre-
pare samples for this analysis, sections were precisely cut 
using an electrical discharge machine, ground to a thick-
ness of 100 µm, and discs with a diameter of 3 mm were 
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subsequently cut. The samples were further polished until 
a hole emerged through jet electropolishing in an electro-
lyte composed of 125 ml CH3COOH, 25 g GrO3 , and 
5 ml H2O.

 Results and discussion

In Fig. 1, a, the structure of 10G2FBYu steel is 
depicted in its as-delivered state after pickling in a 4 % 
nitric acid solution. 

The steel exhibits a typical two-phase grain structure 
characterized by grains elongated along the rolling direc-
tion, displaying ferrite-pearlite banding (Fig. 1, a). Ferrite 
grain sizes range from 5 to 15 µm, and the width of pear-
lite strips is 3 – 7 µm. The tensile diagram of the steel 
in its as-delivered state is illustrated in Fig. 2, curve 1, 
with a tensile strength of 563 ± 12 MPa and a ductility 
of approximately 15 % (refer to the Table). 

Following rolling in flat rolls, 10G2FBYu steel deve-
lops a structure with grains elongated along the rolling 
direction (Fig. 1, b). During the rolling process, pear-
lite colonies undergo substantial crushing and transfor-
mation into small particles, measuring 3 – 5 μm in size 
and exhibiting irregular shapes. The ultimate strength 
of the steel experiences a notable increase (Fig. 2, Table). 
Howe ver, concurrently, the ductility undergoes a signifi-
cant reduction, almost halving in comparison.

The structure of 10G2FBYu steel after rolling in 
embossed rolls is presented in Fig. 1, c, d. Notably, roll-
ing in embossed rolls achieves significant, uneven defor-
mation across the cross-section of the rolled product, evi-
dent in localized macroshifts directed at a 45° angle to the 
plane of the rolled product (Fig. 1, c). These shifts result 

Fig. 1. Structure of 10G2FBYu steel in the state of delivery and after 
rolling under different conditions:

a – in the state of delivery; b – after rolling in flat rolls; 
c, d – after rolling in embossed rolls; 

e – after rolling in flat rolls with eloctroplastic deformation (EPD); 
f – after rolling in embossed rolls with EPD

Рис. 1. Структура стали 10Г2ФБЮ в состоянии поставки 
и после прокатки в разных условиях:

а – в состоянии поставки; b – после прокатки в плоских валках; 
c, d – после прокатки в рельефных валках; 

e – после прокатки в плоских валках с ЭПД; 
f – после прокатки в рельефных валках с ЭПД

Fig. 2. Stretching diagrams of 10G2FBYu steel:
1 – in the state of delivery; 2 – after rolling; 

3 – after rolling in embossed rolls; 4 – after rolling with EPD; 
5 – after rolling in embossed rolls with EPD

Рис. 2. Диаграммы растяжения стали 10Г2ФБЮ: 
1 – в состоянии поставки; 2 – после прокатки; 

3 – после прокатки в рельефных валках; 4 – после прокатки с ЭПД; 
5 – после прокатки в рельефных валках с ЭПД
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from local shear deformation during the rolling process 
in embossed rolls. Post-rolling, the grain structure under-
goes significant refinement, and a less pronounced banded 
ferrite–pearlite structure is formed (Fig. 1, d) compared 
to the original steel sample (Fig. 1, a). Strength charac-
teristics after rolling in embossed rolls are nearly identi-
cal to those of 10G2FBYu steel rolled in flat rolls (Fig. 2, 
Table). Notably, there is a noticeable increase in the elas-
tic limit, the hardening coefficient at the macrodeforma-
tion stage, and, consequently, an elevation in the condi-
tional yield strength σ0.2 .

Rolling in flat rolls in the electroplasticity mode 
marginally enhances the tensile strength and ductility 
of the steel compared to conventional rolling (Fig. 2, 
Table). The structure of the steel rolled in the electroplas-
ticity mode remains consistent with that observed during 
conventional rolling in flat rolls.

The structures of 10G2FBYu steel after rolling in 
flat and embossed rolls in the electroplastic deformation 
mode are depicted in Fig. 1, d, f. Notably, the size and 
morphology of cementite particles exhibit marked varia-
tions depending on the rolling method applied. Cemen-
tite particles in 10G2FBYu steel after rolling in flat rolls 
with EPD (Fig. 1, e) are larger in size, with an average 
width of 3.5 μm, compared to rolling in embossed rolls 
with EPD (Fig. 1, f) where the average width of cemen-
tite plates is 2.2 µm. In both rolling scenarios, highly 
dispersed carbide particles are observed inside the ferrite 
grains (Fig. 1, e, f).

The aforementioned mechanical test results for 
10G2FBYu steel, following various rolling schemes, 
underscore the significant influence of the rolling 
scheme and additional impact on the strength proper-
ties of the rolled material. During rolling in embossed 
rolls, where plastic flow occurs in both longitudinal and 
transverse directions with significant local macroshifts, 
the strength of 10G2FBYu steel surpasses that achieved 
through conventional rolling in flat rolls. Rolling the steel 
samples with the application of powerful electric current 
pulses in the electroplastic deformation mode also leads 

to an increase in its strength characteristics. The peak 
strength for 10G2FBYu steel is achieved after rolling 
in embossed rolls while simultaneously subjecting it 
to shear deformation and electric current pulses. In this 
scenario, the tensile strength reaches 1000 MPa, accom-
panied by a substantial increase in the hardening coeffi-
cient at the macrodeformation stage, rising from 200 MPa 
during conventional rolling to 500 MPa when rolling in 
embossed rolls in the EPD mode. 

An examination of the microstructure of 10G2FBYu 
steel through transmission electron microscopy reveals 
that in the as-delivered state, the predominant com-
ponent is ferrite (Fig. 3, a), with an average grain size 
of 5 – 10 μm. Deposits of iron carbide Fe3C of lamellar 
or spherical type are observed inside and along the grain 
boundaries. After rolling, a fine-grained structure with 
an average grain size of 5 – 7 μm forms in the steel, fea-
turing a cellular dislocation structure with misorientation 
between cells ranging from 2 to 10°. It’s worth noting that 
the post-rolling structure is highly heterogeneous. 

Following rolling in embossed rolls, the average 
grain size further decreases to 2 – 3 μm, and the grains 
become fragmented into cells with sizes less than 0.5 μm. 
This reduction in grain size during embossed roll roll-
ing is attributed to shear stresses, contributing to grain 
refinement. Rolling under conditions of electroplastic 
deformation, influenced by electric current pulses, leads 
to an even more significant reduction in the average grain 
size (less than 1 μm) and the formation of a cellular struc-
ture with dimensions less than 0.3 μm. This rolling mode 
corresponds to the highest strength achieved for the stu-
died steel.

Similar findings were reported in [21], where it was 
observed that rolling L80 brass in rolls with grooves led to 
a reduction in the average size of the initial grain from 22 
to 3 μm. In contrast, traditional rolling only resulted in a 
decrease in grain size to 9 μm. The formation of a fine-
crystalline structure, as demonstrated in both studies, 
contributes to an enhancement in the strength properties 
of the rolled material.

Mechanical properties of 10G2FBYu steel samples in the state of delivery 
and after rolling without and with EPD

Механические свойства образцов стали 10Г2ФБЮ в состоянии поставки 
и после прокатки без ЭПД и с ЭПД

State 
(type of treatment)

Elastic strength  
σ0 , MPa

Yield strength  
σ0.2 , MPa

Ultimate strength 
σu , MPa

Relative 
elongation, %

As delivered 265 ± 22 353 ± 2 563 ± 12 15.0 ± 2

After rolling 307 ± 27 502 ± 47 934 ± 14 7.5 ± 0.1

After rolling in embossed rolls 321 ± 15 540 ± 29 938 ± 4 6.8 ± 0.1

After rolling with EPD 278 ± 9 423 ± 24 958 ± 2 8.3 ± 0.1

After rolling in embossed rolls with EPD 511 ± 16 905 ± 17 1024 ± 12 5.0 ± 0.1
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The analysis of fracture patterns in 10G2FBYu steel 
samples subjected to active tension reveals distinctive 
characteristics. In the as-delivered state, fractures result 
in knife-like patterns, with the fracture surface characte-
rized by plastic materials featuring a cup-shaped appear-
ance (Fig. 4, a, c). The size of pits on the fracture sur-
face ranges from 0.5 to 15 μm. Some pits contain small 
(≈2 µm) non-metallic inclusions. Tensile testing in this 
state demonstrates the maximum ductility of 10G2FBYu 

steel. The elongation of fracture pits indicates the pres-
ence of a shear stress component during fracture. 

Following rolling in flat rolls, fractures in 10G2FBYu 
steel exhibit delaminations along the rolled planes, signifi-
cantly elongated fracture pits, and the emergence of quasi-
cleavage areas (Fig. 4, b, d). The ductility of the steel 
sharply decreases after rolling. These fracture features 
persist during rolling in relief rolls and in the electro-
plastic deformation mode. After rolling in embossed 

Fig. 3. Electron microscopic images of structure of 10G2FBY steel:
а − in the state of delivery; b – after rolling in embossed rolls

Рис. 3. Электронно-микроскопические изображения структуры стали 10Г2ФБЮ:
а − в состоянии поставки; b – после прокатки в рельефных валках

Fig. 4. Fracture factors of 10G2FBYu steel samples:
а, c – in the state of delivery; b, d – after rolling in flat rolls; e – after rolling in embossed rolls; 

f – after rolling in flat rolls with EPD; g – after rolling in embossed rolls with EPD

Рис. 4. Фрактуры разрушения образцов стали 10Г2ФБЮ:
а, c – в состоянии поставки; b, d – после прокатки в плоских валках; e – после прокатки в рельефных валках; 

f – после прокатки в плоских валках с ЭПД; g – после прокатки в рельефных валках с ЭПД
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rolls, the proportion of quasi-cleavage increases, and 
the fractograms of the fracture surface show large areas 
with a quasi-brittle type of fracture (Fig. 4, e). Samples 
rolled in the electroplastic deformation mode exhibit 
a decrease in the proportion of brittle fracture. Fig. 4, f, g 
display fractograms of the destruction of samples rolled 
in flat and embossed rolls in the electroplastic deforma-
tion mode. 

 Conclusions

The local shear plastic deformation occurring during 
rolling in embossed rolls induces the formation of loca-
lized deformation bands. These bands play a crucial role in 
effectively refining the grain structure and pearlite plates. 
Structural investigations have demonstrated that, par-
ticularly during such rolling under conditions of electro-
plastic deformation, a submicrocrystalline structure with 
a grain size of less than 0.5 μm is established.

The development of a submicrocrystalline struc-
ture results in a significant enhancement of the strength 
characteristics of the studied steel, including an increase 
in the hardening coefficient at the stage of macrodefor-
mation. In this scenario, ductility experiences a reduc-
tion but remains at a sufficient level for practical appli-
cations. Fractographic studies have revealed alterations 
in the nature of fracture in the steel during rolling, 
manifested in the emergence of areas featuring brittle 
fracture in the rolled samples. The shift to rolling under 
electroplastic deformation conditions increases the pro-
portion of ductile fracture and enhances the ductility 
of 10G2FBYu steel. 
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Аннотация. Методом проволочно-дугового аддитивного производства (WAAM – wire arc additive manufacturing) на подложке из алю-

миниевого сплава 5083 сформировано покрытие из высокоэнтропийного сплава Mn – Cr – Fe – Co – Ni неэквиатомного состава. Ме-
тодами сканирующей и просвечивающей электронной дифракционной микроскопии выполнен анализ структуры, фазового и эле-
ментного состава зоны контакта после облучения сильноточными низкоэнергетическими электронными пучками с параметрами: 
энергия ускоренных электронов 18 кэВ; плотность энергии пучка электронов 30 Дж/см2; длительность импульса пучка электронов 
200 мкс; количество импульсов 3; частота следования импульсов 0,3 с–1. Многофазная многоэлементная субмикро- и нанокристал-

  gromov@physics.sibsiu.ru
Abstract. Using the wire-arc additive manufacturing method (WAAM) on a 5083 aluminum alloy substrate, a non-equiatomic Mn – Cr – Fe – Co – Ni 

high-entropy alloy (HEA) coating was formed. By scanning and transmission electron diffraction microscopy we analyzed the structure, phase 
and elemental composition of the contact zone after irradiation with high-current low-energy electron beams with the following parameters: 
accelerated electron energy 18 keV, electron beam energy density 30 J/cm2, electron beam pulse duration 200 µs, number of pulses 3, pulse 
repetition rate 0.3 s–1. Multiphase multielement submicro- and nanocrystalline structures are formed predominantly in the substrate, which has 
a lower melting temperature compared to HEAs. Mutual doping of the coating – substrate system occurs in the contact layer, which has sinuous 
boundaries. The contact layers adjacent to the substrate and coating have the structure of high-speed cellular crystallization. In the layer adjacent 
to the substrate, the cells are formed by a solid solution of magnesium in aluminum. Interlayers of the second phase, enriched in atoms of the 
coating and substrate, are revealed along the cell boundaries. In the layer adjacent to the coating, the cells are formed by an alloy of composition 
0.17Mg – 20.3Al – 4.3Cr – 16.7Fe – 9.3Co – 49.2Ni corresponding to the coating. Interlayers of the second phase, enriched mainly in magnesium 
and, to a lesser extent, in atoms of the HEA coating, are located along the cell boundaries. Central region of the contact zone with a thickness 
of ~1700 μm is formed by lamellar crystallites, which indicates the eutectic nature of its formation. Its main element is aluminum (≈77 at. %). 

Keywords: high-entropy alloy, 5083 alloy, wire-arc additive manufacturing method, pulsed electron beam, elemental and phase composition, structure, 
contact zone
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 Introduction

Over the past two decades, there has been a notable 
surge in scientific interest regarding the development 
and investigation of high-entropy alloys (HEAs) owing 
to their distinctive microstructure, composite composi-
tion, and exceptional mechanical and functional prop-
erties [1; 2]. The pioneering materials in this category 
were alloys within the Al – Co – Cr – Fe – Ni systems and 
the Cantor alloy Mn – Co – Cr – Fe – Ni [3; 4]. HEAs, 
beyond possessing characteristics typical of conventional 
metal alloys, exhibit unique and unconventional proper-
ties reminiscent of metal-ceramics. These include high 
hardness and resistance to temperature hardening, disper-
sion hardening, a positive temperature hardening coeffi-
cient, elevated temperature strength, high wear and corro-
sion resistance, among other attributes [5 – 8]. 

Various reviews [8 – 11] have comprehensively ana-
lyzed the structural-phase states, properties, simulation, 
production methods, and application areas of the most 
promising HEAs. It has been emphasized that the advent 
of HEAs represents a significant leap forward in 
the advancement of metal alloys. 

Currently, there is a wealth of information being 
actively accumulated on high-entropy alloys (HEAs), 
encompassing structural-phase states, defect substruc-
ture, stability, deformation behavior over a broad tem-
perature range, the impact of doping and other factors, 
as well as novel methods for HEA production [12 – 17]. 
In the realm of HEA physics, there is a distinct focus on 
enhancing surface properties through various treatments, 
including irradiation with low-energy high-current elec-
tron beams. Electron-beam processing offers ultrahigh 
surface heating rates (up to 108 K/s) and subsequent cool-
ing through heat-water transfer to the material’s bulk. 
This leads to the formation of nonequilibrium submicro- 
and nanocrystalline structural-phase states, the develop-
ment of a columnar structure, and the homogenization 
of chemical composition [18]. 

The primary objective of the current study is to ana-
lyze the structural-phase states within the contact zone 
of the HEA layer (coating) formed by wire-arc additive 
manufacturing on alloy 5083 (substrate) and subjected 
to electron-beam treatment.

 Materials and methods

The material under investigation in this study comp-
rised a coating – substrate system. The coating was 
a high-entropy alloy with the elemental composition 
Mn – Cr – Fe – Co – Ni, fabricated onto the substrate using 
wire-arc additive manufacturing [1; 2]. The substrate 
material employed was alloy 5083. The contact zone 
of the coating–substrate system underwent irradiation 
with an intense pulsed electron beam using the SOLO 
installation. The process parameters for the irradia-
tion were as follows: accelerated electrons’ energy 
U = 18 keV, electron beam energy density ES = 30 J/cm2, 
electron beam pulse duration t = 200 μs, number of pulses 
N = 3, and pulse repetition rate f = 0.3 s–1. The irradiation 
took place in a vacuum at a residual gas pressure (argon) 
in the installation chamber of p = 0.02 Pa. To investigate 
the structural phase states of the contact zone between 
the coating and the substrate, scanning electron micros-
copy (SEM 515 Philips with EDAX ECON IV X-ray spect-
ral microanalyzer) and transmission diffraction electron 
microscopy (JEM-2100) were employed [19 – 21]. Foils 
for the transmission electron microscope were prepared 
through ion thinning (Ion Slicer EM-091001S, utilizing 
argon ions) of plates obtained from bulk samples using 
an Isomet Low Speed Saw unit. The cutting was per-
formed perpendicular to the surface of the HEA deposited 
layer, extending from the interface between the substrate 
and the deposit. This method facilitated the observation 
of structural and phase composition changes in the mate-
rial with distance from the contact zone of the coating 
with the substrate.

лическая структуры формируются преимущественно в подложке, которая имеет более низкую температуру плавления по сравне-
нию c ВЭС. В контактном слое, имеющем извилистые границы, происходит взаимное легирование системы покрытие – подложка. 
Контактные слои, примыкающие к подложке и покрытию, имеют структуру высокоскоростной ячеистой кристаллизации. В слое, 
примыкающем к подложке, ячейки образованы твердым раствором магния в алюминии. По границам ячеек находятся прослойки вто-
рой фазы, обогащенные атомами покрытия и подложки. В слое, примыкающем к покрытию, ячейки сформированы сплавом состава 
0,17 % Mg – 20,3 % Al – 4,3 % Cr – 16,7 % Fe – 9,3 % Co – 49,2 % Ni, соответствующего покрытию. По границам ячеек располагаются 
прослойки второй фазы, обогащенные преимущественно магнием и в меньшей степени атомами покрытия ВЭС. Центральная область 
зоны контакта толщиной примерно 1700 мкм сформирована кристаллитами пластинчатой формы, что свидетельствует об эвтектиче-
ской природе ее образования. Ее основным элементом является алюминий (примерно 77 % (ат.)). 

Ключевые слова: высокоэнтропийный сплав, сплав 5083, метод проволочно-дугового аддитивного производства, импульсный электронный 
пучок, элементный и фазовый состав, структура, зона контакта
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 Results and discussion

In Fig. 1, an electron microscopic image displays 
the cross-section of the contact zone between the coa-
ting (HEA) and the substrate (alloy 5083). An extended 
layer, up to 700 μm thick, is evident, characterized by 
microcracks along the contact boundary on the substrate 
side. The sinuous boundaries of the contact layer suggest 
a high degree of fusion between the substrate and deposi-
ted material.

X-ray spectral microanalysis revealed mutual diffu-
sion of atoms from the substrate and coating, as indicated 
in Table 1. Notably, the near-contact layer of the coating 
shows aluminum doping (Fig. 1, a, b, analysis region A), 
while the near-contact layer of the substrate exhibits dop-
ing with HEA elements (Fig. 1, c, d, analysis region B). 
Significantly, aluminum is more pronounced as a do pant 
in the coating, likely attributed to its lower melting 
point compared to HEA. Fig. 2 illustrates the change in 
elemental composition in the contact layer of the film – 
substrate system during the transition from the surfacing 
metal to the substrate metal (Fig. 2, b). A smooth transi-
tion in the elemental composition of the contact zone sug-
gests the absence of vortex flows in the employed method 
of coating deposition on the substrate and subsequent 
irradiation with a pulsed electron beam. 

Under the conditions of irradiation with a pulsed elec-
tron beam, mutual doping of the coating and substrate is 
expected to result in a significant alteration of the phase 
composition in the contact zone. The elemental and phase 
compositions were investigated using thin foil methods in 
layers (Fig. 2, b). 

The examination revealed that the structure of layer I 
is characterized by cells displaying high-speed crystal-
lization (Fig. 3, a). As it moves away from the contact 
zone with the coating, the cellular structure transforms 
into a layered structure (Fig. 3, b). The majority of cells 
constitute a solid solution of magnesium in aluminum, 
consistent with alloy 5083 (Table 2, analysis regions 1 
and 2 are indicated in Fig. 3). Second-phase layers 

T a b l e  1

Results of microrentgenospectral analysis 
of elemental composition of the coating in A region 

and the substrate in B region

Таблица 1. Результаты микрорентгеноспектрального  
анализа элементного состава покрытия в области А 

и подложки в области B

Region
Content, at. %

Mg Al Cr Mn Fe Co Ni
А 5.7 92.4 0.3 0.5 0.5 0.3 0.3
B 0 12.3 12.6 2.7 32.5 25.3 14.6

Fig. 1. Structure of the contact zone of HEA surfacing 
and substrate (AMg5) irradiated with a pulsed electron beam (а, c) 

and energy spectra obtained from regions А (b) and B (d)  

Рис. 1. Структура области контакта наплавки ВЭС 
и подложки (АМг5), облученной импульсным электронным

 пучком (а, c) и энергетические спектры, полученные 
с области А (b) и области B (d)
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at the cell boundaries are enriched with atoms from both 
the surfacing and substrate.

Through darkfield analysis with subsequent micro-
electronogram identification, it was determined that 
the majority of high-speed crystallization cells were 
formed by a solid solution based on aluminum. These 
cells are separated by layers of the Mg2Si phase.

Layer II exhibits a lamellar structure seemingly arising 
from eutectic transformation during high-speed heat treat-
ment initiated by the pulsed electron beam (Fig. 4, а). X-ray 
spectral microanalysis of the foil indicates that the predo-
minant element in layer II is aluminum (76.8 %), accom-
panied by smaller amounts of Mg (4.1 %), Cr (2.2 %), 
Mn (0.3 %), Fe (4.9 %), Co (1.6 %), Ni (10.1 %) (at. %).

Darkfield analysis, coupled with subsequent micro-
electronogram identification, revealed that this layer 
is composed of plates corresponding to the follo-

T a b l e   2

Results of micro­X­ray spectral analysis 
of the elemental composition of the surfacing – substrate 

system irradiated with a pulsed electron beam

Таблица 2. Результаты микрорентгеноспектрального 
анализа элементного состава системы «наплава – под-

ложка», облученной импульсным электронным пучком

Spec t-
rum

Content, %
Mg Al Si Cr Mn Fe Co Ni

Region А
1 3.55 96.45 0 0 0 0 0 0
2 5.69 83.06 3.95 0.27 0.38 1.44 0.41 4.79

Region B
1 3.00 97.00 0 0 0 0 0 0
2 10.73 80.65 2.43 0.29 0.31 1.25 0.33 4.02

Fig. 2. Dependences of alloying elements concentration (b) of the contact zone of coating and substrate identified along the line (0 – 1700) 
shown on a (I, II, III – layers in which the analysis of structural-phase states was carried out by TEM and STEM methods)  

Рис. 2. Зависимости концентрации легирующих элементов (b) зоны контакта покрытия и подложки, 
выявленные вдоль линии (0 – 1700), приведенной на поз. а (цифрами I, II, III обозначены слои, в которых осуществлялся анализ 

структурно-фазовых состояний методами TEM и STEM)

Fig. 3. Structure of layer I of the surfacing – substrate system irradiated by a pulsed electron beam 
(1 and 2 – areas of microrentgenospectral analysis of the alloy elemental composition)  

Рис. 3. Структура слоя I системы «наплавка – подложка», облученной импульсным электронным пучком 
(цифрами 1 и 2 обозначены области микрорентгеноспектрального анализа элементного состава сплава)
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wing phases: Al13Fe4 (Fig. 4, b), Cr – Ni – Fe and Al6Fe 
(Fig. 4, d). 

Layer III, akin to layer I, consists of cells displaying 
high-speed crystallization (Fig. 5, a). The majority of these 
cells constitute an alloy with the composition 0.17 % Mg –  
– 20.3 % Al – 4.3 % Cr – 16.7 % Fe – 9.3 % Co – 49.2 % Ni,  
aligning with a HEA doped with substrate elements. Inter-
layers of the second phase, situated along the bounda-
ries of the cells, are also formed by elements from 
the surfacing and substrate (41.5 % Mg – 10.9 % Al – 
– 9.0 % Cr – 1.0 % Mn – 15.2 % Fe – 4.1 % Co – 18.4 % Ni).

Darkfield analysis, along with microelectronogram 
indication, revealed that the bulk of high-speed crystal-
lization cells in layer III is constituted by a solid solu-
tion based on HEA, doped with aluminum and magne-
sium (Fig. 5, b). These crystallization cells are separated 
by interlayers of the Al18Cr2Mg3 phase (Fig. 5, c).

 Conclusions

The wire-arc additive manufacturing method was 
employed to create a HEA coating with a non-equi-

Fig. 4. Structure of layer II of the surfacing – substrate system:
a – light–field image; b, d – dark-field images; c – microelectronic image from the foil section (a). 

Image (b) was obtained in reflex [113]Al13Fe4 ; image (d) was obtained in reflexes [101]Cr–Ni–Fe + [114]Al6Fe; 
on (c) the reflexes are indicated in which the dark fields 1 (b) and 2 (d) are obtained 

Рис. 4. Структура слоя II системы «наплавка – подложка»:
а – светлопольное изображение; b, d – темнопольные изображения; c – микроэлектроннограмма с участка фольги (а). 

Изображение (b) получено в рефлексе [113]Al13Fe4 ; изображение (d) получено в рефлексах [101]Cr–Ni–Fe + [114]Al6Fe; 
на поз. (c) обозначены рефлексы, в которых получены темные поля 1 (b) и 2 (d)

Fig. 5. Structure of layer III of the surfacing – substrate system after electron beam processing:
a – light–field image; b, c – dark-field images and microelectronogram (d) obtained from the foil section (a). 

Image (b) was obtained in the reflex [210]Cr–Ni–Fe; image (c) was obtained in reflexes [222]Cr–Ni–Fe + [880]Al18Cr2Mg3; 
on (d) the reflexes are indicated in which dark fields 1 (b) and 2 (c) are obtained 

Рис. 5. Структура слоя III системы «наплавка – подложка» после электронно-пучковой обработки:
а – светлопольное изображение; b, c – темнопольные изображения и микроэлектронограмма (d), полученные с участка фольги (а). 

Изображение (b) получено в рефлексе [210]Cr–Ni–Fe; изображение (c) получено в рефлексах [222]Cr–Ni–Fe + [880]Al18Cr2Mg3 ; 
на поз. d обозначены рефлексы, в которых получены темные поля 1 (b) и 2 (c)
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atomic elemental composition Mn – Cr – Fe – Co – Ni on 
alloy 5083. The contact zone of the coating – substrate 
system underwent irradiation with an intense pulsed 
electron beam. Through advanced techniques in physi-
cal materials science, investigations into the elemental 
and phase compositions, as well as the state of the defec-
tive substructure of the alloy formed in the contact 
zone of the substrate – coating system, were conducted. 
The analysis revealed mutual doping of the coating 
and substrate in a layer with an approximate thick-
ness of 1700 μm. The high-speed cooling of the contact 
zone in the coating – substrate system, occurring under 
the thermal influence initiated by a pulsed electron beam, 
resulted in the formation of a multi-element, multi-phase 
submicro-nanocrystalline structure. The contact layer 
adjacent to the substrate exhibited a high-speed cellular 
crystallization structure, with the cell bulk formed by a 
solid solution of magnesium in aluminum, corresponding 
to alloy 5083. Interlayers of the second phase, enriched in 
atoms from both the coating and substrate, were observed 
along the cell boundaries. In the central region of the con-
tact zone, plate-shaped crystallites were found, suggest-
ing a potential eutectic nature of formation. The primary 
chemical element in this area was aluminum, constitut-
ing approximately 77 at. %. The contact layer adjacent 
to the coating displayed a high-speed cellular crystal-
lization structure, with the majority of cells formed 
by an alloy composition (0.17 % Mg – 20.3 % Al – 
– 4.3 % Cr – 16.7 % Fe – 9.3 % Co – 49.2 % Ni) corres-
ponding to HEA, doped with substrate elements. Inter-
layers of the second phase, located along the boundaries 
of the cells, were enriched with magnesium and, to a lesser 
extent, with atoms forming the coating.
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Аннотация. Исследована природа подвижных фронтов локализованной деформации, которые возникают и распространяются в процессе 

деформирования метастабильной аустенитно-мартенситной TRIP-стали ВНС9-Ш на всем протяжении кривой нагружения от предела 
текучести до разрушения. Совместное исследование характера движения деформационных фронтов и кинетики накопления магнитной 
фазы позволило установить, что рассматриваемые фронты являются фронтами термоупругого фазового превращения метастабильного 
аустенита в мартенсит. Данное превращение реализуется вначале путем формирования полос Чернова–Людерса, а затем полос 
Портевена–Ле Шателье. Оба процесса согласованы со стадийностью деформационной кривой, которая содержит вырожденную площадку 
текучести, участок с возрастающим коэффициентом упрочнения и участок с убывающим коэффициентом упрочнения. Показано, что 
деформационно-индуцированному фазовому превращению соответствуют фронты, распространяющиеся на площадке текучести и на 
участке кривой нагружения, с возрастающим коэффициентом упрочнения. Полосы Портевена–Ле Шателье, которые образуются на 
участке диаграммы нагружения с убывающим коэффициентом упрочнения, с превращением «аустенит – мартенсит» не связаны и имеют 
двойниковую природу. Кинетика фронтов термоупругого превращения, как и деформационных фронтов в материалах со сдвиговым 
механизмом формоизменения, может быть описана в рамках автоволновой концепции. На площадках текучести фазовое превращение 

  dvi@ispms.ru
Abstract. The authors studied the nature of mobile fronts of localized deformation that generate and propagate during deformation of metastable 

austenitic-martensitic TRIP steel VNS9-Sh along the entire length of the loading curve from the yield point to fracture. A joint research of the nature 
of the deformation fronts movement and kinetics of the magnetic phase accumulation made it possible to establish that the fronts under consideration 
are the fronts of the thermoelastic phase transformation of metastable austenite into martensite. This transformation is realized firstly by formation 
of the Chernov–Lüders bands and then the Portevin–Le Chatelier bands. Both processes are consistent with staging of the deformation curve, 
which contains a pseudo-plateau, a section with an increasing hardening coefficient, and a section with a decreasing hardening coefficient. It is 
shown that the deformation-induced phase transformation corresponds to the fronts propagating on the pseudo-plateau and on the section of loading 
curve with an increasing hardening coefficient. The Portevin–Le Chatelier bands, which are formed in the section of the loading diagram with 
a decreasing hardening coefficient, are not associated with “austenite-martensite” transformation and have a twin nature. The kinetics of thermoelastic 
transformation fronts, as well as deformation fronts in materials with a shear mechanism of shaping, can be described in terms of the autowave 
concept. On the yield plateaus, the phase transformation occurs through generation and propagation of localized plasticity switching autowaves. 
In the section with an increasing hardening coefficient, it continues through generation and movement of excitation autowaves. The propagation 
regions of excitation autowaves are limited in the sample space. They are set by the zones of origin and annihilation of primary switching autowaves 
which were formed on the yield plateau. 

Keywords: TRIP steel, thermoelastic phase transformation, localized deformation fronts, Chernov–Lüders bands, Portevin–Le Chatelier bands, switching 
autowaves, excitation autowaves
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 Introduction

The utilization of the autowave concept to characte-
rize Lüders deformation in low-carbon steel has proven 
to be productive [1]. This conceptual framework enabled 
the establishment of the nonlinear relationship between 
the speed of Lüders fronts and the deformation rate, shed-
ding light on the underlying reasons for this nonlinea-
rity. It is recognized that, at the microscopic level in 
low-carbon steel, the emergence of Chernov-Lüders 
bands (ChLB) is attributed to two competing processes: 
the thermally activated movement of dislocations, where 
the primary barriers are “forest” dislocations, and their 
additional hindrance due to the deposition of impurity 
atoms on mobile dislocations (effect of dynamic strain 
aging) [2 – 4]. Nevertheless, certain materials, such as 
shape memory alloys and certain steels with a metastable 
phase structure, exhibit ChLB formation at the microlevel 
not linked to dislocation processes but rather to deforma-
tion-induced phase transformation [5 – 8]. This raises 
the question of how applicable the autowave concept 
of plastic flow is in such cases.

In response to the demands of technological practice, 
the advancement of insights into the mechanisms gov-
erning thermoelastic phase transformations has contrib-
uted to the development of TRIP-steels (transformation 
induced plasticity), characterized by high strength coup-
led with significant plasticity. This steel class encom-
passes metastable austenitic–ferritic [8] and austenitic–
martensitic steels [9]. The attainment of the TRIP effect 
is contingent upon the nature of changes in metastable 
austenite volume fraction during mechanical process-
ing. This process is influenced by various parameters, 
including the crystal lattice orientation, temperature, 
deformation rate, degree of hardening, and the hetero-
geneity of alloying element distribution [10 – 13]. For 
example, the authors of [12] demonstrated that the dis-
parate stability of austenite in austenitic–ferritic TRIP 
steels stems from the nonuniform distribution of manga-
nese. Similarly [9], established that the stability of aus-
tenite in austenitic–martensitic TRIP steel varies based 
on the reduction amount during “warm” rolling. When 
the degree of hardening of the austenite phase is substan-
tial, the transformation occurs at high stresses and is fully 

completed at the yield point. If the hardening is not sig-
nificant and the yield strength is low, only a small por-
tion of the austenite transforms into the martensite phase 
at the yield site. The transition in the remaining austenite 
grains occurs in subsequent stages of the loa ding curve 
through the mechanism of formation and propa gation 
of Portevin–Le Chatelier (PLCh) bands. It was noted 
in [14] that the fronts of the Chernoff–Lüders bands 
(ChLB) and the fronts of the PLCh bands represent dis-
tinct autowave modes. As the processes of shape change 
in austenitic–martensitic TRIP steels unfold through 
the thermoelastic transformation of non-magnetic aus-
tenite into a magnetic martensitic phase, the objective 
of this study is to examine the kinetics of localized plastic 
deformation fronts concurrently with the characterization 
of martensite accumulation patterns based on the mate-
rial’s magnetization magnitude.

 Materials and methods

The investigations were conducted on samples 
of VNS9-Sh (23Kh15N5AM3-Sh) TRIP steel. 1 mm thick 
plates as delivered underwent austenitization (hardening) 
with a 1 h exposure at a temperature of T = 1400 K, fol-
lowed by cooling in water. Subsequently, multi-pass warm 
rolling was performed at a temperature of 620 K with a 40 % 
reduction. Following austenitization, the steel exhibited a 
low yield strength (σ0.2 = 250 MPa) and high plasticity 
(δ = 27 %). Hardening during rolling resulted in an almost 
threefold increase in yield strength (σ0.2 = 735 MPa), 
accompanied by a reduction in plasticity to 20 %. The aus-
tenitized state is denoted as 1, and the rolled state as 2. 
The chemical composition of VNS9-Sh steel is as follows 
(by weight): 0.25 % C; 14.5 – 16.0 % Cr; 4.8 – 5.8 % Ni; 
2.7 – 3.2 % Mo; 0.03 – 0.07 % N; ≤1 % Mn; ≤0.6 % Si; 
≤0.01 % S; ≤0.015 % P.

Using the electric spark method, samples of the “doub-
 le blade” type with working part dimensions of 40×6 mm 
were cut from the workpieces. The samples underwent 
uniaxial tension testing at room temperature using 
a Walter + Bai AG universal testing machine, LFM 125 
series. The moving speed of the movable gripper (Vmach ) 
was set at 0.4 mm/min, ensuring a deformation rate 
of 1.67·10–4 s–1. 

происходит путем зарождения и распространения автоволн переключения локализованной пластичности. На участках с возрастающим 
коэффициентом упрочнения оно продолжается путем зарождения и движения автоволн возбуждения. Области распространения автоволн 
возбуждения ограничены в пространстве образца. Они задаются зонами зарождения и аннигиляции первичных автоволн переключения, 
которые были сформированы на площадках текучести. 

Ключевые слова: TRIP-сталь, термоупругое фазовое превращение, фронты локализованной деформации, полосы Чернова–Людерса, полосы 
Портевена–Ле Шателье, автоволны переключения, автоволны возбуждения
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Throughout the stretching process, digital images 
of the deformed sample were sequentially recorded, fol-
lowing a procedure similar to the one outlined in [1]. 
The recorded series of images served for the identifica-
tion of areas with localized deformation, and their kinet-
ics were analyzed using the traditional method of digital 
image correlation (DIC) [15]. Utilizing the obtained data 
arrays, chronograms were constructed [1; 16], enabling 
the detection of regions of origin, movement, and annihi-
lation of localized deformation fronts.

Simultaneously, changes in the martensite content 
in the samples were determined in situ by measuring 
the magnetization of the material using an MVP-2M multi-
functional eddy current device. This magnetic measure-
ment method allows for the quantification of the volu me 
fraction of the magnetic phase without the necessity 
of interrupting mechanical tests. The magnetic measure-
ment sensor remained in contact with the working part 
of the sample throughout the entire loading duration, with 
a sensor probe diameter of 2 mm.

 Results

Fig. 1 depicts the strain curves σ(ε) and the corres-
ponding variations in the strain hardening coefficient 
θ(ε) = dσ/dε(ε) for samples in states 1 and 2. A compre-
hensive analysis of these dependencies facilitate identifi-
cation of five distinct areas: I, II, IIIi , IIId , IIIj . Section I 
(0 – t1 ) corresponds to elastic loading and microplasticity 

(not shown in the θ(ε) dependence for state 1). Section II 
(t1 – t2 ) includes a weakly defined tooth and an imperfect 
yield plateau (referred to as a pseudo plateau in the ter-
minology of [16]). Following section II, the nonlinear 
stage III begins with a positive hardening coefficient. 
In section IIIi (t2 – t3 ) the hardening coefficient increases 
from zero to its maximum value. Section IIId (t3 – tδ ) is 
characterized by a decline in the hardening coefficient 
from its maximum value to zero, akin to the traditional 
parabolic strain curve described by the Hollomon–Lud-
wik equation σ = σ0 + Kεn (where K is the strain harde-
ning coefficient and n is the strain hardening index, 
with n < 1). In the austenitized state 1, stress surges are 
observed against the backdrop of this curve (section IIIj , 
tj – tδ ). The Table provides the values of time and defor-
mation corresponding to the boundaries of the stages and 
sections.

The magnetic measurements conducted during 
the tensile tests of the sample enabled the characteri-
zation of the process of martensitic phase accumula-
tion and, consequently, a reduction in the volume frac-
tion of metastable austenite. Throughout deformation, 
the content of the austenite phase in steel decreased from 
93 % to approximately 30 % in state 1, and from 80 % 
to approximately 40 % in state 2 (Fig. 2).

As established in [17], the deformation of TRIP steels 
develops locally through the formation and movement 
of deformation fronts. In the present work, it has been 

Duration of loading curve stages

Продолжительности стадий кривой нагружения

State t1 , s ε1 t2 , s ε2 t3 , s ε3 tj , s εj tδ , s δ
1 18 0.003 90 0.015 545 0.090 1050 0.175 1575 0.265
2 83 0.014 227 0.078 470 0.078 – – 1214 0.202

Fig. 1. Stress-strain curve and hardening coefficient of VNS9-Sh steel in states 1 (a) and 2 (b) 

Рис. 1. Деформационная кривая и коэффициент упрочнения стали ВНС9-Ш в состояниях 1 (а) и 2 (b)
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demonstrated that the kinetics of deformation fronts align 
not only with the stages of the hardening curve but also 
with changes in the phase composition.

Fig. 3 shows the initial section of the chronograms 
depicting the movement of deformation fronts in TRIP 
steel in states 1 and 2. The chronograms are constrained 
to 810 s (state 1) and 1150 s (state 2) due to the signifi-
cantly higher amplitudes of deformation in the destruction 
zone compared to the pseudo plateau. This sharp inhomo-
geneity in contrast complicates the perception of fronts 
in the early stages of deformation. It is evident that in 
all sections, except for section I, localized deformation 
fronts are in motion. During the pseudo plateau stage, 
ChLBs form in both states, denoted as A, B, C, and A, B, 
C, D, E for states 1 and 2, respectively.

The chronogram in Fig. 3, a (state 1), illustrates that 
the Lüders band A appeared on the yield tooth at time t1 . 
Subsequently, bands B and C were formed, and their 
fronts (boundaries) moved in pairs towards each other, 
culminating in annihilation at time t2 . At this juncture, 
the entire working area of the sample has transitioned 
into a plastically deformed state. The regions of annihila-
tion of Lüders fronts play a pivotal role in the subsequent 
stages.

In all sections of nonlinear stage III, there is also 
the movement of localized deformation fronts (Fig. 3, a). 
However, initially, they originate and spread within 
the boundaries set by the annihilation zones of the Lüders 
fronts. The movement of deformation fronts during 
stage III is such that, overall, they traverse the entire 

Fig. 2. Variation in phase composition of VNS9-Sh steel during deformation in states 1 (a) and 2 (b) 

Рис. 2. Изменение в процессе деформации фазового состава стали ВНС9-Ш в состояниях 1 (а) и 2 (b)

Fig. 3. Chronograms of phase transformation fronts propagation in VNS9-Sh steel in states 1 (a) and 2 (b) 

Рис. 3. Хронограммы распространения фронтов фазового превращения в стали ВНС9-Ш в состояниях 1 (а) и 2 (b)
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sample multiple times. As section IIIj commences, 
the regions of annihilation of Lüders fronts cease to serve 
as boundaries for the movement of deformation fronts 
during stage III. 

In state 2 (Fig. 3, b) in the pseudo plateau area, the sce-
nario is analogous to that described for state 1, albeit with 
a higher generation of Chernov–Lüders bands (ChLB). 
The regions of annihilation of Lüders fronts continue 
to act as constraints on the movement of deformation 
fronts during stage III. However, in this case, such fronts 
move only up to approximately 700 s. Following this 
period, macro-level deformation localization is absent 
until the formation of a fracture neck at tδ = 1214 s. 

In a previous study [17], it was hypothesized that 
the observed fronts of localized deformation are attribu-
ted to the progression of the γ → α′ phase transformation. 
If this assumption holds true, the accumulation of the mar-
tensite phase should align with the kinetics of deformation 
fronts. In Fig. 3, horizontal blue lines denote the coordi-
nates where the magnetic measurement sensor is posi-
tioned on the working part of the samp le; the numbers 
indicate the instances of the passage of locali zed defor-
mation fronts through these coordinates. As the deforma-
tion front traverses the specified point, the rate of strain 
accumulation dε/dt sharply increases, as evident in Fig. 4. 
Time instant 1 (state 1) corresponds (Fig. 4, a) to the pas-
sage of front A of the Lüders band through the magnetic 
sensor probe, while the subsequent instances (2 – 10) 
denote the passage of localized deformation fronts during 
stage III. 

In Fig. 4, a, the dependence of the rate of martensite 
phase accumulation on time in state 1 is also depicted. 
It is evident that the passage of front A of the Lüders 
band at time 1 corresponds to the maximum rate of for-
mation of the magnetic phase of α′ martensite. It is esti-
mated that up to 10 % of the magnetic phase is formed 

on the pseudo plateau. The remaining transformation 
γ → α′ primarily occurs in the nonlinear section IIIi 
under conditions of increasing hardening rate. Here, too, 
the maximum rate of martensite formation aligns with 
times 2 – 10, coinciding with the passage of deforma-
tion fronts through the probe. The highest transforma-
tion rates are observed at times of passage of fronts 5 – 8. 
In total, approximately 50 % of the martensite phase is 
formed in section IIIi . As section IIId begins (t3 = 545 s), 
the transformation rate sharply decreases, and the corres-
pondence between the time of passage of deformation 
fronts and the maximum rates of γ → α′ transformation is 
disrupted. By the start of section IIIj (tj = 1050 s), the rate 
of γ → α′ transformation nearly becomes zero (Fig. 4, a), 
and the content of α′ martensite reaches 69 %, remaining 
almost unchanged (Fig. 2). Simultaneously, the deforma-
tion fronts continue to propagate, and their amplitudes 
even increase (Fig. 3, a and 4, a).

In state 2 (Fig. 4, b) the situation is generally simi-
lar. However, pseudo plateau (section II) produces 
marked ly more martensite (≈15 %). Additionally, 
even though the duration of section IIIi is significantly 
shorter in state 2, almost 40 % of martensite has been 
formed within this section. Here as well, the maximum 
rate of α′ phase formation corresponds to the passage 
of deformation fronts through the probe of the magnetic 
sensor. As the section IIId commences, similar to state 1, 
the transformation rate sharply decreases to zero. 
The synchronicity between the maximum velocities 
γ → α′ and the times of passage of deformation fronts is 
disrupted, and the amount of martensite, having reached 
60 %, remains unchanged further (Fig. 4, b and Fig. 2). 
It is worth noting that in state 2, in section IIId , there is 
no movement of deformation fronts, no stress drops, and 
the σ(ε) diagram remains smooth until failure (Fig. 1, b 
and Fig. 3, b).

Fig. 4. Accumulation rates of local deformation dε /dt and martensite dα′/dt at contact point of the magnetic measurement sensor:
a – state 1; b – state 2

Рис. 4. Скорости накопления локальной деформации dε /dt и мартенсита dα′/dt в точке контакта датчика магнитных измерений:
а – состояние 1; b – состояние 2
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 Discussion

The thermoelastic martensitic transformation in 
the TRIP steel under investigation can potentially occur 
throughout the entire deformation process, spanning 
from the yield point to fracture. However, the sequence 
of macroscopic manifestations and the completeness 
of this process are contingent on various external fac-
tors. For instance, as demonstrated by the authors of [10], 
the γ → α′ transformation in VNS9-Sh steel never reaches 
completion. As the deformation rate and test temperature 
increase, a greater quantity of “stable” austenite, as per 
the authors’ terminology, remains. At room temperature 
and a stretching rate of approximately 10–4 s–1, about 
70 % of austenite is retained, aligning with the findings 
obtained in this study. 

It is commonly asserted that the thermoelastic trans-
formation γ → α′ in TRIP steels is primarily facili-
tated through the formation of ChLB [7; 10], and then 
conti nues in the form of the Portevin–Le Chatelier 
effect [7; 10; 17]. The findings of this study generally 
align with this concept. However, in a previous investiga-
tion [18], it was demonstrated that at a high level of hard-
ening of metastable austenite, the transformation can be 
entirely completed by the formation of ChLB at the yield 
site, and further deformation occurs without the involve-
ment of a phase transformation. 

Building upon the results of this study (VNS9-Sh in 
state 1, low yield strength), it was established that after 
Lüders deformation, the phase transformation indeed con-
tinues through the formation and propagation of PLCh 
bands, but only while the strain hardening rate increases. 
Upon transitioning to the section of the deformation 
curve with a decreasing hardening rate, the transforma-
tion diminishes and comes to a complete halt in the region 
of abrupt deformation. The observed discontinuous flow 
thereafter is not associated with a phase transformation 
and appears to be explained, similar to stable austenitic 
steels, by twinning [19]. When the steel under study was 
in state 2 (high yield stress), phase transformation also 
occurred through the formation of both ChLB and PLCh 
bands. However, the latter were observed only in the sec-
tion of the loading diagram with an increasing harden-
ing coefficient. Subsequently, the deformation developed 
monotonically.

As mentioned in [18; 20], the kinetics of deforma-
tion fronts in materials undergoing deformation-induced 
phase transformation can be explained using autowave 
theory [21; 22]. In this conceptual framework, ChLB 
fronts are considered autowaves of switching locali-
zed plasticity. Switching autowaves traverse the loaded 
object once, transitioning it from an elastically stressed 
to a plastically deformed state. These autowaves are 
formed in media with bistable active elements, that can 
operate just once. 

A deformable body can serve as a medium with exci-
table active elements that, unlike bistable ones, can return 
to a state of excitation under external influence and relax 
again after a refractory period. In this scenario, localized 
plasticity excitation autowaves are formed, which can 
pass through the deformable object multiple times. These 
autowaves represent the fronts of the PLCh bands.

Within the framework of autowave theory, the obtained 
results can be interpreted as follows. Multiple ChLBs are 
formed on the pseudo plateau, and the moving boundaries 
of these bands can be considered as switching autowaves. 
These autowaves partially transition the material from 
the metastable austenitic state to the stable martensitic 
state. In the regions of autowave generation and annihi-
lation, the material undergoes a radical change in state, 
leading to the division of the sample into relatively iso-
lated sections. A notable characteristic of the thermo-
elastic phase transformation is its self-blocking nature 
due to internal stresses. However, with a subsequent 
increase in external stresses, the transformation can 
resume. Therefore, the regions of origin and annihilation 
of primary autowaves, where the material’s state is sig-
nificantly distorted, act as sources for new phase trans-
formation fronts, referred to as secondary autowaves 
of excitation. These secondary waves propagate within 
the formed isolated areas without crossing their boundar-
ies. This process repeats multiple times as long as there is 
austenite capab le of transformation. As indicated by mag-
netic measurements, the γ → α′ transformation halts 
when section IIId begins. Simultaneously, the boundaries 
of the isolated areas cease to play a role, allowing defor-
mation fronts to freely traverse the entire sample pattern. 
While these fronts are also autowaves of excitation, their 
physical nature is different. They do not represent a relay 
phase transformation but rather shear processes, likely 
of a twin nature. 

 Conclusions

Plastic deformation of VNS9-Sh TRIP steel can occur 
locally throughout the entire strain curve, spanning from 
the yield point to fracture. Initially, the process involves 
the generation and propagation of localized plasticity 
switching autowaves, induced by the deformation-induced 
transformation of metastable austenite into α′-martensite. 
The process persists via propagation of localized plasti-
city switching autowaves within boundaries determined 
by primary switching autowaves. Following the deple-
tion of transformable austenite, steel deformation takes 
place through dislocation or twin mechanisms.
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Аннотация. Методом молекулярной динамики проведено исследование влияния поры разного диаметра, а также соответствующей 

концентрации отдельных вакансий на теоретическую прочность аустенита при разной температуре. Деформация в модели осуществляется 
путем сдвига с постоянной скоростью 20 м/с. Рассматривается сдвиг вдоль двух направлений: [   2] и [111]. Расчетная ячейка аустенита 
имеет форму прямоугольного параллелепипеда длиной 14,0 нм, высотой 14,0 нм и шириной 5,1 нм. Для описания межатомных 
взаимодействий использовался ЕАМ потенциал Лау, хорошо воспроизводящий структурные, энергетические и упругие характеристики 
аустенита. Кривые напряжение – деформация, полученные для обоих рассматриваемых направлений сдвига, имеют аналогичный 
вид. В отсутствие источников дислокаций пластическая деформация осуществляется путем формирования дислокационных диполей 
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Abstract. The molecular dynamics method was used to study the influence of pores of different diameters, as well as the corresponding concentration of 

individual vacancies, on the theoretical strength of austenite at different temperatures. The deformation in the model was carried out by shear at a cons-
tant rate of 20 m/s. We considered a shear along two directions: [   2] and [111]. The computational austenite cell had the shape of a rectan gular 
parallelepiped 14.0 nm long, 14.0 nm high, and 5.1 nm wide. To describe interatomic interactions, the Lau EAM potential was used, which reproduces 
well the structural, energy, and elastic characteristics of austenite. The stress-strain curves obtained for both considered shear directions had a similar 
form. In the absence of dislocation sources, plastic deformation was carried out by the formation of dislocation dipoles (dislocations with opposite 
Burgers vectors). The presence of a pore significantly reduced the yield strength of austenite. In this case, it was found that single vacancies randomly 
scattered over the volume of the computational cell also lead to a decrease in the yield strength, but, of course, not as much as the pore. The emission 
of dislocations during deformation occurred by the formation of dislocation loops, as a rule, in two slip planes at once. The effect of pores and vacan-
cies on the yield strength was stronger at low temperatures. As the temperature increased, the effect of defects on the critical stress at which disloca-
tions were formed decreased. With an increase in the pore size, as well as the concentration of vacancies, the yield strength decreased. In this case, the 
strongest dependence was observed for pores up to 1 nm in diameter. The influence of the concentration of vacancies in the considered range on the 
yield strength turned out to be comparatively smoother and almost linear. 

Keywords: molecular dynamics, austenite, dislocation, pore, vacancy, theoretical strength
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 Introduction

During plastic deformation, in addition to interface 
boundaries (such as grain boundaries and their triple 
junctions, interphase boundaries, and surfaces), pores and 
microvoids play crucial role as sources of dislocations in 
polycrystalline materials [1 – 3]. However, there has been 
relatively little research dedicated to studying the mecha-
nisms of plastic deformation at the atomic level involving 
pores. To date, computer modeling has demonstrated that 
dislocation emission from pores during deformation is 
facilitated by the formation of dislocation loops [3 – 6]. 
The authors of [5; 6] assert that in FCC crystals, loops 
are formed simultaneously in two slip planes. Moreover, 
as the pore size increases, the critical stress required for 
dislocation formation decreases [5; 6]. 

Point defects, for example, vacancies, also contri-
bute significantly to a decrease in theoretical strength, 
yet the impact of their concentration on strength remains 
insufficiently explored, especially when compared 
to the effect of pore accumulations. The present study 
focuses on conducting a comparative analysis using 
molecular dyna mics to investigate the influence of vacan-
cies and pores on the theoretical strength of austenite, 
with consideration given to variations in temperature and 
vacancy concentration or pore size. Austenite garners 
particular interest as it serves as the foundation for many 
steels of considerable practical importance, such as Had-
field steel [7; 8]. Furthermore, the qualitative findings 
derived for austenite in this study can readily be extrapo-
lated to other metals possessing an FCC crystal lattice.

Previously, in [9], the molecular dynamics method 
was employed to examine the slip velocity of edge and 
screw dislocations in austenite and Hadfield steel, con-
tingent upon temperature and strain rate. The energy 
of formation for the aforementioned dislocations was 
also computed. This investigation serves as a continua-
tion of the research documented in [9]. 

 Model description

In the molecular dynamics model, the calculation 
cell representing austenite had the shape of a rectangular 
parallelepiped (see Fig. 1) with dimensions of 14.0 nm 
in length, 14.0 nm in height, and 5.1 nm in width. Ini-
tially, the cell contained 87,040 atoms. The orientation 
of the coordinate axes corresponded to specific crystal-
lographic directions within the FCC lattice: x – [  10], 
y – [    2], z – [111]. The study investigated shear defor-
mation along two directions: the y-axis (Fig. 1) and 
the z-axis. To induce shear in the model, atoms in 
the boundary regions (highlighted in dark gray in Fig. 1) 
were displaced. Atoms on opposite sides of the calcula-
tion cell moved in opposite directions at a constant speed 
of 20 m/s during the computer experiment. In previous 
research [9], this velocity was determined as optimal for 
modeling shear using the molecular dynamics method 
in austenite. The motion of the remaining atoms within 

Fig. 1. Calculation cell for modeling the shift along the y axis 
(direction [   2]) in the FCC iron

Рис. 1. Расчетная ячейка для моделирования сдвига вдоль оси y 
(направления [   2]) в ГЦК железе

(дислокаций с противоположными векторами Бюргерса). Наличие поры существенно снижает предельную прочность аустенита. 
Обнаружено, что случайно разбросанные по объему расчетной ячейки одиночные вакансии также приводят к снижению предельной 
прочности, но, естественно, не так сильно, как пора. Испускание дислокаций порой при деформации происходит путем формирования 
дислокационных петель, как правило, сразу в двух плоскостях скольжения. Сильнее влияние поры и вакансий на предельную прочность 
наблюдается при низких температурах. При увеличении температуры влияние дефектов на критическое напряжение, при котором 
происходит образование дислокаций, снижается. С увеличением размера поры, как и концентрации вакансий, прочность уменьшается. 
При этом наиболее сильная зависимость наблюдается для пор диаметром до 1 нм. Влияние концентрации вакансий в рассматриваемом 
диапазоне на предельную прочность оказалось сравнительно более плавное и почти линейное. 

Ключевые слова: молекулярная динамика, аустенит, дислокация, пора, вакансия, теоретическая прочность
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the computational cell was unrestricted and governed 
by Newton’s classical equations of motion. Boundary 
conditions along the other axes were set as periodic.

Interatomic interactions in austenite were described 
using Lau’s Embedded Atom Method (EAM) poten-
tial [10], known for accurately reproducing the structural, 
energetic, and elastic properties of austenite [10; 11]. 
The time integration step in the molecular dynamics 
method was set to 2 fs [12 – 14]. The initial velocities 
of atoms were assigned according to the Maxwell distri-
bution to achieve the desired temperature. It was essential 
to consider the thermal expansion of the crystal lattice 
when setting the temperature [13 – 15]. The interatomic 
interaction potential employed in this study has a ther-
mal expansion coefficient of 18·10–6 K–1, aligning well 
with reference data [11]. To maintain a constant tem-
perature throughout the modeling, a Nosé–Hoover ther-
mostat was utilized. Throughout the temperature range 
explored (from 100 to 1500 K), the FCC crystal lattice 
type remained consistent; polymorphic transformations 
were not considered in this investigation.

A pore was created in the center of the computational 
cell by removing atoms in a spherical region. The pore 
diameter varied from 0.6 to 2.0 nm. Vacancies were intro-
duced by removing random atoms throughout the entire 
volume of the computational cell, except for the boun-
dary layers (shown in dark gray in Fig. 1). The con-
sidered valu es of vacancy concentration corresponded 
to the number of removed atoms during the creation 
of pores. After the introduction of defects, a procedure 
of relaxation of the structure followed until an equilib-
rium state was achieved.

 Results and discussion

Fig. 2 depicts the stress–strain dependences for the two 
shear orientations considered, with a constant speed 
of 20 m/s at a temperature of 300 K, for three scenarios: 
a defect-free crystal (1), a crystal containing 79 vacan-
cies randomly distributed throughout its volume (2), and 
a crystal containing a pore with a diameter of 1.2 nm (3). 
The number of vacancies equaled the number of atoms 
removed during creation of the aforementioned pore 
resulting in a concentration of 0.09 % in this case. 

It is widely acknowledged that the theoretical shear 
strength of metal crystals is exceptionally high, often 
exceeding 10 GPa [1; 5; 6; 16; 17]. However, introducing 
just one dislocation into a pristine crystal in the molecu-
lar dynamics model reduces the strength to several hund-
red MPa [18]. As illustrated in Fig. 2, plastic deforma-
tion in a pure austenite crystal at 300 K commenced 
with shear along both the y and z axes at approximately 
the same strain values (12.0 – 12.5 %) and stress levels 
(9.0 – 9.5 GPa). It is crucial to highlight that the initial 
ideal crystal lacked any sources of dislocation formation, 

including free surfaces. Consequently, the region of elas-
tic deformation was relatively extensive.

In the absence of dislocation sources, plastic deforma-
tion occurred through the creation of dislocation dipoles, 
consisting of dislocations with opposite Burgers vectors. 
Complete dislocations promptly emerged as pairs of par-
tial Shockley dislocations separated by a stacking fault. 
Typically, the distance between partial dislocations was 
a few nanometers, consistent with modeling findings 
reported by other researchers [19 – 21]. Additionally, 
alongside dislocation dipoles, the formation of deforma-
tion twins was also prominent during subsequent defor-
mation stages.

As illustrated in Fig. 2, the inclusion of a pore with 
a diameter of 1.2 nm notably diminishes the theoretical 
strength: plastic shear and dislocation formation occur at 
significantly lower strain and stress thresholds (approxi-

Fig. 2. Stress – strain dependences at a temperature of 300 K 
when shifted along the y axis (direction [   2]) (а) 

and when shifted along the z axis (direction [111]) (b):
1 – in a pure FCC iron crystal; 2 – in the presence of 79 vacancies, 

randomly scattered over the volume of the calculation cell; 
3 ‒ in the presence of a pore with a diameter of 1.2 nm

Рис. 2. Зависимости напряжение – деформация при температуре 
300 К при сдвиге вдоль оси y (направления [   2]) (а) 

и при сдвиге вдоль оси z (направления [111]) (b):
1 – в чистом кристалле ГЦК железа; 2 – при наличии 79 вакансий, 

случайно разбросанных по объему расчетной ячейки; 
3 ‒ при наличии поры диаметром 1,2 нм
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mately 8.5 % and 6 GPa, respectively). Conversely, 
vacancies randomly distributed throughout the compu-
tational cell, equating in number to those in the pore, 
exert a comparatively weaker influence on the ultimate 
strength. However, intriguingly, they still contribute to its 
reduction, with dislocations forming at a strain of about 
11.5 % and a stress of 8.5 GPa. Thus, even basic point 
defects like vacancies attenuate the theoretical strength 
of the crystal.

Dislocation emission from a pore during deformation 
transpired via the formation of dislocation loops, align-
ing with findings from modeling conducted by other 
researchers [3 – 6]. Fig. 3 depicts examples of such loop 
formation from a pore with a diameter of 1.2 nm upon dis-
placement along the y and z axes. It is evident that loops 
manifest in two slip planes, consistent with observations 
made by authors elsewhere [5; 6]. To visualize disloca-
tions within the computational cell, an average distance 
to the nearest atoms visualizer was utilized, providing 
insight into local stretching and indirectly indicating 
the distribution of free volume. For each atom, the ave-
rage distance to the nearest atoms was computed. If this 
distance deviated slightly from the distance correspon-
ding to an ideal crystal, the atom remained uncolored; 
otherwise, it was assigned a color based on the deviation.

As commonly understood, temperature significantly 
impacts the elastic properties of materials and the likeli-
hood of dislocation formation during deformation. Elas-

tic moduli typically decrease nearly linearly with rising 
temperatures across a wide range [22 – 24], a trend often 
attributed to thermal expansion [22]. Plastic deformation 
in most materials initiates at lower stress levels as tem-
perature increases [24 – 26]. 

Fig. 4 illustrates the temperature dependence of ulti-
mate strength for shear along the y and z axes. The depen-
dencies are presented for a defect-free crystal (1), a crys-
tal containing 79 randomly scattered vacancies (2), 
and a crystal with a pore diameter of 1.2 nm (3). In all 
instances, strength diminishes with increasing tempe-
rature. Notably, as temperature rises, the influence 
of defects on theoretical strength diminishes. Specifically, 
the discrepancies in ultimate strength values between 
the defect-free crystal and those with vacancies or pores 
decrease with increasing temperature, converging toward 
the same value. It is pertinent to note that this conver-
gence suggests an anticipated intersection of dependen-
cies at the melting temperature.

Fig. 5 presents the dependencies of ultimate strength 
at a temperature of 300 K for shear along the y and z 
axes (Fig. 5, b) concerning the percentage of atoms cv 
removed from the calculation cell in the form of indi-
vidual randomly scattered vacancies or pores (designated 
as dependencies 1 and 2, respectively, in Fig. 2, 4). For 
comparison, with a pore diameter of 1.0 nm, сv = 0.05 %; 
with a pore diameter of 1.2 nm, сv = 0.09 %; and with 
a pore diameter of 1.6 nm, сv = 0.23 %.

Fig. 3. Emission of dislocations by a pore in the form of dislocation loops when shifted along the y axis (a) and when shifted along the z axis (b):
1 ‒ pore; 2 ‒ partial dislocation; 3 ‒ packaging defect

Рис. 3. Испускание дислокаций порой в виде дислокационных петель при сдвиге вдоль оси y (а) и оси z (b):
1 ‒ пора; 2 ‒ частичная дислокация; 3 ‒ дефект упаковки
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As evident, an increase in both vacancy concentration 
and pore radius correlates with a reduction in strength. 
Notably, the most pronounced dependence is observed 
for small pore sizes, up to approximately 1 nm. Beyond 
this range, while strength continues to decrease with 
increasing pore radius, the rate of decline is notably less 
pronounced compared to smaller pore sizes. Conversely, 
the influence of vacancy concentration within the consi-
dered range on theoretical strength is more gradual and 
nearly linear.

 Conclusions

The influence of pores of varying diameters, along 
with the corresponding concentration of individual vacan-
cies, on the theoretical strength of austenite across dif-
ferent temperatures was investigated using the molecular 
dynamics method. Deformation in the model was induced 
by shearing at a constant speed of 20 m/s, considering 
shifts along two directions: [    2] and [111]. Stress-strain 
dependences obtained for both shear directions exhibited 

similar trends. In the absence of dislocation sources, plastic 
deformation ensued through the formation of dislocation 
dipoles characterized by dislocations with opposite Bur-
gers vectors. The presence of pores substantially reduced 
the ultimate strength of austenite, while single vacancies 
randomly dispersed throughout the computational cell 
also contributed to a decrease in ultimate strength, albeit 
to a lesser extent compared to pores. Dislocation emis-
sion from pores during deformation occurred through 
the formation of dislocation loops, typically manifesting 
in two slip planes simultaneously. A more pronounced 
impact of pores and vacancies on ultimate strength was 
observed at lower temperatures. However, as temperature 
increased, the influence of defects on the critical stress at 
which dislocation formation occurred diminished. More-
over, with increasing pore size and vacancy concentra-
tion, the strength exhibited a decreasing trend. Notably, 
the strongest dependence was observed for pores with 
diameters up to 1 nm. The effect of vacancy concentration 
within the considered range on ultimate strength was rela-
tively smoother and displayed an almost linear behavior.

Fig. 4. Dependences of strength on temperature when shifted along the y axis (direction [   2]) (а) 
and when shifted along the z axis (direction [111]) (b): 

1 – in a pure FCC iron crystal; 2 – in the presence of 79 vacancies randomly scattered over the volume calculation cell; 
3 ‒ in the presence of a pore with a diameter of 1.2 nm

Рис. 4. Зависимости прочности от температуры при сдвиге вдоль оси y (направления [   2]) (а) 
и при сдвиге вдоль оси z (направления [111]) (b): 

1 – в чистом кристалле ГЦК железа; 2 – при наличии 79 вакансий, случайно разбросанных по объему расчетной ячейки; 
3 ‒ при наличии поры диаметром 1,2 нм

Fig. 5. Dependences of strength at temperature of 300 K on the number of atoms removed from the calculated cell 
in the form of randomly scattered vacancies (1) or pores (2) when shifted along the y axis (directions [   2]) (а) 

and when shifted along the z axis (directions [111]) (b) 

Рис. 5. Зависимости прочности при температуре 300 К от количества удаленных из расчетной ячейки атомов 
в виде случайно разбросанных вакансий (1) или поры (2) при сдвиге вдоль оси y (направления [   2]) (а) 

и при сдвиге вдоль оси z (направления [111]) (b)
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Аннотация. Представлены результаты исследований макро- и микроструктуры легированного хромованадиевого чугуна после лазерной 

обработки (ЛО) на воздухе с использованием непрерывного лазерного источника при вариации его мощности от 60 до 100 Вт и скорости 
сканирования лазерного луча, изменяющейся от 5 до 17 мм/с. Методами металлографии и дюрометрии определены состав и структура 
зон лазерного воздействия (ЗЛВ). Лазерная обработка с незначительным оплавлением поверхности приводит к существенному росту 
микротвердости в ЗЛВ. В поверхностном слое ЗЛВ в зоне оплавления основной структурой является мартенсит, а в зоне закалки 
превалирует ледебуритная структура. Для исследованных режимов ЛО глубина ЗЛВ составляет 220 ‒ 310 мкм. При этом микротвердость 
более чем в 2,5 ‒ 4,2 раза больше микротвердости основного металла (820 HV0,1 ), что является существенным фактором повышения 
износостойкости материала. При лазерной обработке без оплавления поверхности существенных изменений структуры не установлено. 
Для выявления роли ЛО в изнашивании чугуна проводили испытания на трение скольжения по схеме «диск ‒ палец» при давлении в 
зоне контакта 12,5 МПа и скорости вращения индентора 580 об/мин. По данным испытаний установлено значительное уменьшение 
линейного износа и интенсивности изнашивания после ЛО с оплавлением поверхности. Интенсивность изнашивания уменьшается более 
чем в 100 раз, а линейный износ более чем в 50 раз. Характеристики поверхности ЗЛВ обуславливают уменьшение коэффициента трения 
на 30 % по сравнению с необработанной поверхностью. 

Ключевые слова: лазерная обработка, чугун, зона лазерного воздействия, металлография, микротвердость, трибологические испытания, 
интенсивность изнашивания
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Abstract. The paper presents the results of studies of macro- and microstructure of alloyed chromium-vanadium cast iron after laser treatment (LT) in air 

using a continuous laser source with a variation in its power from 60 to 100 W and scanning speed of the laser beam varying from 5 to 17 mm/s. 
Metallography and durometry methods were used to determine composition and structure of the laser exposure zones (LEZ). It is shown that LT with 
a slight melting of the surface leads to a significant increase in microhardness in LEZ. In this case, martensite is the main structure in the near-surface 
layer of LEZ in the melting zone, and ledeburite structure prevails in the quenching zone. For the studied LT modes, LEZ depth is 220 – 310 μm. 
At the same time, microhardness is more than 2.5 – 4.2 times higher than microhardness of the base metal and reaches 820 HV0.1 , that is a significant 
factor in increasing the wear resistance of the material. On the contrary, no significant structural changes were found in the case of LT without melting 
the surface. In order to identify the role of LT in wear of cast iron, sliding friction tests were carried out according to the “disk – finger” scheme 
at a pressure in the contact zone of 12.5 MPa and indenter rotation speed of 580 rpm. According to the test data, a significant decrease in linear wear 
and the wear intensity after the surface melting was found. The wear intensity is reduced by more than 100 times, and linear wear – by more than 
50 times. The characteristics of LEZ surface cause a decrease in the friction coefficient by 30 % relative to the untreated surface. 

Keywords: laser treatment, cast iron, laser exposure zone, metallography, microhardness, tribo-tests, wear intensity
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 Введение

Чугуны как конструкционный материал имеют 
широкий спектр применения (станкостроение, автомо-
билестроение, машиностроение, судостроение, тракто-
ростроение и ряд других отраслей промышленности). 
В автотракторостроении основная номенклатура про-
дукции из чугуна – это детали двигателей внутреннего 
сгорания [1; 2], элементы тормозных систем [3 – 5], 
корпусные детали различного назначения; в станко-
строении – это корпусные детали высокой прочности, 
жесткости и износостойкости (станины мощных стан-
ков и механизмов) [6; 7]; в нефтегазовой промышлен-
ности высокопрочные чугуны нашли применение при 
строительстве нефтепроводов для решения проблемы 
защиты от коррозии [8]. Известно применение чугунов 
в инструментальном производстве как при изготовле-
нии режущего инструмента [9; 10], так и при изготов-
лении вытяжных штампов, применяемых при произ-
водстве деталей автомобилей [11; 12].

Из чугуна производят отливки, работающие на 
износ (шестерни, подшипники, колеса, тормозные 
колодки, направляющие станков, суппорты, цилиндры 
или втулки двигателей, поршни и поршневые кольца, 
валки, катки и другое). Износ этих отливок достаточно 
велик. Например, износ направляющих токарных стан-
ков может достигать 0,2 мм в год [6; 7]. При анализе 
работоспособности этих изделий особое внимание сле-
дует уделять повышению износостойкости наиболее 
дорогих и трудно сменяемых частей сопрягаемых пар 
машины, иногда за счет большого износа более деше-
вых и легче сменяемых частей (подшипники, поршне-
вые кольца и другие), но при этом следует иметь в виду, 
что большой износ одной детали очень часто вызы-
вает повышенный износ и контртела. Исключительно 
важно повышение износостойкости деталей из чугуна, 
используемых в конструкции прецизионных станков 
и приборов, так как даже сравнительно малый износ 
делает их непригодными для дальнейшего применения.

Для повышения служебных характеристик дета-
лей из чугунов, отличающихся как по структуре, 
так и по назначению, используют нанесение покры-
тий [5; 11], поверхностную закалку токами высокой 
частоты (ТВЧ) [6], методы поверхностного пластичес-
кого деформирования [6; 13] и химико-термической 
обработки (ХТО) [14 ‒ 16], лазерную закалку [1; 2; 6; 
17 ‒ 21], плазменную закалку [11; 12; 22 ‒ 24], газотер-
мическое напыление [5; 7; 25; 26] и другие методы.

Лазерная обработка, как и другие методы моди-
фикации поверхности, оказывает заметное влияние 
на трибологические характеристики чугунов разных 
марок. В частности, при лазерной обработке (ЛО) 
серого чугуна с использованием 5 кВт СО2 лазера была 
получена глубина упрочнения до 300 мкм при микро-
твердости от 800 до 950 HV0,1 , превышающей микро-
твердость исходного материала почти в три раза. При 

этом срок службы упрочненного слоя почти в два раза 
больше, чем у необработанного, что непосредственно 
связано с образованием мартенситной микрострук-
туры [4]. Аналогичная структура с неизменными гра-
фитовыми конкрециями образуется при ЛО без оплав-
ления ковкого чугуна на глубине до 150 мкм. В этом 
случае микротвердость достигает значений 800 HV 
при мощности излучения до 780 Вт [17]. Уменьше-
ние износных параметров характерно и для ЛО серого 
чугуна импульсным лазерным излучением. Образую-
щаяся мартенситная структура в зоне плавления при 
плотности энергии 10 ‒ 12 Дж/мм2 приводит к уменьше-
нию примерно на 78 % потери массы и скорости износа 
образца после ЛО излучением Nd:YAG лазера [20]. Уве-
личение твердости в зоне оплавления до 1025 HV почти 
в шесть раз уменьшает потерю массы для серого чугуна 
марки СЧ20, снижает скорость износа до 78 % [2] при 
ЛО излучением волоконного лазера мощностью 5 кВт 
с длительностью импульса до 1,5 нс и диаметре пятна 
до 4,4 мм. Лазерная обработка высокопрочного чугуна 
марки ВЧ60-2 излучением непрерывного CO2-лазера 
(мощность излучения до 2,5 кВт, скорость сканирова-
ния луча до 2000 мм/мин) в 2,1 ‒ 3,3 раза повышает его 
сопротивление абразивному изнашиванию [19]. Повы-
шение износостойкости закаленного чугуна связано 
с наличием в зоне лазерного воздействия (ЗЛВ) участ-
ков с термостойкой ледебуритной структурой и с поло-
жительным влиянием на износостойкость метастабиль-
ного остаточного аустенита, обладающего повышенной 
устойчивостью к распаду при нагреве.

Таким образом, после упрочняющей ЛО чугунов 
наблюдается повышение их износных и прочностных 
характеристик. Однако выбор режимов обработки дол-
жен осуществляться индивидуально с учетом особен-
ностей эксплуатации изделий и структуры упрочняе-
мого материала.

Целью настоящей работы является эксперимен-
тальное определение рациональных режимов поверх-
ностной упрочняющей ЛО хромованадиевого чугуна, 
используемого для изготовления пуансонов и матриц 
формообразующих штампов холодной штамповки, 
изучение их влияния на структуру чугуна в зоне ЛО 
и трибологические характеристики поверхности ЗЛВ.

 Материалы и методы исследования

В качестве материала для исследований был выбран 
хромованадиевый чугун марки ХФ следующего 
состава, % (по массе): 2,90 ‒ 3,10 C; 0,60 ‒ 0,90 Mn; 
1,60 ‒ 1,80 Si; менее 0,12 P; 0,12 S; 0,30 ‒ 0,50 Cr; 
0,20 ‒ 0,30 V; 0,05 ‒ 10 Ti; остальное – железо. В соот-
ветствии со стандартом СТО 06300.0008 ‒ 2021 чугун 
марки ХФ является одним из самых применяемых 
материалов для изготовления пуансонов и матриц 
формообразующих штампов холодной штамповки 
на АО «АВТОВАЗ».
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Лазерную обработку образцов из чугуна марки ХФ 
размерами 20×20×4 мм проводили с использова-
нием иттербиевого непрерывного волоконного лазера 
ИЛМ-100-В с длиной волны 1,07 мкм. В экспериментах 
мощность лазерного излучения (P) варьировалась от 60 
до 90 Вт, а скорость обработки (V) – от 5 до 17 мм/с. Для 
трибологических испытаний обрабатывали всю поверх-
ность образцов по следующей схеме. Лазерный луч 
перемещался параллельно одной из сторон, формируя 
полосы шириной 1,6 ‒ 1,8 мм; расстояние между цент-
рами полос ∆l = 0,4 мм, расфокусировка ∆F = 40 мм 
(обработка за фокусом). Лазерную обработку осуществ-
ляли по двум режимам: без оплавления поверхности 
(при P = 60 Вт, V = 5,7 мм/с) и с оплавлением поверхно-
сти материала (при P = 80 Вт, V = 5,7 мм/с).

Микроструктурный анализ выполняли на попереч-
ных шлифах. Наклепанный слой снимали трехкратным 
чередованием полировки алмазной пастой и травле-
ния 4 %-ным раствором HNO3 в этиловом спирте. Для 
выявления структуры основного металла и ЗЛВ исполь-
зовали указанный выше реактив. Измерение микро-
твердости проводили с помощью твердомера ПТМ-3 
при нагрузке 0,98 Н; металлографический анализ – 
с помощью оптического микроскопа NEOPHOT-30 
(Carl Zeiss).

Испытания на трение скольжения проводили по 
схеме «диск – палец». При испытаниях в качестве 
контртела «палец» был использован полый цилиндр 
диаметром 6 мм с толщиной стенки 1 мм, изготов-
ленный из закаленной стали марки 40Х. Вращение 
цилинд ра со скоростью 580 об/мин осуществляли без 
смазывающей жидкости по плоскости образца для двух 
типов контактных пар (без ЛО поверхности образца 
и после ЛО). Во всех случаях давление в зоне контакта 
составляло 12,5 МПа.

В процессе испытаний автоматизированный сбор 
данных и мониторинг информации с датчиков нор-

мальной нагрузки, момента трения и температуры 
фрикционного разогрева испытываемой пары трения 
проводили с помощью многоканальной быстродейст-
вующей микроконтроллерной системы сбора данных 
АЦП Е14-140 фирмы L-Card. Для получения и обра-
ботки данных, поступающих с АЦП, использовали 
прог раммный пакет PowerGraph.

После испытаний оценку линейного износа прово-
дили визуально с помощью оптического микроскопа 
или измерителя шероховатости TR200 (компания Time 
Group Inc., Китай).

 Результаты и их обсуждение

В исходном состоянии чугун марки ХФ имеет фер-
рито-перлитную структуру, цементит в основном рас-
положен по границам перлитных колоний, форма гра-
фитных включений пластинчатая, микротвердость 
примерно 197 ‒ 296 HV0,1 .

Внешний вид ЗЛВ на поперечном шлифе чугуна марки 
ХФ после лазерной обработки с оплавлением поверх-
ности приведен на рис. 1, а. В зоне оплавления основной 
структурой является мартенсит (рис. 1, б). В верхней 
части зоны оплавления шириной около 40 ‒ 50 мкм кар-
биды растворены, графитовая составляющая отсутст-
вует. Граница между зонами оплавления и закалки 
неравномерная (рис. 1, б), а сама зона закалки из твер-
дой фазы отличается неоднородной структурой. При 
нагреве ферритная матрица около графитных включе-
ний насыщается углеродом, в результате чего темпе-
ратура ее плавления снижается. По этой же причине 
в верхней части зоны закалки область вокруг феррита 
оплавляется и насыщается углеродом. Степень насы-
щения на различном расстоянии от графита отличается, 
поэтому около графита образуется светлый слой леде-
бурита (рис. 1, б). Эта структура является превалирую-
щей при удалении от поверхности ЗЛВ, наблюдаются 

Рис. 1. Микроструктура чугуна марки ХФ после ЛО с оплавлением поверхности:
а – общий вид ЗЛВ при обработке с оплавлением поверхности; б – граница зоны оплавления и зоны закалки

Fig. 1. Microstructure of KhF cast iron after laser treatment (LT) with surface melting:
a – general view of laser exposure zones (LEZ); б – boundary between melting and quenching zones
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следы феррита и пластинчатый графит. На границе 
зоны закалки с основным металлом в структуре чугуна 
превалирует перлитная составляющая.

Микротвердость по глубине ЗЛВ с оплавлением 
была измерена по трем направлениям, находящимся 
на разных расстояниях от центра полосы обработки. 
Схема измерения показана на врезке к рис. 2. Ширина 
дорожки обработки на поверхности образца 3,96 мм. 
Глубина зоны упрочнения с модифицированной струк-
турой при ЛО с оплавлением составила 220 ‒ 310 мкм. 
Микротвердость мартенситной структуры в зоне оплав-
ления достигает примерно 750 ‒ 820 HV0,1 (рис. 2), что 
в 2,5 ‒ 4,2 раза превышает микротвердость исходной 
структуры, которая равна 234 ± 41 HV0,1 (рис. 2, штри-
ховая линия).

После лазерной обработки без оплавления поверх-
ности образца чугуна марки ХФ структура ЗЛВ на 
поперечном шлифе в целом подобна структуре чугуна 
в исходном состоянии. Отличия заключаются в том, 
что в отдельных участках зоны при ЛО без оплавления 
поверхности наблюдаются сгруппированные распре-
деленные по ЗЛВ локальные участки карбидной фазы, 
равномерно расположенные включения пластинчатого 
графита.

Ближе к поверхности ЗЛВ находятся участки бей-
нита, с ростом глубины в структуре превалирует леде-
буритная составляющая. Измерение микротвердо-
сти проводили по той же самой схеме, что и при ЛО 
с оплавлением поверхности. Ширина зоны измерения 
4,38 мм. Микротвердость по глубине ЗЛВ, полученной 
при обработке чугуна марки ХФ без оплавления поверх-
ности, находится практически на уровне микротвер-
дости исходного материала, только в отдельных очень 
узких зонах перекрытия лазерных дорожек, где наблю-
дали незначительное оплавление поверхности, микро-

твердость превышает исходную и находится на уровне 
примерно 500 HV0,1 .

Лазерная обработка хромованадиевого чугуна 
марки ХФ излучением непрерывного волоконного 
лазера в режиме с оплавлением поверхности приво-
дит к образованию структур в ЗЛВ, обеспечивающих 
превышение микротвердости над исходным значе-
нием в 2,5 ‒ 4,2 раза при глубине зоны упрочнения 
220 ‒ 310 мкм. В то же время при лазерной обработке 
без оплавления поверхности существенных изменений 
в ЗЛВ не наблюдается, микротвердость остается на 
уровне микротвердости исходного материала.

Лазерную обработку поверхности образцов чугуна, 
предназначенных для проведения трибологических 
испытаний, проводили как на режиме, при котором 
обеспечивалось оплавление поверхности, так и на 
режиме, когда оплавления поверхности ЗЛВ не дости-
галось.

Было проведено несколько серий трибологических 
испытаний образцов чугуна при различном времени 
испытаний. В первой серии опытов после ЛО время 
испытаний составляло 60 мин, а время испытаний 
образца в исходном состоянии – 25 мин. При умень-
шении времени испытаний износ образцов чугуна 
без ЛО превышал значение 3,8 мм, равное толщине 
образца. Во второй серии испытаний образцов после 
лазерной обработки время испытаний было сокращено 
до 30 мин, а образца в исходном состоянии ‒ до 15 мин.

Во время испытаний соответствующими датчиками 
непосредственно измеряли момент трения M (рис. 3, 
кривая 3), нормальную нагрузку N (рис. 3, кривая 2) 
и температуру T фрикционного разогрева (рис. 3, кри-
вая 1). Типичные зависимости параметров, контроли-
руемых во время проведения испытаний для времени 
испытаний 60 мин, приведены на рис. 3 (на врезках 

Рис. 2. Изменение микротвердости по глубине ЗЛВ, полученной при обработке чугуна марки ХФ с оплавлением поверхности 
(на врезке показана схема измерения микротвердости после ЛО)

Fig. 2. Change in microhardness along the depth of LEZ obtained by treatment of KhF cast iron with surface melting 
(the inset shows a scheme for measuring microhardness after laser treatment)
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показан вид поверхности образцов чугуна марки ХФ 
после окончания процесса трения и профиль лунки 
износа). Измерение глубины лунки износа образцов 
после ЛО без оплавления поверхности проводили после 
приготовления среза по диаметру зоны контакта (сече-
ние А ‒ А на врезке а к рис. 3, а) и наблюдения профиля 
лунки износа с помощью оптического мик роскопа при 
увеличении 10 крат (врезка б к рис. 3, а). Измерение 
линейного износа образцов после ЛО с оплавлением 
поверхности осуществляли профилометрированием 
не менее чем в трех местах по зоне контакта, получен-
ные данные обрабатывали методами математической 
статистики. Фрагмент профиля лунки износа после 
трибологических испытаний образца, обработанного 
с оплавлением поверхности, представлен на врезке б 
к рис. 3, б.

Кроме измерения линейного износа, равного глу-
бине канавки в месте касания «пальца» (полого 
цилинд ра (врезка а к рис. 3)) и поверхности исследуе-
мого образца, определяли интенсивность изнашивания 
как отношение линейного износа к пути трения. За путь 
трения принимали относительное перемещение тру-
щихся поверхностей в течение всего цикла измерений. 
Линейный износ, интенсивность изнашивания и пути 
трения приведены в таблице.

Силу трения в месте контакта рассчитывали из 
условия равенства моментов трения в местах приложе-

ния силы трения и измерения момента трения. Причем 
последнее из конструктивных соображений находилось 
на расстоянии 25 мм от центра вращения «пальца» по 
поверхности образца. Учитывая геометрические раз-
меры контртела и пространственное расположение места 
измерения момента трения в эксперименте, получаем

Расчетные значения силы трения для каждого экспе-
римента приведены в таблице (здесь величина опреде-
ляется экспериментально).

Анализируя поведение момента трения, можно 
предположить, что ЛО изменяет характер изнашивания 
контактирующих поверхностей. В ряде случаев, напри-
мер, при испытании образцов после ЛО с оплавлением 
поверхности наблюдается существенное (более чем 
в три раза) увеличение среднеквадратического откло-
нения величины (СКО) момента трения, по сравнению 
с величиной СКО для испытаний образцов без оплав-
ления поверхности (см. таблицу) при уменьшении 
среднего момента трения. Можно предположить, что 
наблюдаемое явление связано с истиранием гребеш-
ков поверхности ЗЛВ, образующихся при оплавлении 
поверхности, и попаданием продуктов износа повы-
шенной твердости в зону трибологического контакта. 

Рис. 3. Изменение параметров, контролируемых при проведении трибологических испытаний: 
а – ЛО без оплавления; б – ЛО с оплавлением

Fig. 3. Change of the parameters controlled during tribotests:
a – laser treatment without reflow; б – laser treatment with reflow
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Вследствие абразивного изнашивания испытываемых 
образцов наблюдался значительный разброс значе-
ний момента трения (силы трения и коэффициента 
трения). Наблюдаемое высокое сопротивление абра-
зивному изнашиванию при ЛО с оплавлением поверх-
ности связано с наличием в тонком поверхностном слое 
структуры мартенсита, а с увеличением глубины ЗЛВ – 
участков с ледебуритной структурой, имеющих повы-
шенную твердость. Положительное влияние на износо-
стойкость оказывает остаточный аустенит вследствие 
его повышенной устойчивости к распаду при нагреве 
и возможности перехода в мартенсит деформации при 
трении.

Структурные изменения после ЛО с оплавлением по 
данным трибологческих испытаний приводят к умень-
шению линейного износа более чем в 50 раз, а интен-
сивности изнашивания – более чем в 100 раз, коэффи-
циент трения при этом снижается почти на 30 %. После 
ЛО без оплавления уменьшение указанных трибологи-
ческих характеристик существенно меньше: в 1,42 раза 
и 3,4 раза соответственно.

 Выводы

Экспериментально показано, что обработка поверх-
ности хромованадиевого чугуна марки ХФ непрерыв-
ным лазерным излучением волоконного лазера раз-
личного уровня мощности приводит к существенным 
изменениям в поверхностном слое материала. При ЛО 
с оплавлением поверхности микротвердость в ЗЛВ 
возрастает в 2,5 ‒ 4,2 раза при глубине упрочненного 
слоя 220 ‒ 310 мкм, что является существенным фак-
тором повышения износных характеристик материала. 
При лазерной обработке без оплавления поверхности 
наблюдается локальное увеличение микротвер дости 
до 1,9 ‒ 2,7 раза при глубине ЗЛВ 50 ‒ 120 мкм. 
В результате испытаний на трение скольжения по схеме 
«диск – палец» установлено, что структурные изме-
нения в ЗЛВ после лазерной обработки непрерывным 

излучением поверхности контакта приводят к сниже-
нию линейного износа и интенсивности изнашивания. 
После ЛО с оплавлением поверхности линейный износ 
уменьшается более чем в 50 раз, а интенсивность изна-
шивания более чем в 100 раз, при этом коэффициент 
трения снижается почти на 30 %. После ЛО без оплав-
ления поверхности изменение трибохарактеристик 
менее выражено и составляет 1,42 раза и 3,4 раза соот-
ветственно.
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Влияние структуры неофлюсованных обожженных 
титаномагнетитовых окатышей на их прочность 

при статическом сжатии
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Abstract. Burnt pellets must retain their strength from the moment they are taken out of an induration machine until they are loaded into a blast furnace. 

One of the indicators of the burnt pellets’ strength is the compressive strength, i.e. the ultimate force. In experiments to determine compressive strength, 
the main type of fracture is occurrence and development of cracks that pass through the core center of pellets (where the maximum radial tensile 
stresses present) or near it. The paper presents the requirements for static compression strength imposed by blast furnace production to iron ore pellets. 
Using an optical and scanning electron microscope equipped with an energy-dispersive microanalyzer, we analyzed the relationship of structural 
components and pores in the core of burnt unfluxed iron ore titanomagnetite pellets with the ultimate force under static compression. By scanning 
electron microscopy and X-ray spectral microanalysis, it was established that the core of pellets is a multiphase material, and its main phases are 
titanomagnetite, magnetite, titanohematite, hematite and aluminosilicate binder. Optical microscopy made it possible to establish the microstructure 
of the pellet core, which has three types of microstructures: non-oxidized core (magnetite or titanomagnetite), partially oxidized core – around 
(magnetite or titanomagnetite) hematite grains (titanohematite) and oxidized core (hematite and titanohematite). The main factors for obtaining pellets 
with an ultimate force of more than 2.5 kN/pellet according to the requirements of blast furnace production are: the number of closed macropores and 
the number of large grains in the core. It is shown that with an increase in the number of closed macropores and the number of large grains in the core, 
the ultimate force is reduced from 3.5 kN to 0.87 kN/pellet. 

Keywords: unfluxed pellets, titanomagnetite, magnetite, titanohematite, hematite, aluminosilicate binder, core microstructure, ultimate force, closed 
pores
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Аннотация. Обожженные окатыши должны сохранять прочность от момента схода с обжиговой машины до загрузки в доменную печь. 

Одним из показателей прочности обожженных окатышей является прочность на сжатие, то есть усилие при разрушении. При испытании 
окатышей на прочность на сжатие основным видом разрушения является возникновение и развитие трещин, проходящих через центр 
ядра окатышей (где действуют максимальные радиальные растягивающие напряжения) или в непосредственной близости от него. 
Представлены требования по прочности на статическое сжатие, предъявляемые при доменном производстве к железорудным окатышам. 
С использованием оптического и сканирующего электронного микроскопа, оснащенного энергодисперсионным микроанализатором, 
проанализировали связь структурных составляющих и пор в ядре обожженных неофлюсованных железорудных титаномагнетитовых 
окатышей с усилием разрушения при статическом сжатии. Методом сканирующей электронной микроскопии и рентгенспектрального 
микроанализа установили, что ядро окатышей является многофазным материалом. Основные фазы – титаномагнетит, магнетит, 
титаногематит, гематит и алюмосиликатное связующее. Оптическая микроскопия позволила установить микроструктуру ядра окатышей. 
Возможны три типа микроструктуры: неокисленное ядро (магнетит или титаномагнетит), частично окисленное ядро – вокруг (магнетита 
или титаномагнетита) зерна гематита (титаногематита) и окисленное ядро (гематит и титаногематит). Определяющими факторами 
для получения окатышей с усилием разрушения более 2,5 кН/окатыш по требованиям доменного производства являются: количество 
закрытых макропор в ядре и количество зерен крупных размеров в ядре. При увеличении количества закрытых макропор и количества 
зерен крупных размеров в ядре снижается усилие разрушения от 3,50 до 0,87 кН/окатыш. 

Ключевые слова: неофлюсованные окатыши, титаномагнетит, магнетит, гематит, титаногематит, алюмосиликатное связующее, микрострукту-
ра ядра, усилие разрушения, закрытые поры
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 Introduction

Iron ore pellets are crucial raw materials for cast 
iron smelting in blast furnaces. In Russia and abroad, 
pellet production involves two interrelated processes: 
the formation of green pellets and their hardening. Green 
pellets are burned to achieve the necessary metallurgical 
characteristics, including compressive strength, impact 
resistance, abrasion resistance, and reduction strength. 
To enhance the pelletizing process and produce robust 
pellets, 0.5 – 1.0 % bentonite is added to the finely 
ground concentrate [1; 2]. Bentonite primarily con-
sists of aluminum and silicon oxides with high moisture 
absorption capacity [3 – 5]. Bentonite is the most com-
mon binder for iron ore pellets [5 – 7]. Green pellets 
undergo hardening through oxidizing burning on con-
veyor induration machines. Papers [8 – 10] demonstrate 
that, in the temperature range of 200 to 1300 °C, mois-
ture is removed, magnetite particles oxidize, magnetite 
or hematite grains sinter, and pores and the silicate bond 
are formed, leading to the enhancement of pellet strength 
properties. As moisture is removed, bentonite forms hard 
aluminosilicate interstices that contribute to the harde-
ning process [11; 12].

Upon completion of oxidation processes, a uniform 
pellet structure is achieved [9]. The paper [13] highlights 
that the key factor influencing the intensity of the oxida-
tion process is the pore size rather than the total porosity. 
The heightened oxidation characteristics of pellets can be 
attributed to the larger pore size of pellets with a lower 
specific surface area of the concentrate. This pertains 
to the oxidation period, during which the process is pri-

marily governed by oxygen diffusion in the pellet pores. 
Additionally, when the hematite film forms on the grains, 
the transformation is contingent on the concentrate 
grain size.

Magnetite in pellets undergoes oxidation through 
three distinct mechanisms: complete oxidation across 
the entire cross-section of the pellet, complete oxida-
tion of the pellet shell with a non-oxidized core, and 
partial oxidation of the pellet shell with a non-oxidized 
core [14]. According to findings in [15], introducing oxy-
gen enrichment into the gas atmosphere during the con-
tinuous heating of magnetite pellets can result in oxida-
tion throughout their volumes, effectively eliminating 
non-oxidized cores. The kinetics of magnetite concen-
trate oxidation suggest that such oxygen enrichment is 
particularly effective at lower temperatures. Research in 
[16] revealed that temperatures between 700 and 800 °C, 
with 21 % O2 , or increasing the oxygen content to 60 or 
100 % at 800 °C, can achieve complete oxidation across 
the entire pellet cross-section. The proposed formula 
for calculating the oxidation reaction rate, as a func-
tion of temperature and partial pressure of oxygen in 
the gas phase, can be found in [17]. Additionally, in [18], 
observations were made of hematite whiskers growing 
on the oxidized surface of magnetite concentrate particles 
at temperatures ranging from 800 to 950 °C. The whis-
ker thickness increased from 30 nm at 800 °C to 200 nm 
at 950 °C. These whiskers act as bridges between con-
centrate particles during pellet burning, contributing 
to the overall strength of the pellets.

The findings in the paper [19] illustrate that when 
a pellet initiates oxidation, a hematite shell forms around 
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the pellet while the core remains magnetite. At 1100 °C, 
the diffusion rate of oxygen was limited by sintering in 
the magnetite core, taking place before oxidation rather 
than by the diffusion rate of oxygen through the oxidized 
hematite shell, as previously asserted in the literature. 
The oxidation rate peaked at around 1100 °C and sub-
stantially decreased at 1200 °C due to heavy sintering in 
both the hematite shell and the magnetite core. Another 
study [20] indicated that the hardening of iron ore pellets 
through sintering begins at 1100 °C. The compressive 
strength of pellets increases with the heating temperature, 
although the impact of structure is not considered.

Compressive strength is a crucial metallurgical 
characteristic of pellets. According to state standard 
GOST 24765 – 81, ore mining and processing enterprises 
that produce pellets utilize the results of compressive 
strength tests to evaluate product quality. Current require-
ments at most pelletizing plants stipulate a static com-
pression strength of 2.0 kN/pellet, while in blast furnace 
production, the static compressive strength should exceed 
2.5 kN/pellet [21 – 23].

The issue of pellet integrity under mechanical impact 
has garnered significant attention from resear chers employ-
ing analytical, numerical, and experimental approaches 
to predict fracture. Mathematical mode ling results [24; 25] 
indicate that when spherical pellets undergo compression, 
the most unfavorable stress state occurs in the center due 
to severe tensile radial stresses. Consequently, the ulti-
mate force is commonly used as a measure to assess pel-
let strength in compressive strength tests. A study in [26] 
demonstrated that in compressive strength tests, the pri-
mary type of fracture involves the initiation and propa-
gation of cracks passing through the center of the mag-
netite core, where radial tensile stresses are maximal or 
in close proximity. Interes tingly, it was observed that pel-
lets of both 10 – 12 mm and 14 – 16 mm fractions share a 
common pattern: the larger the relative size of the magne-
tite core, the smaller the ultimate force [26].

The scientific and technical literature lacks informa-
tion on how the core structure influences pellet strength. 

This study aims to conduct comprehensive research 
on the structural components (magnetite, titanomagne-
tite, hematite, titanohematite, aluminosilicate) and pores 
in the core of burnt unfluxed titanomagnetite pellets. 
The primary objective is to determine the dependency 
of the ultimate force under static compression on the pel-
let core structure.

 Materials and methods

To investigate how the structure of pellets influ-
ences their compressive strength, we examined 13 burnt 
unfluxed titanomagnetite pellets within the 10 – 16 mm 
fraction range. These pellets underwent processing 

under the standard temperature-time burning conditions 
applied at JSC EVRAZ Kachkanarsky Mining and Pro-
cessing Plant. Testing was conducted in accordance with 
ISO 4700 requirements, using the universal machine 
BT1-FR050THW.A1K (Zwick GmbH, Germany), with 
hammer heads moving at a speed of 10 mm/min, and 
the deformation curve was recorded. The total iron con-
tent (Fetotal ) in the pellets was determined through titrom-
etry according to GOST 32517.1, and FeO was defined 
based on GOST 53657. Chemical analysis of CaO, SiO2 , 
Al2O3 , MgO, TiO2 and V2O5 compounds was conducted 
using the atomic emission method with inductively cou-
pled plasma on the SpectroBlue device (Spectro, Ger-
many). The chemical composition of the studied pellets 
is as follows, wt. %: Fetotal 60.90; FeO 3.02; CaO 1.00; 
SiO2 3.89; Al2O3 2.83; MgO 2.59; TiO2 2.73; V2O5 0.59.

Microsections were prepared based on the fractures 
of the pellets.

The metallographic study was conducted using 
the Neophot-2 optical microscope, and the obtained 
images were analyzed with Siams-700 software. Measure-
ments of grain size, closed macropore size, and the bind-
ing phase’s size in the core were carried out on five fields 
of vision with 20 line segments. The line ar method, fol-
lowing the Cavalieri-Acker principle, was employed 
to determine the phase fraction, closed macro pores, 
and the binding phase [27]. Grain size was determined 
according to GOST R ISO 643 – 2015, utilizing the con-
ventional phase number classification: 3 – 8 (large), 
9 (medium), 10 (small), 11 and higher (very small). 
To categorize pores, the following terminology was 
applied [28]: closed pores are located inside the sample 
and are completely isolated from neighboring ones, while 
open pores have an open channel connecting them with 
the external surface of the body. Pore size was assessed 
by measuring their maximum size in two perpendicular 
directions. The classification of pores was based on size 
criteria [29]: macropores – with a diameter dp > 20 µm; 
mesopores – 20 ≥ dp ≥ 0.2 μm; micropores – dp < 0.2 µm.

X-ray phase analysis (XRF) was performed using 
the Shimadzu XRD-7000 diffractometer equipped with 
CuKα radiation in the air, covering the 2θ range from 10 
to 85°. The ICDD PDF4 (International Center for Diffrac-
tion Data) database was employed for phase identifica-
tion and quantification. 

X-ray spectral microanalysis (XRSM) of the phases 
was performed on the Tescan Vega II scanning elec-
tron microscope, equipped with an Oxford INCA 
ENERGY 450 energy-dispersive microanalyzer. 

 Results and discussion

The optical microscope revealed structures in the 
microstructure of the pellet core, which can be catego-
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rized into three types: type 1 (Table 1, samples 1, 3, 4, 
5, 9, 10, 11) – the non-oxidized core – magnetite or tita-
nium-magnetite; type 2 (Table 1, samples 2, 6, 7, 8, 12) – 
partially oxidized core – grains of hematite or titano-
hematite around magnetite or titanomagnetite; type 3 
(Table 1, sample 13) – the oxidized core – hematite or 
titanohematite.

The following phases were detected in the pellets 
by the XRF method: hematite, magnetite, quartz, mag-
nesium silicate and ferruginous diopside. The XRSM 
method was used to specify the composition of phases, 
as diffractograms obtained by the XRF method showed 
overlapping reflexes for “hematite” and “titanohematite,” 
as well as “magnetite” and “titano-magnetite” (the ratio 
of intensity lines, angles 2θ of interplanar distances from 
the reflexes fully coincide with the ICDD PDF 4 (Interna-
tional Center for Diffraction Data)). 

The XRSM results (Fig. 1, Table 2) revealed that 
the pellet core consists of the following phases:

– type 1: phase at the point 1 – titanomagnetite 
(70.3 % Fe; 0.4 % Ti); phase at the point 2 – aluminosili-
cate binder composition, wt. %: FeO 19.28; SiO2 45.95; 
CaO 14.7; Al2O3 13.8; MgO 2.14; phase at the point 3 – 
magnetite (72.03 % Fe);

– type 2: phase at the point 1 – titanohematite 
(67.1 % Fe; 1.4 % Ti); phase at the point 2 – alumino-
silicate binder composition, wt. %: FeO 26.0; SiO2 40.4; 
CaO 12.9; Al2O3 12.2; MgO 8.9; phase at the point 3 – 
hematite (60.86 % Fe);

– type 3: phase at the point 1 – titanohematite 
(67.5 % Fe; 1.9 % Ti); phase at the point 2 – aluminosili-
cate binder composition, wt. %: FeO 60.9; SiO2 23.53; 
CaO 5.6; Al2O3 5.67; MgO 1.3.

The microstructure of the non-oxidized core, type 1 
(Fig. 2, a) consists of magnetite and titanomagnetite 
grains (1) separated by the aluminosilicate binder (2) and 
closed pores (3) of various sizes, ranging from spheri-
cal to near-spherical. The magnetite or titanomagne-
tite grains are interconnected, forming a magnetite or 
titanomagnetite surface contact during sintering (4). 
The microstructure of the partially oxidized core (type 2) 
(Fig. 2, b) comp rises interconnected structural compo-
nents of hematite and titanohematite (1), titanomagnetite 
and magnetite (4), and the aluminosilicate binder (2). 
Grain shells consisting of hematite (titanohematite) are 
connected, forming hematite (titanohematite) surface 

T a b l e  1

Results of measuring the ultimate compressive force of 
pellets depending on their size 

Таблица 1. Результаты измерения усилия разрушения 
окатышей на сжатие в зависимости от их размера

Sample 
number Fraction, mm Ultimate force,  

kN/pellet
1

10 – 12

3.16
2 3.06
3 2.59
4 2.06
5 2.01
6 1.91
7 1.56
8

14 – 16

2.06
9 1.88
10 1.33
11 1.14
12 0.87
13 0.70

Fig. 1. Electron microscopic image  
of the pellets’ core structure in the plane of ultimate action:

a – c – type 1 – 3

Рис. 1. Электронно-микроскопическое изображение  
структуры ядра окатышей в плоскости действия силы: 

a – c – тип 1 – 3
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contact during sintering (5). Some grains are separated 
by closed pores (3). The microstructure of the oxidized 
core, type 3 (Fig. 2, c) consists of titanohematite and 
hematite grains (1) separated by open pores of complex 
shape (2), constituting narrow channels alternating with 
sharp bulging, aluminosilicate binder (3). The hematite 
(titanohematite) grains, when joined during sintering, 
form a hematite (titanohematite) surface contact (4).

Upon comparing the results from [15 – 20] with 
the obtained core microstructure, it is assumed that 
the oxidation of magnetite (titanomagnetite) in type 1, 
pellets occurred in the temperature range of 700 – 900 °C, 
in type 2 pellets in the range of 400 – 600 °C, and in 
type 3 pellets in the range of 200 – 400 °С.

In Figs. 3 – 5, the research and calculation results 
are presented in graphical dependencies on the ultimate 
force.

Fig. 3 depicts the ultimate force as a function of the ave-
rage size of grains of magnetite (titanomagnetite), hematite 
(titanohematite), closed macropores, and aluminosilicate 
binder in pellet cores. The analysis of these dependen-
cies reveals a stable correlation (correlation coefficient 
R2 > 0.7). Fig. 3, a demonstrates that when the ave rage 
sizes of magnetite (titanomagnetite) are 10 – 15 μm, 
closed macropores are 12 – 15 μm, and the aluminosili-
cate binder 1.5 – 2.0 µm, the static compressive strength 
requirements of 2.5 kN/pellet are met. In the structure 
under review, both structural components and macropores 
play a significant role in influencing the ultimate force. 
However, for type 2 structure (Fig. 3, b), no line ar relation-
ship was observed among the average grain size of hema-
tite (titanohematite), avera ge sizes of closed macro pores, 
aluminosilicate binder, and ultimate force. 

T a b l e  2

Results of X­ray spectral microanalysis of the pellets 

Таблица 2. Результаты рентгеноспектрального микроанализа окатышей

Points
Content of elements, wt. %, in the field of analysis

O Na Mg Al Si K Ti Ca Fe V
Type 1

1 27.00 – 1.2 1.10 – – 0.4 – 70.30
2 50.44 1.2 1.2 7.19 21.48 0.9 – 10.49 7.10 –
3 25.07 – 1.1 1.20 0.60 – – – 72.03 –

Type 2
1 28.70 – 1.2 0.90 0.70 – 1.4 – 67.10 –
2 37.14 – 5.4 6.51 18.92 – – 9.31 20.22 2.5
3 29.64 – 7.1 1.70 0.70 – – – 60.86 –

Type 3 
1 28.70 – 0.4 1.00 – – 1.9 – 67.50 0.5
2 28.70 0.4 2.0 3.00 11.00 0.1 0.8 4.00 49.50 0.5

Fig. 2. Typical microstructures of the pellet core  
in the plane of ultimate action: 

a – c – type 1 – 3

Рис. 2. Типичные микроструктуры ядра окатышей  
в плоскости действия силы: 

a – c – тип 1 – 3
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Fig. 3. Effect of the average grain structural components in the core on the ultimate force:
а and b – type 1 and 2;  ‒ magnetite (titanomagnetite);  ‒ closed macropores;  ‒ aluminosilicate binder 

Рис. 3. Влияние среднего размера структурных составляющих в ядре окатыша на усилие разрушения: 
а и b – тип 1 и 2;  ‒ магнетит (титаномагнетит);  ‒ закрытые макропоры;  ‒ алюмосиликатное связующее

Fig. 4. Effect of the fraction of large grains and closed macropores in the core on the ultimate force: 
а and b – type 1 and 2;  ‒ magnetite (titanomagnetite);  ‒ closed macropores

Рис. 4. Влияние доли зерен крупных размеров и закрытых макропор в ядре окатыша на усилие разрушения: 
а и b – тип 1 и 2;  ‒ магнетит (титаномагнетит);  ‒ закрытые макропоры

Fig. 5 Effect of the fraction of closed macropores (a) and large grains (b) in the core  
on the ultimate force depending on the type of structure:

 and  ‒ type 1 and 2

Рис. 5. Влияние доли закрытых макропор (а) и зерен крупных размеров (b) на усилие разрушения  
в ядре окатыша в зависимости от типа структуры:

  и  ‒ тип 1 и 2
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A linear relationship was identified between the ulti-
mate force in pellet cores and the fraction of large mag-
netite (titanomagnetite) grains and closed macropores 
(Fig. 4, a). The trend shows that the smaller the frac-
tion of closed macropores and large grains of magnetite 
(titanomagnetite), the greater the ultimate force. This pat-
tern is also observed in the structure of type 2.

For all structures (type 1, 2), a consistent observa-
tion was made: as the number of closed macropores and 
large grains increased, the ultimate force decreased from 
3.5 to 0.87 kN/pellet (Fig. 5). 

To produce pellets with an ultimate force exceeding 
2.5 kN/pellet, the following conditions should be met: 
for type 1 structure – the number of closed macropores 
should be less than 18 %, and the number of large grains 
should not exceed 25 %; for type 2 structure – these 
values should be 25 and 60 %, respectively. For pellets 
with an ultimate force exceeding 2 kN/pellet: for type 1 
structure – the number of closed macropores should be 
less than 40 % and the number of large grains should not 
exceed 50 %; for type 2 structure – these values should be 
25 and 65 %, respectively. 

The ultimate force of 0.70 kN/pellet (Type 3) does 
not meet the static compressive strength requirements 
due to the large number of open macropores (47 %) and 
the number of large grains (75 %).

An important observation is that for both types 
of structures, pellets with ultimate forces exceeding 
2.5 kN/pellet can be obtained.

 Conclusions

The pellet core was found to exhibit three types 
of structures: type 1 (non-oxidized core): titanomagne-
tite and magnetite grains, including sintered ones, closed 
macropores, and aluminosilicate binder; type 2 (partially 
oxidized core): around magnetite (titanomagnetite), there 
are hematite and titanohematite grains, including sintered 
ones, closed macropores, and aluminosilicate binder; 
type 3 (oxidized core): hematite and titanohematite 
grains, including sintered ones, open pores, and alumino-
silicate binder.

In the manufacturing of pellets capable of withstand-
ing compressive loads exceeding 2.5 kN, it is essen-
tial to have the following criteria: for type 1 structure: 
the number of closed macropores should be less than 
18 %, and the number of large grains should exceed 
25 %; for type 2 structure: the values should be 25 % for 
closed macropores and 60 % for large grains. 

The ultimate force decreases to 0.70 kN/pellet for 
the type 3 structure due to the presence of a significant 
number of open macropores and large grains in the pellet 
core.
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Аннотация. Технология плазменной наплавки в защитно-легирующей среде азота с присадочной порошковой проволокой характеризуется 

высокой производительностью и возможностью легирования наплавленного металла. Стойкость металлических изделий зависит 
от микроструктуры, химического состава, технологии получения, режимов термической и поверхностной обработок. В статье 
приведены результаты исследования структуры и микротвердости плазменно-наплавленного в среде азота быстрорежущего сплава 
Р18Ю на среднеуглеродистую сталь 30ХГСА. Различий в строении наплавочного слоя до 4 мм по глубине не выявлено, но после 
четырехкратного высокотемпературного отпуска при 580 °С выявлены структурно-фазовые изменения. Значения микротвердости после 
наплавки и отпуска согласуются с литературными данными. 

Ключевые слова: плазменная наплавка, отпуск, быстрорежущий сплав, микроструктура, микротвердость
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Abstract. The technology of plasma surfacing in a protective-alloying nitrogen medium with an additive powder wire is characterized by high productivity 

and the possibility of alloying the deposited metal. Durability of metal products depends on microstructure, chemical composition, production 
technology, modes of thermal and surface treatments. The article presents the results of a study of structure and microhardness of the high speed alloy 
R18Yu deposited in nitrogen medium on medium-carbon steel 30KhGSA. There were no differences in structure of the surfacing layer up to 4 mm 
in depth, but after four times high-temperature tempering at 580 °C, structural and phase changes were revealed. The values of microhardness after 
surfacing and tempering are consistent with the literature data. 

Keywords: plasma surfacing, tempering, high-speed alloy, microstructure, microhardness
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 Introduction

In recent years, researchers in the field of fundamental 
materials science have traditionally focused on studying 
the impact th at structural-phase state of high-speed alloys 

exerts on the formation of enhanced performance charac-
teristics [1 – 3] and their practical implementation [4; 5]. 

Heat-resistant, high-hardness steels (R18, R6M5, 
R2M9, etc.) with excellent service properties are widely 
employed as surfacing materials in mechanical engi-
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neering and metallurgy to protect parts from abrasive 
wear [6 – 9]. The technology employed is plasma surfac-
ing in a protective-alloying nitrogen medium with an addi-
tive powder wire. This technology is highly productive and 
enables alloying of the deposited metal [6 – 9]. Nitrogen, 
in the case of wear-resistant coatings, provides increased 
impact and corrosion resistance [6 – 9]. The resistance 
of metal products is determined by microstructure, chemi-
cal composition, formulation, heat, and surface treatment 
modes. However, reliable data on enhancing the hard-
ness and wear resistance of high-speed metal obtained 
by plasma surfacing and subsequent he at treatment is 
la cking in the literature.

The objective of the present work is to investigate 
the structure of high-speed steel coating formed by high-
temperature plasma in a nitrogen medium and high-tem-
perature tempering.

 Materials and methods

We investigated the deposited high-speed alloy 
R18Yu, additionally alloyed with aluminum and nitrogen, 
possessing the following chemical composition, wt. %: 
С 0.87; Cr 4.41; W 17.00; Mo 0.10; V 1.50; Ti 0.35; 
Al 1.15; N 0.06. The base material is 30KhGSA steel 
with the following chemical composition, wt. %: С 0.3; 
Cr 0.9; Mn 0.8; Si 0.9. 

As described in the works [8; 9], ingot deposition was 
performed using the installation for plasma surfacing 
of rotation bodies in the thermal cycle with low-tempera-
ture heating. The surfacing mode remains consistent with 
the one outlined in [8].

Samples were cut from the upper layers of the deposi-
ted metal using a spark cutting machine and subjected 
to heat treatment (heating temperature reaching 580 °C, 
with a 1 h holding time and four tempering cycles). 
The metallographic study employed the OLYM-
PUS GX-51 optical microscope. For obtaining EDS map-
ping images and profiles, the KYKY-EM6900 scanning 
electron microscope was utilized.

Microhardness was studied using the Vickers method 
with an HVS-1000 measuring device, employing a 1 N 
indenter load.

 Results and discussion

According to classical ideas, the structure of the 
deposited layer forms as outlined in [10]. The carbon-
depleted α-solid solution precipitates from the liquid. 
Subsequently, the peritectic reaction ensues, leading 
to the formation of γ-mixed crystals. This reaction occurs 
at the phase interface, and the resulting γ-crystals act 
to isolate the core of α-crystals from the more carbon-
rich liquid. The peritectic reaction can only proceed if 
carbon and alloying elements diffuse from the liquid 

solution through the γ-phase. However, this process is 
rarely observed under real surfacing conditions, where 
the surface-deposited layers cool down rapidly. Conse-
quently, the structure retains a certain amount of α-phase, 
a quantity influenced by the cooling rate of the surface 
layer [10].

Upon subsequent cooling, the eutectoid decomposi-
tion of the α-phase takes place, resulting in the formation 
of an α-eutectoid. This eutectoid comprises a dispersed 
mixture of austenite and carbides of the Мe6С type, as 
well as cementite-type carbides.

The inhomogeneity of the structure increases 
with a higher cooling rate, a phenomenon attributed 
to the gradually occurring peritectic transformation. Fol-
lowing final solidification, the structure features grains 
composed of three concentric layers: 1 – a core with 
a two-phase α-eutectoid structure; 2 – an intermediate 
light layer (during solidification, γ-crystals form here 
due to the peritectic reaction, and upon rapid cooling, 
they transform into martensite and residual austenite); 
3 – an outer layer with two-phase eutectics of austenite 
and carbides, which, after cooling, transforms into mar-
tensite and carbides [10].

Microstructure analysis through optical microscopy 
reveals that the structure of the deposited layer exhibits 
a typical cast structure, with dispersion that is practically 
independent of the distance from the surface. This consis-
tency may be attributed to the relatively small thickness 
of the deposited metal and, consequently, the uniform 
cooling rates throughout the depth of the layer deposited 
in a single pass.

A more detailed examination at significant magnifica-
tion using scanning electron microscopy, which allows 
a focus on structural elements, also demonstrates no dis-
cernible differences in the structure of the deposited layer 
at various depths from the surface (refer to the Figure).

The distinctive light-colored shell exhibits martensite 
and residual austenite crystals, formed during accelera-
ted cooling from the γ-phase involved in the peritectic 
reaction. Inside the light-colored shell, primary carbides 
of the Ме6С with a skeleton-like shape are situated. 
The presence of these carbides diminishes the tough-
ness of the steel, prompting exploration into methods for 
mitigating their impact. Dark areas represent a two-phase 
eutectic structure, which, after solidification, comprises 
carbides, martensite, and residual austenite.

Given that the surfacing was conducted in a nitrogen 
medium, it is expected that nitrogen-containing carbides 
or carbonitrides must have formed. The works [6; 7] have 
demonstrated the formation of complex carbides such as 
Fe3(W – Mo – N – V)3С. It is possible for Fe4N nitrides 
to be formed.

Following four cycles of high-temperature temper-
ing at 580 °C with a 1 h holding time and subsequent air 
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cooling, structural changes were observed in the deposi-
ted layer. In the locations initially comprising martensite 
and residual austenite, they transformed into tempered 
martensite with enhanced etchability, releasing dispersed 
carbides of МеС and Ме6С type.

Microhardness on the surface of samples after surfa-
cing and four cycles of high-temperature tempering was 
automatically measured at 100 μm intervals. The micro-
hardness of the deposited layer was found to be slightly 
lower than that of the same layer after four cycles of tem-
pering (see the Table).

After four cycles of tempering, as residual austeni te 
decomposed, tempered martensite formed, and dis-
persed carbides were released. The overall microhard-
ness slightly increased, and its distribution became more 
homogeneous (see the Table), aligning with data from 
literary sources [10].

 Conclusions

We employed optical and scanning electron micros-
copy, along with microhardness measurements, to eva-

lua te the effect of tempering on the structure of the R18Yu 
high-speed steel coating formed by plasma surfacing in a 
nitrogen medium with a powder wire. 

It was observed th at cells with an austenite-marten-
sitic structure formed, and there was a marginal increase 
in microhardness.
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Аннотация. В работе проведено исследование структуры и анизотропии механических свойств металлической стенки, полученной 

с помощью электродуговой проволочной 3D-печати (WAAM) проволокой ER70S-6. Нанесение слоев проводится в среде защитных 
газов: углекислого газа и аргона. В результате структурных исследований обнаружено, что внутреннюю структуру сформированного 
модельного изделия в виде элементарной стенки можно разделить на три зоны. Формирование разных зон стенки обусловлено 
многократными циклами нагрева и охлаждения участков стенки и степенью накопленного тепла по мере увеличения циклов 3D-печати. 
В результате быстрого теплоотвода в подложку при нанесении первых слоев основание стенки (зона 1) содержит крупные вытянутые 
зерна со структурой игольчатого феррита. Средняя часть стенки (зона 2) состоит из феррито-перлитной структуры, которая формируется 
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Abstract. The work presents the study of structure and mechanical properties anisotropy of a metal wall obtained using electric arc wire 3D printing 

(WAAM) with ER70S-6 wire. The layers were deposited in the protective gases of carbon dioxide and argon. As a result of structural studies, it was 
found that the internal structure of the model product in form of a wall can be divided into three zones. Repeated heating, cooling cycles and degree 
of accumulated heat influence the formation of different wall zones. As a result of rapid heat removal to the substrate during deposition of the first 
layers, the wall base (zone 1) contains large elongated grains with acicular ferrite structure. The wall middle part (zone 2) consists of ferrite-pearlite 
structure, which was formed as a result of recrystallization under conditions of repeated heating and cooling during 3D printing. The size of ferrite 
grains in zone 2 varies from 11 to 16.3 µm with increasing the number of layers. The gradual accumulation of heat during 3D printing led to the for-
mation of structures in zone 3 under conditions of overheating and a reduced cooling rate. As a result, the wall upper part (zone 3) consists of large 
ferrite grains (up to 29.8 μm), sorbite, and a small proportion of Widemanstatten ferrite and acicular ferrite. It is shown that the most uniform level 
of mechanical characteristics (σ0.2 = 340 MPa, σu = 470 MPa, ε = 28 %) correspond to the samples cut from zone 2 in a direction parallel to 3D prin ting 
direction. The samples cut in the vertical direction relative to 3D printing and from zone 3 show the lowest level of microhardness and mechanical 
characteristics (σ0.2 = 260 MPa, σu = 425 MPa, ε = 20 %). 
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 Introduction

Over the past few decades, there has been active 
deve lopment in additive manufacturing of products and 
the restoration of machine parts using this technology [1]. 
Additive technologies are in high demand in aviation, 
the space industry, medicine, and mechanical engineering, 
and their application is economically feasible for manu-
facturing prototypes and small-batch production. These 
technologies are unique and indispensable, parti cularly 
for producing parts with complex internal geo metry, 
where the addition of internal stiffeners, the creation 
of channel systems inside the product, or the manufactu-
ring of parts with minimal loss of expensive raw materials 
is essential [2]. Currently, various technologies for addi-
tive manufacturing of metal parts can be distinguished, 
including powder-based methods such as selective laser 
melting, direct laser deposition, and plasma-transferred 
arc hardfacing, as well as wire-based methods like elec-
tron beam wire-feed additive manufacturing and wire and 
arc additive manufacturing (WAAM) [3].

The WAAM process in a shielding gas environment 
(GMAW) is the most common, high-performance, cost-
effective, and simple technology. This process offers 
rapid deposition rates of about 4 – 9 kg/h [4] and enables 
the creation of complex dimensional structures. 

The technology of material deposition with a con-
sumable electrode in the environment of shielding 
inert (MIG) or active (MAG) gases allows the deposi-
tion of a wide range of metals, including layer-by-layer 
deposition of difficult-to-machine alloys such as tita-
nium [5; 6]. In some cases, subsequent heat treatment 
is required to obtain specified mechanical properties. 
Each layer in the 3D printing process undergoes multiple 
thermal hea tings that attenuate when moving away from 
the place of a new layer deposition. All layers are unique 
as heat accumulates in the wall while heat removal is 
insufficient [7]. Consequently, the thermal history is 
shaped, leading to structural-phase transformations and 

alterations in internal stresses [8]. Uncontrolled thermal 
impact can pose a significant challenge for alloys requir-
ing multi-stage heat treatment [9]. 

Another critical issue is the anisotropy of mechani-
cal properties. The growth of columnar crystals du ring 
3D printing, directed heat removal during cooling, 
the formation of layer boundaries, and the varying ther-
mal stresses experienced by each layer result in hetero-
geneous mechanical properties in different cross-sections 
of the product [10]. This anisotropy in mechanical pro-
perties significantly complicates the process of designing 
and obtaining volumetric items with specified parameters.

The objective of this study was to investigate 
the features of structure formation during 3D prin ting 
with structural steel wire and its impact on the distri-
bution of mechanical properties in different sections 
of the produ ct.

 Materials and methods

A copper-coated ER70S-6 wire with a diameter 
of 1.2 mm was utilized for layer-by-layer 3D printing. 
As a substrate, we employed steel of 09G2S grade with a 
simi lar chemical composition, designed for the production 
of parts and elements in welded structures. The substrate 
was 10 mm thick and was selected to minimize thermal 
distortion during the 3D printing process. The chemical 
composition of the materials is provided in Table 1.

Metal wire deposition was carried out using a system 
comprising a FANUC AM-100iD multi-axis mechanized 
manipulator (Fig. 1, a) integrated with an EWM Titan 
XQ R 400 welding machine. The wire was deposited in 
GMAW mode by the MAG method, employing a mix-
ture of carbon dioxide and argon in a ratio of 82 % Ar 
and 18 % СО2 . The optimal 3D printing parameters were 
pre-selected based on the synergistic curves provided 
by the manufacturer. This selection aimed to ensure stab le 
arcing, minimal spattering, and the deposition of even 
layers. 

в результате перекристаллизации в условиях многократного нагрева и охлаждения при 3D-печати. Размер ферритных зерен в зоне 2 
изменяется в пределах от 11 до 16,3 мкм по мере увеличения количества слоев. Постепенное накопление тепла при 3D-печати приводит 
к формированию структур в зоне 3 в условиях перегрева и сниженной скорости охлаждения, вследствие этого верхняя часть стенки 
(зона 3) состоит из крупных ферритных зерен (размером до 29,8 мкм), сорбита, небольшой доли виндманштеттового и игольчатого 
феррита. Однородное распределение микротвердости и оптимальные механические характеристики (σ0,2 = 340 МПа, σв = 470 МПа, 
ε = 28 %) соответствует образцам, вырезанным из зоны 2 в направлении, параллельном 3D-печати. Образцы, вырезанные в вертикальном 
направлении относительно 3D-печати из зоны 3, демонстрируют самые низкие микротвердость и механические характеристики 
(σ0,2 = 260 МПа, σв = 425 МПа, ε = 20 %). 

Ключевые слова: аддитивная технология, WAAM, GMAW, конструкционная сталь, микроструктура, механические свойства, термоциклиро-
вание
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The most common structural element is the vertical 
wall, which was produced using 3D printing by deposi-
ting layers, each 100 mm long, in 50 passes. Layers were 
deposited at regular intervals (30 s) with a slight horizon-
tal shift (2 mm) to increase the width of the wall. The wel-
ding torch was tilted at a 10° angle against the substrate, 
moved “backhand”. The distance between the torch tip 
and the workpiece was approximately 10 – 12 mm. 

The scheme for cutting samples from the wall is illust-
rated in Fig. 1, b. To conduct microstructural studies, a 
cross-section of the wall (highlighted in gray in Fig. 1, b) 
was fabricated, encompassing the substrate itself. This facil-
itated additional analysis of the microstructure in the heat-
affected zone. The structural analysis of the samples was 
conducted using the Carl Zeiss Axiovert 25 microscope and 
LEO EVO 50 scanning electron microscope at the Nanotech 
Center for Collective Use of the Institute of Strength Phys-
ics and Materials Science, Siberian Branch, RAS. The fer-
rite grain size was determined using the method of count-
ing intersections of grain boundaries (GOST 5639 – 82). 
Tensile samples were extracted from both the substrate 
and the wall, in both horizontal (from the top and bottom 

of the wall) and vertical directions relative to the 3D print-
ing. The working part of the double-bladed shaped samples 
had dimensions of 4.0×1.5×40 mm. Static tensile tests were 
conducted on an Instron 5582 electromechanical machine 
with a crosshead travel speed of 0.6 mm/min. Microhard-
ness was assessed using a PTM-3 device with a load on 
the Vickers pyramid of 0.98 N (100 g).

 Research results

 Microstructural studies

Following 3D printing in the GMAW print mode, 
the wall was successfully formed. The geometric charac-
teristics of the wall include a height of 66 mm, a width 
ranging from 9.7 to 10.4 mm; and a 2 mm recess in 
the substrate.

Macroanalysis of the outer surface of the wall revealed 
that in the lower part, the boundaries between the layer s 
are smooth and clear (Fig. 1, c). However, towards the top 
of the wall (approximately from its middle), undulating 
layer boundaries are formed.

T a b l e  1

Chemical composition of 09G2S substrate and ER70S­6 wire 

Таблица 1. Химический состав материала подложки 09Г2С и проволоки ER70S­6

Material
Element content, wt. %

C Si Mn Ni Cr Cu P/S/N Fe
09G2S up to  0.12 0.5 – 0.8 1.3 – 1.7 up to 0.30 up to 0.30 up to 0.30 up to 0.01 ≈96.8

ER70S-6 0.06 – 0.10 0.9 – 1.1 1.6 – 1.8 up to 0.02 up to 0.02 up to 0.02 up to 0.01 ≈96.4

Fig. 1. Photograph of the FANUC ARC Mate-100iD multi-axis robot (a), samples cutting scheme (b), 
the wall photograph (c), the wall zones scheme (d) 

Рис. 1. Фотография многоосевого робота FANUC ARC Mate-100iD (а), схема вырезки образцов (b), 
фотография стенки (c) и схема зон в стенке (d)
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The 09G2S steel substrate exhibited a ferrite-perlite 
structure with pronounced banding in the rolling direction 
(Fig. 2, а). The average ferrite grain size was 18 ± 1 μm. 
In the heat-affected zone, the steel structure transitions 
from bainitic to ferrite-pearlitic (Fig. 2, b).

In the cross-section of the printed wall, three dis-
tinct zones can be identified, as illustrated in Fig. 1, d. 
The dimensions of zones 1, 2, and 3 were 3 mm (4 %), 
35 mm (52 %), and 30 mm (44 %), respectively. It is 
worth noting that the sum of all zones exceeds the wall 
height due to zone 1 incorporating a portion of the melted 
substrate (Fig. 1, c).

Zone 1, located at the base of the wall and the boun-
dary layer with the substrate, is approximately 3 mm in 
height. It consists of large elongated columnar-shaped 
grains (Fig. 2, d). Allotriomorphic ferrite formed along 
the boundaries of former austenitic grains, with acicular 
ferrite developing inside the grains. 

Zone 2 situated in the middle part of the wall, is 
approximately 35 mm in height and is characterized 
by ferrite grains with pearlite inclusions (Fig. 2, e). 
The average ferrite grain size in this zone varies from 
11 ± 1 μm in the lower part of zone 2 to 16.3 ± 2 μm in 
the upper part, relative to the wall height.

Zone 3, located in the upper part of the wall, is appro-
xi mately 30 mm in height and comprises non-equiaxial 
ferrite grains, Widmanstätten ferrite, separate regions 
with acicular ferrite, and a pearlitic component (Fig. 2, f). 
The average size of ferrite grains in this zone is signifi-
cantly larger, measuring 29.8 ± 2 μm.

At the microstructural level, the boundaries between 
the zones within the wall are not distinctly defined. 
The transitions between them are seamless and often 
occupy a substantial portion of the overall area. 

The pearlite component and its distribution in the wall 
structure were examined in greater detail using a scanning 

Fig. 2. Optical (а, b, d – f) and SEM (c, g – i) photographs of the substrate microstructure (а – c), the wall base (zones 1) (d, g), 
the wall middle part (zones 2) (e, h), the wall top parts (zone 3) (f, i) 

Рис. 2. Оптические (а, b, d – f) и РЭМ (c, g – i) фотографии микроструктуры подложки (а – c), основания стенки (зоны 1) (d, g), 
средней части стенки (зоны 2) (e, h), верхней части стенки (зоны 3) (f, i)
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electron microscope (Fig. 2, c, h – i). In the 09G2S steel 
substrate, lamellar pearlite with an interlamellar spac-
ing of about 0.4 ± 0.04 μm was identified (Fig. 2, c). As 
the fusion boundary with the wall was approached, granu-
lar pearlite formed in the heat-affected zone. This granular 
pearlite is likely a result of insufficient austenitization dur-
ing the short-term heating of the substrate, leading to an 
inhomogeneous carbon concentration in austenite.

No areas of pearlite were found in zone 1. Instead, 
individual cementite particles and thin interlayers were 
observed near the boundaries of former austenitic grains 
and acicular ferrite (Fig. 2, h). In zone 2, granular pearlite 
was observed, distributed along the ferrite grain boundar-
ies (Fig. 2, i). 

In zone 3, the distribution of the pearlite component is 
heterogeneous. As one moves away from zone 2, the pro-
portion of granular pearlite in the structure decreases, and 
lamellar pearlite is formed instead (Fig. 2, i). The inter-
lamellar spacing in the lamellar pearlite in zone 3 is 
0.25 ± 0.03 μm, corresponding to the sorbite structure. 
In the upper part of the wall, within a distance of up 
to 3 mm from its top, the proportion of the pearlitic com-
ponent decreases. 

 Microhardness measurement

Microhardness measurements were conducted 
on the cross-section of the wall (Fig. 3, а). The origin on 
the abscissa corresponds to the rear part of the substrate 
(as depicted in Fig. 1, d). The microhardness of the sub-
strate material was recorded as 1.6 GPa. In the heat-
affected zone (~7 mm), microhardness initially decreased 
to 1.35 GPa and then returned to the initial valu es 
of the substrate material microhardness. As the fusion 

boundary is approached, microhardness increases in 
zone 1. The acicular ferrite structure in zone 1 exhibits 
the highest microhardness values, reaching approximately 
1.8 GPa. Given the limited length of this zone (Fig. 3, a), 
the graph only displays a portion of the measured points.

In zone 2 and partially in zone 3, microhardness 
gradually decreases, with a more intensive reduction and 
greater spread of values observed in zone 3. As the upper 
boundary of the wall is approached, microhardness 
increases from 1.3 to 1.5 GPa.

 Static tensile tests

Static tensile tests were conducted on samples cut in 
both horizontal (from the bottom and top of the wall) 
and vertical directions relative to 3D printing (Fig. 1, b). 
The need to test samples from the lower (zone 2) and 
upper (zone 3) parts of the wall arises from differences in 
both the macrogeometry of the layers (presence of undu-
lating layer boundaries in zone 3) and the microstructure 
in zones 2 and 3.

In this study, the substrate and reference data on 
the mechanical properties of the ER70S-6 wire served 
as the baseline for evaluating the mechanical proper-
ties of the wall. The samples cut in the vertical and hori-
zontal directions (from zone 3) relative to 3D printing 
exhibit the lowest strength characteristics, even when 
compared to the substrate material (Fig. 3, b; Table 2). 
Simulta neously, the values of yield strength and tensile 
strength are close, but the plasticity of the samples from 
the vertical section is lower. Samples from the lower part 
of the wall (zone 2) exhibit higher strength properties and 
are closer to the reference values of the wire’s mechanical 
properties. 

Fig. 3. Microhardness of the wall cross-section measured by its height (a), graphs of static tension (b) 

Рис. 3. Микротвердость в поперечном сечении стенки, измеренная по ее высоте (b), 
диаграммы статического растяжения (б)
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Samples cut from zone 2 and the substrate demon-
strate a wide yield plateau, whereas samples from zone 3 
and the vertical wall section have a much smaller yield 
plateau. The samples from the vertical wall section fail at 
the weakest point of the sample corresponding to zone 3, 
aligning with the calculated tensile strength in these 
regions of the wall. 

 Results and discussion

Layer-by-layer printing of products induces cyclic 
heating and multiple phase transformations of underlying 
layers [11]. With an increase in the number of 3D prin-
ting passes, heat accumulates in the wall, and the cool-
ing rate decreases. Over time, during the deposition 
of a new layer, excessive spreading and distortion occur 
due to heat accumulation in the wall. This “critical” 
heat accumulation begins approximately in the middle 
of the wall, where undulating layer boundaries are clearly 
visualized. A similar effect observed in 3D wall printing 
is discussed in [9].

The structure in zone 1 originated from the specific 
conditions during deposition of the first layers on the sub-
strate. The 3D printing of the wall initiated at room tem-
perature and was performed on a substrate mounted on 
a solid metal table. This setup significantly enhances 
heat removal for the initial wall layers, resulting in 
a high crystallization rate and a significant thermal gradi-
ent, facilitating the epitaxial growth of austenitic grains 
(Fig. 2, d) [12]. The formation of allotriomorphic ferrite 
along the boundaries of former austenitic grains suggests 
the occurrence of partial diffusion processes. However, 
acicular ferrite is formed internally, representing a struc-
ture of intermediate bainitic transformation, typical in 
welds [13]. A similar pattern of structure formation dur-
ing 3D printing of walls is discussed in [7; 14 – 16]. 

For subsequent layers, heat removal was reduced, both 
due to substrate heating and a decrease in the contact area 
with the substrate. Consequently, during 3D printing, 
with the deposition of each new layer, the underlying lay-
ers experience overheating, resulting in recrystallization. 
Dispersed polygonal ferrite grains and granular pearlite 

are also formed (Fig. 2, i). Granular pearlite is formed 
due to cyclic heating of layers and insufficient holding 
time, limiting the time for adequate austenite homogeni-
zation.

The upper part of the wall (zone 3), being formed 
at higher heating temperatures affecting the underlying 
layers, reduced cooling rates, and sufficient homogeni-
zation of austenite, exhibits a predominantly ferrite-sor-
bitic structure with a small proportion of Widmanstatten 
and acicular ferrite. Similar results were demonstrated 
in [17; 18]. However, as the number of layers increases, 
and hence the heat build-up in the wall, the size of ferrite 
grains also increases (up to 29.8 ± 2 μm). The very last 
layers of the wall, due to direct contact with the atmo-
sphere, cool at a higher rate and do not recrystallize 
as a result of reheating from the following layers [19], 
resulting in fewer sorbitic regions and a larger proportion 
of the bainitic component (Widmanstatten and acicular 
ferrite). This accounts for the less pronounced yield pla-
teau of samples from zone 3 and the vertical wall section. 
Previous studies have shown that when more than 20 % 
of the bainite phase is present in the structure of low-car-
bon steel, the yield plateau in the tension graph completely 
disappears [20]. Another reason for the shorter yield pla-
teau may be the coarse-grained structure, as fine-grained 
steels are known to have a longer yield plateau and higher 
yield strength due to a larger number of contact resis-
tances at grain boundaries compared to coarse-grained 
steels. The inhomogeneous deformation on the parabolic 
part of the load curve of the sample from the vertical sec-
tion may be related to its having an inhomogeneous struc-
ture, as it was cut from the wall region containing zones 2 
and 3.

Changes in microstructure along the wall height cor-
relate with with variations in microhardness (Fig. 3, а). 
Microhardness decreases in the heat-affected zone 
of the substrate material due to several reasons. As 
the first layers form with short-term substrate heating, 
the material undergoes tempering, and granular pear-
lite is formed. The microhardness in zone 1 increases 
(up to about 1.8 GPa) due to the formation of the acicular 
ferrite structure. Residual stresses resulting from abrupt 

T a b l e  2

Results of static tensile test

Таблица 2. Результаты испытания на статическое растяжение

State Part of the wall σ0.2 , MPa σu , MPa ε, % 
09G2S substrate – 280 ± 7 440 ± 8 28 ± 3

ER70S-6 (reference data) – – 480 – 550 22 – 30

GMAW
upper (zone 3) 260 ± 9 422 ± 11 26 ± 2
lower (zone 2) 340 ± 10 472 ± 10 28 ± 3
vertical section 265 ± 11 428 ± 12 20 ± 2
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heat removal [19] can also contribute to the increase in 
microhardness.

In zone 2, microhardness gradually decreases as 
the ferrite-perlite structure forms, and the grain sizes 
increase from 11 ± 1 to 16.3 ± 2 μm due to heat accu-
mulation during layer deposition and a lower cool-
ing rate. Microhardness in zone 3 further decreases 
(to 1.3 GPa) owing to an increase in the average grain size 
to 29.8 ± 2 μm. Closer to the top of the wall, correspond-
ing to the last deposited layers, microhardness increases 
(from 1.3 to 1.5 GPa) due to a higher cooling rate and an 
increase in the proportion of Widmanstatten and acicu-
lar ferrite. The boundary of this transition corresponds 
to a depth of 4 mm from the top of the wall (zone 3) and is 
accompanied by a large spread of microhardness values. 
This is because structures with very different microhard-
ness values are formed, such as large ferrite grains and 
regions of acicular ferrite.

Thus, the most uniform level of microhardness 
valu es and the most optimal mechanical characteris-
tics are observed in zone 2. As the wall sections are 
formed, the main issues causing increased microhard-
ness (zone 1) or, on the contrary, decreased values of this 
parameter (zone 3) are the excessively high cooling rate 
due to the rapid heat removal to the substrate or severe 
overheating in the upper part of the wall due to low 
heat removal. Possible solutions to these problems may 
include, firstly, substrate preheating aimed at reduc-
ing the cooling rate in the first layers, and secondly, an 
increase in the time interval before depositing each layer 
to allow the previously formed layers to cool to the speci-
fied temperature.

 Conclusions

We investigated the structure and mechanical proper-
ties of the steel wall produced using the electric arc addi-
tive technology (WAAM) with ER70S-6 wire on the sub-
strate made of 09G2S steel. 

Due to the rapid heat removal to the substrate du ring 
the initial stages of 3D printing, large austenitic grains 
with a columnar shape are formed in the structure 
of the wall base (zone 1). Along the grain boundaries, 
allotriomorphic ferrite is released during rapid cooling, 
and within them, bainite transformation occurs, leading 
to the formation acicular ferrite. This type of structure 
is characterized by the highest microhardness values 
(up to 1.8 GPa).

The middle part of the wall (zone 2) consists of fer-
rite grains (11 ± 1 to 16.3 ± 2 μm in size) with inclusions 
of granular pearlite. This dispersed structure is formed 
through recrystallization during cyclic heating and 
a decrease in the cooling rate caused by heat accumula-
tion during multiple 3D printing passes. The formation 

of this structure results in lower microhardness in zone 2 
(up to 1.3 GPa) compared to microhardness in zone 1. 
The increased values of accumulated heat and over-
heating in the upper zones of the wall lead to excessive 
“spreading” of the forming layers and formation of undu-
lating boundaries (zone 3). 

High temperatures and low cooling rates result in 
the formation of a coarse-grained structure (with a grain 
size up to 29.8 ± 2 μm), including sections of ferrite and 
sorbite with inclusions of Widemanstatten and acicu-
lar ferrite. Consequently, the microhardness decreases 
to 1.3 GPa in this zone.

Static tensile tests revealed anisotropy in the mechani-
cal properties of the wall material in different directions 
relative to 3D printing. The best mechanical properties 
were recorded in the lower part of the wall (zone 2) for 
the samples cut in the horizontal direction (σ0.2 = 340 MPa, 
σu = 470 MPa). The samples cut in the vertical direction 
relative to 3D printing from zone 3 exhibited the worst 
strength characteristics (σ0.2 = 260 MPa, σu = 425 MPa). 
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Аннотация. Проведено молекулярно-динамическое моделирование эволюции затравочных трещин в бикристаллах железа с наклонными 

границами зерен при одноосном растяжении. Показано, что процесс эволюции затравочной трещины можно разбить на четыре этапа. 
На первом этапе в интервале упругих деформаций затравочная трещина неподвижна, а напряжения увеличиваются по линейному 
закону, достигая максимального значения ~7,0 ГПа. При этом атомный объем и напряжения в вершине трещины перед ее раскрытием 
растут существенно быстрее, чем в среднем по образцу. На втором этапе трещина начинает распространяться в объем зерна. Процесс 
распространения трещины приводит к скачкообразному сбросу напряжения за счет релаксационных процессов в областях, прилегающих 
к берегам трещины, и эмиссии дефектов из вершины трещины. Достигнув границы зерен, трещина останавливается и затупляется. 
На третьем этапе трещина остается в границе зерен, а напряжения образца испытывают существенные осцилляции, что вызвано эмиссией 
различных дефектов как из границы зерен, так и из других интерфейсов. Эмиссия дефектов из вершины трещины может вызвать локальную 
миграцию границы зерен, которая представляет собой формирование изгиба на изначально плоской поверхности границы зерен. Когда из 
вершины трещины перестают испускаться дефекты, то напряжение и атомный объем в этой области быстро увеличиваются. На четвертом 
этапе трещина начинается распространяться во второе зерно. Обнаружено, что граница с большим углом разориентации зерен является 
более эффективным барьером, сдерживающим распространение трещины. Показано, что инициированию распространения затравочной 
трещины в материале всегда предшествует скачкообразный рост атомного объема и напряжений в вершине трещины. 

  kryzhev@ispms.ru
Abstract. Molecular dynamic modelling of seed cracks evolution in iron bicrystals with inclined grain boundaries under uniaxial expansion was carried 

out. The process of seed crack evolution can be divided into four stages. At the first stage, in the interval of elastic deformations, the seed crack is 
stationary, and the stresses increase linearly, reaching a maximum value of ~7.0 GPa. At the same time, the atomic volume and stresses at the crack 
tip before its opening grow significantly faster than the average for the sample. At the second stage, the crack begins to spread into the grain volume. 
The process of crack propagation leads to an abrupt stress release due to relaxation processes in the areas adjacent to the crack banks and the emission 
of defects from the crack tip. After reaching the grain boundary, the crack stops and blunts. At the third stage, the crack remains in the grain boundary, 
and the sample stresses experience significant oscillations, which is caused by the emission of various defects both from the grain boundary and 
from other interfaces. The emission of defects from the crack tip can cause local migration of the grain boundary, which is formation of a bend 
on the initially flat surface of the grain boundary. When defects cease to be emitted from the crack tip, the voltage and atomic volume in this region 
increase rapidly. At the fourth stage, the crack begins to spread into the second grain. It was found that a boundary with a large grain misorientation 
angle is a more effective barrier restraining crack propagation. Initiation of the seed crack propagation in material is always preceded by an abrupt 
increase in atomic volume and stresses at the crack tip. 

Keywords: molecular dynamics, crack, excess atomic volume, iron, uniaxial tension
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 Introduction

Numerous studies have been dedicated to investiga-
ting the fracture behavior of iron at the microscopic level. 
The primary research objective was to ascertain how 
the fracture processes in the material are influenced by 
internal structural features such as defects, nanoparticles, 
and grain sizes [1 – 4], along with the application of vari-
ous loading schemes involving boundary conditions and 
loading rates [5], as well as different interatomic poten-
tials [6]. Grain boundaries (GBs) play an important role 
in initiating and propagating fractures within the mate-
rial. The interaction between cracks and grain bounda-
ries is determined by several parameters, which can be 
categorized into two groups [7]. The first group encom-
passes the type and rate of the applied load, crack para-
meters, in particular, length and distance from the crack 
to the grain boundary, which influence stress concentra-
tion at the crack tip, serving as a driving force for dis-
location emission and motion. The second group comp-
rises grain boundary parameters, defining the resistance 
level to crack propagation. Two predominant mo dels are 
commonly employed to describe the interaction between 
cracks and grain boundaries. The first model, develo ped 
and detailed in [8; 9], attributes the resistance of a grain 
boundary to crack propagation solely to the orienta-
tion of an adjacent grain. This orientation determines 
the positions of slip planes in the second grain and 
the emission of dislocations in the corresponding slip 
systems. In the second model [10; 11], the slip plane in 
the adjacent grain is considered differently. Specifically, 
the crack must alter the slip plane in the mating grain as 
it crosses the grain boundary. This model introduces two 
additional parameters determining the resistance value 
for crack propagation: the grain boundary surface energy 
characteristic of different types of grain boundaries and 
the grain boundary tilt angle concerning the surface.

Crack propagation and fracture represent intricate 
phenomena involving the rupture of atomic bonds and 
the emission of dislocations from the crack tip. The linear 
theory of elasticity posits that stress fields at the crack tip 
are singular [12]. Atomistic modeling of fracture processes 
offers a way to eliminate singularity and compute accu-
rate stress fields [13; 14]. In the context of brittle material 
under loading mode I, we utilized molecular dynamics 
to calculate stresses, local temperature at the crack tip, 
and the emission of dislocations from the crack. Previous 
works [15; 16] demonstrated that the initiation of partial 

dislocations at the crack tip under shear load is signifi-
cantly influenced by temperature. Additionally, loading 
modes I, II, III, or their combinations in an iron single 
crystal markedly affect crack behavior [13]. However, 
the plasticity at the crack tip is determined by the crystal-
lographic orientation of the sample.

For the study of fracture evolution in materials with 
a grain structure, it is crucial to identify specific features 
of the interaction between cracks and grain boundaries. 
Experimental investigation of crack interaction in mate-
rials with specific grain boundaries is challenging. Mole-
cular dynamics, however, provides an effective method 
for exploring crack interaction with any grain boundaries. 
Despite its efficacy, there are limited studies on iron bicrys-
tals, with the notable exception of the work [17]. This 
study was devoted to the fracture resistance of symmetric 
tilt grain boundaries in iron bicrystals with a seed crack, 
revealing an inverse relationship between crack delay time 
at the grain boundary and the grain boundary energy.

The aim of the present work is molecular dyna mics 
modeling of the peculiarities of interaction between 
cracks propagating in the brittle mode and tilt boundaries 
in iron bicrystals under uniaxial tension. We investigated 
the influence of grain boundaries on the retardation and 
arrest of propagating cracks, peculiarities of grain boun-
dary migration when interacting with the crack, as well 
as the special features of changes in the excess atomic 
volume and stress at the crack tip during its evolution and 
interaction with grain boundaries in iron bicrystals.

 Методы исследования

The simulated iron bicrystals comprised approxi-
mately 950,000 atoms and exhibited parallelepiped shapes 
with edge dimensions of 27×40×10 nm (Fig. 1). In Fig. 1, 
the edges of the grains on the right consistently followed 
the directions X [1 0], Y [210], Z [001]. Notably, the grain 
on the left side of the bicrystal was subjected to a rota-
tion about the Z-axis, with angles of either 10 or 20°. In 
the simulated samples, the initial temperature was set 
at 10 K. Free surfaces were set along the X-axis, and perio-
dic boundary conditions were applied along the Z-axis. 
Non-deformable grips, consisting of three surface atomic 
planes with a normal along the Y-axis, were configured and 
moved in opposite directions along the Y-axis at 2.5 m/s 
each, simulating uniaxial tension in the sample. 

The interatomic interaction in iron was characterized 
by a multiparticle potential developed within the frame-
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work of the Finnis–Sinclair approximation of the embe-
dded atom method [18]. The initial distribution of atomic 
velocities in the sample conformed to the Maxwell dist-
ribution, with the initial direction of atomic velocities 
determined using a random number generator. The inte-
gration step was set at 1 fs. Atomic volumes were com-
puted based on the construction of Voronoi polyhedra. 
To identify local structural changes in the loaded sample, 
the Common Neighbor Analysis pattern for each atom 
was employed [19]. The tilt angle of the local lattice rela-
tive to the axis [100] was determined using the Polyhedral 
Template Matching (PTM) algorithm [20]. Visualization 
of the simulated crystallite structure was accomplished 
using the OVITo software [21].

To compute the excess volume at the crack tip, a simu-
lated cylinder with a radius R = 1.2 nm was employed. 
The crack tip was designated as one of the atoms 
on the crack surface with the maximum coordinate 
along the X-axis, and the cylinder’s axis aligned with 
the Z-axis. To determine the atomic volume at the crack 
tip, the cylin der was systematically shifted along the X- 
and Y-axes, covering a range from –R to +R relative 
to the crack tip atom, with an increment of 0.1R. The total 
volume of atoms within the cylinder was calculated as 
the sum of Voronoi cell volumes, and the maximum value 
was selected. The excess atomic volume was defined 

as the disparity between the Voronoi cell volume and 
the equilibrium atomic volume at the given temperature. 
The average excess volume at the crack tip was computed 
based on the excess volumes of atoms within the cylinder 
with the maximum volume. 

To calculate grain boundary around each atom, the tilt 
angle of the local lattice from the X-axis was deter-
mined using the PTM algorithm. Atoms deviating from 
the chosen axis by more than half the value of the grain 
misorien tation angle were considered part of the second 
grain, while the remaining atoms constituted the first 
grain. Through the loading process, atoms transitioning 
from one grain to another were identified. The sample 
volume (dV) through which the grain boundary migrated 
relative to its initial position was determined as the total 
atomic volume of these migrating atoms (Fig. 1, b). 
The parameter for GB migration in the X-axis direction 
was determined using the formula: LGB = dV/SX where 
SX is the cross-sectional area of the sample deformed 
by the plane perpendicular to the X-axis.

 Results of the crack behavior modeling

The stress-strain dependencies for bicrystals with mis-
oriented grain boundaries of 10 and 20° are presented in 
Fig. 2. Notably, the sample with a 20° grain misorientation 

Fig. 1. Initial structure of a Fe bicrystal with grain misorientation 10° (a) and structure of the sample deformed by 16.3 % (b) 
(green, blue and gray atoms have the nearest neighbors with FCC, BCC and uncertain symmetry, respectively; 

orange – atoms across which the grain boundary passes) 

Рис. 1. Исходная структура бикристалла железа с разориентацией зерен 10° (a) и структура образца, 
деформированного на 16,3 % (b) (зеленым, синим, серым и оранжевым показаны атомы с ГЦК, ОЦК, 

неопределенной симметрией ближайшего окружения и атомы, через которые проходит ГЗ)
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fractures at a considerably higher strain, approximately 
26 %. Despite the difference in fracture strain, the quali-
tative behavior of the curves for these two grain bounda-
ries is generally similar. The deformation curves in Fig. 2 
reveal that the crack propagation process in bicrystals 
unfolds in four distinct stages. Focusing on the detailed 
analysis of the fracture evolution in the samp le with a 10° 
grain misorientation, the first stage occurs in the elas-
tic deformation range of 0 – 4.8 %. During this stage, 
the seed crack remains stationary, and stresses increase 
linearly, reaching a maximum value of around 7.0 GPa. 
The accumulated internal energy in this deformation range 
is sufficient to rupture interatomic bonds at the crack 
tip. Moving to the second stage, within the deformation 
range of 4.8 – 5.2 %, the crack initiates propagation in 
the first grain. As the crack advances, a stacking fault is 
emitted from the crack tip, reaching the grain boundary 
ahead of the crack (Fig. 3, а). The dislocation is emitted 
into the second grain from the portion of the grain boun-
dary reached by the stacking fault. The process of crack 
propagation results in an abrupt release of stress due 
to relaxation processes in the regions adjacent to the crack 
edges and the emission of defects from both the crack tip 
and the grain boundary. Upon reaching the grain boun-
dary, the crack comes to a halt and undergoes blunting 
(Fig. 3, b, c). During the third stage, the crack remains 
within the grain boundary, and the sample stresses may 
undergo significant oscillations. These oscillations are 
attributed to the emission of various defects from both 
the grain boundary and the free surface of the second 
grain (Fig. 3, c). Notably, the emission of defects from 
the crack tip during this stage leads to local grain bound-
ary migration in the vicinity of the crack, as clearly 
depicted in Fig. 3, b and c. During the third stage of crack 

evolution, it is noteworthy that stresses distribute unevenly 
across the sample as interfaces emit a substantial number 
of defects. The overall sample stress tends to decrease with 
increasing strain. However, if defects cease to be emitted 
from the crack tip, the stress in this specific region starts 
to rapidly grow, contrary to the decreasing trend observed 
in the entire sample. The onset of the fourth stage involves 
crack propagation into the second grain (Fig. 3, d), leading 
to an abrupt release of stress throughout the entire samp le. 
Importantly, it should be emphasized that a boundary with 
a significant grain misorientation angle acts as a more effec-
tive barrier, restraining crack propagation into the adjacent 
grain and resulting in larger strain valu es. 

Fig. 2. Stress-strain dependences for the samples  
with misoriented grain boundaries

10° (1) and 20° (2) 

Рис. 2. Зависимость напряжений от деформации  
для образцов с разориентацией границ зерен

10° (1) и 20° (2)

Fig. 3. Structure of the sample with grain misorientation 10° 
at the strains 4.57 (a), 4.83 (b), 8.75 (c) and 16.52 (d) 

(green, blue and gray atoms have the nearest neighbors 
with FCC, BCC and uncertain symmetry, respectively) 

Рис. 3. Структура образца с разориентацией зерен 10° 
при деформациях 4,57 (a), 4,83 (b), 8,75 (c) и 16,52 % (d) 
(зеленым, синим и серым показаны атомы с ГЦК, ОЦК 
и неопределенной симметрией ближайшего окружения 

соответственно)
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The simulation results demonstrate a clear correla-
tion between changes in crack length and variations in 
stress and volume at the crack tip, as illustrated in Fig. 4. 
The distinct stages of crack opening are evident, with 
the crack propagating in discrete steps within the simu-
lated bicrystal. It’s important to note that the stress 
release and subsequent increase during the first stage 
of crack evolution are associated with the nucleation 
and growth of a twin at the crack tip. The atomic volu me 
experiences a rapid increase during the first stage, rea-
ching an absolute maximum just before the crack ope-
ning (Fig. 4). The crack opening during the second 
stage results in a sharp drop in atomic volume and an 
abrupt stress release. In the third stage, a flat region on 
the curve is observed, reflecting the dependence of crack 
length on stress at a strain of approximately 9.0 %. This 
is asso ciated with the crack opening along the boundary 
of a small twin formed near the grain boundary. Before 
the onset of the fourth stage, both atomic volume and 
stresses at the crack tip increase rapidly and then decrease 
as the crack opens into the se cond grain. 

The simulation results further reveal that the interac-
tion of the crack with the grain boundary initiates active 
migration of the latter (Fig. 5). This migration is most pro-
nounced in a narrow strain range from 4.5 to 4.6 %, during 
which the distance between the crack and the grain boun-
dary diminishes from several lattice constants to zero. In 
this case, the grain boundary undergoes substantial cur-
vature, with the portion above the crack plane migrating 
towards the first grain, while the part below it shifts in 
the opposite direction (Fig. 1, b). As the strain approaches 
8.5 %, when the crack remains within the grain boun dary, 
migration slows down significantly. The abrupt crack-
ing of the grain boundary caused by crack propagation 

at 8.5 % results in the migration of the grain boun dary 
back towards its initial position. The grain boundary 
migration parameter exhibits oscillations, correspon-
ding to the emission of structural defects from the grain 
boundary (Fig. 5). The growth rate of structural defects 
is highest when the crack tip approaches the grain bound-
ary in the strain range of 4.0 – 4.5 % (Fig. 6). The grain 
boundary migration induced by the interaction with cracks 
is consistent with experimental findings obtained through 
transmission electron microscopy [22; 23]. 

 Conclusions

The calculations have revealed that grain boun-
daries with a larger angle of misorientation in the iron 
bicrystal significantly retard crack propagation, leading 
to a prolonged presence of cracks in the intergranular 

Fig. 4. Dependences of stress (1) and atomic volume (2) 
at the crack tip and length (3) on tensile strain 
for the sample with grain misorientation 10°

Рис. 4. Зависимости напряжения (1), атомного объема (2) 
в вершине трещины и длины трещины (3) 

от величины растяжения для образца с разориентацией зерен 10°

Fig. 5. Dependence of grain boundary migration parameter (1) 
and crack length (2) on strain

Рис. 5. Зависимость параметра миграции ГЗ (1) 
и длины трещины (2) от деформации

Fig. 6. Dependence of fraction of atoms in structural defects (1) 
and crack length (2) on strain

Рис. 6. Зависимость доли атомов, принадлежащих различным 
дефектам структуры (1), и длины трещины (2) от деформации
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region. In a bicrystal with a greater grain misorienta-
tion, the crack propagates a considerable distance along 
the grain boundary before transitioning into the second 
grain. It was observed that the initiation of seed crack 
propagation in the material is consistently preceded 
by an abrupt increase in atomic volume and stresses 
at the crack tip. The commencement of crack propaga-
tion invariably results in a sharp decrease in stress and 
atomic volume at the crack tip in the simulated bicrystals. 
Following the arrest of the crack by the grain boundary, 
both atomic volume and stress at the crack tip experience 
a subsequent increase. The interaction of the propagat-
ing crack with the grain boundary induces the migration 
of the grain boundary. Notably, grain boundaries exhibit 
the most active migration when the crack tip region is in 
contact with the grain boundary, particularly in the strain 
range where the crack tip comes in contact with the grain 
boundary. 
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Abstract. The features of phase transformations of 12 % chromium ferritic-martensitic steel EP-823 under heating and cooling conditions in the tem-

perature range from 30 to 1100 ℃ were studied by the methods of high-temperature X-ray diffraction analysis (XRD) in situ and differential scan-
ning calorimetry (DSC). According to XRD in situ data, upon heating, the temperatures of the beginning and end of the (α → γ) transformation 
of ferrite (martensite – austenite) are Ac1 ≈ 880 °C, Ac3 ≈ 1000 °C, respectively. Upon cooling, a diffusion (γ → α) transformation occurs with 
critical points – Аr1 ≈ 860°С (beginning temperature) and Аr3 ≈ 840 °С (end temperature). According to DSC data, during heating, the critical 
points of the (α → γ) transformation are Ac1 ≈ 840 °C and Ac3 ≈ 900 °C. During cooling, a martensitic (γ → α) transformation is realized with 
critical points of the beginning of Ms = 344 ℃ and the end of Mf = 212 ℃ of this transformation. The XRD in situ analysis revealed no precipi-
tation of carbide phases under heating and cooling conditions of steel EP-823. Position of the critical points of phase transformations depends 
on the research method (XRD in situ or DSC), which is determined by the difference in effective (taking into account the time for shooting 
in the XRD method) heating-cooling rate. The effect of elemental composition on the position of critical points of phase transformations and 
the formation of structural-phase states of ferritic-martensitic steels is discussed. It is shown that the increased content of ferrite-stabilizing ele-
ments (Cr, Mo, Nb) in composition of EP-823 steel, compared with other steels of the same class, expands the region of existence of the ferrite 
phase, which can contribute to an increase in the temperature of Ac1 . 

Keywords: ferritic-martensitic steel EP-823, structural-phase transformations, high-temperature X-ray diffraction analysis in situ, differential scanning 
calorimetry, quenching, traditional heat treatment
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 Introduction

Generation IV fast neutron nuclear reactors with 
lead or lead-bismuth coolant are currently in develop-
ment [1 – 5]. The 12 % chromium ferritic martensitic steel 
EP -823 is considered one of key materials for manufactu-
ring fuel element cans in Russian nuclear reactors [6 – 9]. 
This steel is distinctive for its elevated silicon content, 
providing excellent corrosion resistance, particularly 
when in contact with liquid metal coolant [7].

The physical and mechanical properties of steel 
EP-823 underwent comprehensive scrutiny in the late 
20th century [7]. Researchers explored the microstruc-
ture and mechanical properties of the steel after various 
treatments, including traditional heat treatment (THT), 
stepwise heat treatment (STT), and high temperature 
thermomechanical treatment (HTMT)) [7 – 9]. They 
analyzed hardening mechanisms [10], investigated creep 
resistance, studied thermophysical properties, tempera-

ture dependencies of elastic modulus, and internal fric-
tion characteristics [11; 12]. Additionally, they examined 
short-term and long-term mechanical properties after 
high-dose neutron irradiation [13 – 15]. The findings 
demonstrated that this steel is on par with other 12 % 
chromium ferritic-martensitic steels concerning physi-
cal-mechanical, heat-resistant, corrosion, and radiation 
properties [16]. 

Although steel EP-823 has been a subject of scien-
tific interest for a considerable period, detailed studies on 
phase transitions during its heating and cooling, utilizing 
Differential Scanning Calorimetry (DSC) and high-tem-
perature X-ray Diffraction (XRD) in situ methods, have 
not been conducted before. The use of these two methods 
allows us to complement the obtained results and deter-
mine the dependence of critical points on the effective 
heating (cooling) rate. The data on the values of critical 
points of steel phase transitions are crucial for determin-
ing the temperature intervals suitable for practical appli-

  kseni_ya_almaeva@mail.ru
Аннотация. Методами высокотемпературного рентгеноструктурного анализа (РСА) in situ и дифференциальной сканирующей калори-

метрии (ДСК) исследованы особенности фазовых превращений 12 % хромистой феррито-мартенситной стали ЭП-823 в условиях 
нагрева и охлаждения в температурном интервале от 30 до 1100 ℃. По данным РСА in situ при нагреве температуры начала Ас1 и 
конца Ас3 α → γ-превращения (феррит – аустенит) составляют 880 и 1000 °С соответственно. При охлаждении реализуется диффузион-
ное γ → α-превращение с критическими точками Аr1 ≈ 860 °С (температура начала) и Аr3 ≈ 840 °С (температура конца). Согласно дан-
ным ДСК при нагреве критические точки α → γ-превращения: Ас1 ≈ 840 °С, Ас3 ≈ 900 °С. При охлаждении реализуется мартенситное 
γ → α-превращение в интервале температур от Мн = 344 ℃ до Мк = 212 ℃. Методом РСА in situ выделения карбидных фаз в условиях 
нагрева и охлаждения стали ЭП-823 не обнаружено. Положение критических точек фазовых превращений зависит от метода исследо-
ваний (РСА in situ или ДСК), что определяется различием в эффективной (с учетом времени на съемку в методе РСА) скорости нагре-
ва/охлаждения. Обсуждается влияние элементного состава и особенностей микроструктуры на положение критических точек фазовых 
превращений феррито-мартенситных сталей. Показано, что увеличенное по сравнению с другими сталями того же класса содержание 
феррит-стабилизирующих элементов (Cr, Mo, Nb) в составе стали ЭП-823 расширяет область существования ферритной фазы, что может 
способствовать повышению температуры Ас1 . 

Ключевые слова: феррито-мартенситная сталь ЭП-823, структурно-фазовые превращения, высокотемпературный рентгеноструктурный 
анализ in situ, дифференциальная сканирующая калориметрия, закалка, традиционная термическая обработка

Благодарности: Работа выполнена в рамках государственного задания Института физики прочности и материаловедения Сибирского отделе-
ния РАН, тема номер FWRW-2021-0008. Исследования выполнены с использованием оборудования Томского регионального центра коллек-
тивного пользования Томскго государственного университета.

Для цитирования: Спиридонова К.В., Литовченко И.Ю., Полехина Н.А., Линник В.В., Борисенко Т.А., Чернов В.М., Леонтьева-Смирно-
ва М.В. Структурно-фазовые превращения 12 % хромистой феррито-мартенситной стали ЭП-823. Известия вузов. Черная металлургия. 
2023;66(6):725–732. https://doi.org/10.17073/0368-0797-2023-6-725-732

1 Институт физики прочности и материаловедения Сибирского отделения РАН (Россия, 634055, Томск, пр. Академичес-
кий, 2/4)
2 Национальный исследовательский Томский государственный университет (Россия, 634050, Томск, пр. Ленина, 36)
3 Институт химии твердого тела и механохимии Сибирского отделения РАН (Россия, 630128, Новосибирск, ул. Кутате-
ладзе, 18)
4 АО «Высокотехнологический научно­исследовательский институт неорганических материалов им. акад. А.А. Бочва-
ра» (Россия, 123098, Москва, ул. Рогова, 5а)

Структурно-фазовые превращения 12 % хромистой 
феррито-мартенситной стали ЭП-823

К. В. Спиридонова1 , И. Ю. Литовченко1, Н. А. Полехина1, В. В. Линник2, 
Т. А. Борисенко3, В. М. Чернов4, М. В. Леонтьева-Смирнова4

https://fermet.misis.ru/index.php/jour/search/?subject=феррито-мартенситная сталь ЭП-823
https://fermet.misis.ru/index.php/jour/search/?subject=структурно-фазовые превращения
https://fermet.misis.ru/index.php/jour/search/?subject=высокотемпературный рентгеноструктурный анализ in situ
https://fermet.misis.ru/index.php/jour/search/?subject=высокотемпературный рентгеноструктурный анализ in situ
https://fermet.misis.ru/index.php/jour/search/?subject=дифференциальная сканирующая калориметрия
https://fermet.misis.ru/index.php/jour/search/?subject=закалка
https://fermet.misis.ru/index.php/jour/search/?subject=традиционная термическая обработка
mailto:kseni_ya_almaeva%40mail.ru?subject=


Izvestiya. Ferrous Metallurgy. 2023;66(6):725–732.
Spiridonova K.V., Litovchenko I.Yu., etc. Structural-phase transformations of 12 % chromium ferritic-martensitic steel EP-823

727

cations of the steel and for developing high-temperature 
thermomechanical treatments.

 Materials and methods

The elemental composition of ferritic-martensitic steel 
EP-823 is as follows [6 – 8], wt. %: C 0.14; Cr 11.56; 
Mn 0.58; Mo 0.74; Nb 0.40; V 0.34; W 0.68; Ni 0.68; 
N 0.03; Si 1.09; Ce 0.10; Ti 0.01; B 0.006; Al 0.02.

To investigate the phase transformations of the steel 
during heating and cooling, we employed high-temper-
ature X-ray diffraction analysis (XRD) in situ on the D8 
Advance diffractometer with HTK 1200 N high-tempera-
ture chamber using CuKα-radiation in a helium protective 
atmosphere. This method involved the following steps: 

– heating from 30 to 1100 °C (shooting at 30 ℃, from 
30 to 800 °C without shooting, from 800 to 1000 °C – 
shooting with a step of 20 °C, heating from 1000 
to 1100 °C without shooting, shooting at 1100 °С);

– exposure at 1100 °C for 40 min to obtain a uniform 
solid solution, followed by shooting;

– subsequent cooling from 1100 to 30 ℃ (from 1100 
to 900 ℃ without shooting, from 900 to 600 ℃ – shoot-
ing with a step of 20 ℃, from 600 to 30 ℃ without shoot-
ing, shooting at 30 ℃). 

The study utilized plates measuring 1 mm in thick-
ness and 15 mm in diameter as samples. The range of 2θ 
angles was set at 40 – 80°, with a shooting step of Δ2θ 
approximately 0.02°. The heating and cooling rates were 
maintained at 12 °C/min, and the shooting time at each 
temperature was 7 min. The XRD method was employed 
to investigate the steel samples post-quenching in water 
at T = 1100 °C (1 h holding time). The temperature 
intervals for shooting were chosen based on previously 
obtained results for steel of the same class [16].

Critical points of phase transformations were deter-
mined using differential scanning calorimetry (DSC) 
du ring continuous heating (from 20 to 1100 °C) at 
a rate of 10 °C/min and cooling (from 1100 to 20 °C) 
of the samples in a protective argon atmosphere using 
a NETZSCH STA 409 PC device. The inflection temper-
atures on the DSC curves were identified as the begin-
ning and end of the phase transformation. The mass 
of the samp les ranged from 90 to 100 mg. DSC studies 
were conducted on steel samples after traditional heat 
treatment (THT), involving quenching in water from 
a temperature of 1100 °C (1 h holding time) and sub-
sequent tempering at 720 °C (for 3 h). 

 Results and discussion

The study [9] provided a comprehensive analysis 
of the microstructure and phase composition of fer-
ritic-martensitic steel EP-823 using Scanning Electron 

Microscopy (SEM) in the Electron Back-Scatter Diffrac-
tion (EBSD) mode and Transmission Electron Micros-
copy (TEM). The primary structural features crucial for 
discussing the peculiarities of its phase transitions during 
heating and cooling are outlined below. 

The microstructure of steel after quenching reveals 
martensitic lamellae with a high density of disloca-
tions (up to 1015 m–2), ferrite grains, a minimal quantity 
of coarse and fine particles of MeX type (where Мe is 
Nb, Mo; X – C, N), as well as coarse particles of Мe23C6 
type (where Мe – Fe, Cr). In the tempering conditions 
follo wing quenching (THT mode), the main structural 
elements (martensitic lamella and ferrite grains) are 
retained. The density of dislocations decreases, while 
the density of coarse (Me23C6 type) and fine (MeX type) 
particles significantly increases compared to the state 
after quen ching.

After THT (Fig. 1), former austenitic grains in steel 
EP-823 exhibit sizes up to 60 µm. A small number 
of δ-ferrite grains were also evident. Within the former 
austenitic grains, martensite blocks are observed, cluste-
ring together with predominantly high-angle misorienta-
tions between adjacent blocks (Fig. 1, b, c). Low-angle 
misorientation boundaries (Fig. 1, c) represent the boun-
daries of the martensitic lamellae forming the blocks. 
The average size of martensite blocks and ferrite grains, 
as per the EBSD method, is 3.1 μm [9]. Fig. 1, c displays 
coarse (submicron, micron) particles of МeХ type.

Transmission Electron Microscopy data [9] indicate 
that the average width of martensitic lamellae is approx-
imately 300 nm. Мe23С6 carbides are situated along 
the boundaries of martensitic lamellae and ferrite grains, 
with sizes ranging from 50 to 250 nm. Fine carbonitrides 
of MeX type (5 – 20 nm in size) are positioned on dis-
locations, anchoring them. These particles are predomi-
nantly liberated during steel tempering. Coarse particles 
of the same type appear to have originated from metallur-
gical operations and remain unchanged in size under heat 
treatment conditions. 

Fig. 2 presents X-ray line profiles of steel EP-823 
(after quenching) obtained through heating and cooling 
in the temperature range 30 – 1100 – 30 ℃. At room tem-
perature (30 ℃), in the initial state, this exhibits a typi-
cal X-ray diffraction pattern of ferrite-martensitic steel 
with a BCC lattice. Upon heating, the X-ray peaks shift 
towards smaller 2θ angles due to the thermal expansion 
of the crystal lattice. The analysis of X-ray profiles at dif-
ferent temperatures reveals that the α → γ transition ini-
tiates at T = 880 ℃ (Ас1) and completes at T = 1000 ℃ 
(Ас3 ). The intercritical temperature interval (Ас3 – Ас1 ) 
is approximately 120 ℃. Besides the γ and α phase reflec-
tions, X-ray diffraction patterns during heating exhibit 
reflections from Fe3O4 and Cr2O3 oxides. Evidently, an 
oxide layer forms on the sample surface due to the pre-
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sence of residual oxygen in the argon protective atmo -
sphere.

Upon cooling, the diffusive transformation from aus-
tenite (γ) to ferrite (α) begins at Аr1 = 860 ℃ and con-
cludes at Аr3 = 840 ℃. In the high-temperature region, 
as the temperature decreases, reflections from oxide 
phases (Fe3O4 , Cr2O3 ) intensify, signifying an increase 
in their volume fraction. Notably, the Fe3O4 (400) and 
Cr2O3 (024) reflections closely match those of γ-Fe (111) 
and γ-Fe (200), respectively. However, at T = 30 ℃, 
there are no reflections from austenite. Oxide reflections 
are observed under shooting conditions at 30 ℃ after 
the heating – holding – cooling cycle.

X-ray diffraction patterns do not exhibit peaks from 
carbide (Me23C6 ) and carbonitride (MeX) particles. 
The XRD method is unlikely to identify these particles 
due to their small volume fraction (up to several percent). 
In [9] it is noted that after THT, the volume fraction 
of fine particles of MeX type in steel EP-823 is ≈0.6 % 
and that of coarse particles of Me23C6 type is about 5.5 %. 
In the state after quenching, the volume fractions of these 
particles are lower than the indicated values.

Fig. 3 presents the results of the investigation of α → γ 
and γ → α transformations in steel EP-823 obtained by 
the DSC method during continuous heating and cool-
ing. During heating (Fig. 3, a), two dips are observed on 
the DSC curve. One of them is associated to the phase 
α → γ transformation, where the points Ас1 = 839 ℃ and 
Ас3 = 902 ℃. When the study is conducted using this 
method, the intercritical temperature interval (Ас3 – Ас1 ) 
is 63 ℃. According to sources [16; 17], the second dip at 
temperatures 645 – 734 ℃ is attributed to the magnetic 
transformation of ferromagnetic α-Fe into paramagnetic 
α-Fe. 

Upon cooling, a peak corresponding to a martensitic 
transformation (γ → α) is observed on the DSC curve. 
This transformation occurs between Ms = 344 ℃ and 
Mf = 212 ℃. Additionally, the DSC curve shows a slight 
inflection in the temperature range of 700 – 668 ℃. 
In [16], it is noted that inflections at such temperatures 
are characteristic of the diffusive transformation of aus-
tenite to ferrite. The cooling rate during the DSC study 
is likely to have been high enough. Under such cooling 
conditions, diffusion-free (martensitic) transformation 
is realized, while diffusion transformation is practically 
suppressed.

The table displays the values of critical points for 
the phase transitions of steel EP-823 determined during 
continuous heating and cooling using XRD in situ and 
DSC methods. The comparison reveals that the differ-
ence in the values of the points Aс1 and Ас3 for the two 
methods is about 40 – 100 ℃, with the difference in 
the values of the intercritical interval being 57 ℃. These 

Fig. 1. Images of steel microstructure after traditional heat treatment: 
a – optical image; b, c – SEM EBSD:  

b – orientation map; c – phase map (BCC-Fe – red,  
MeX particles – green, high-angle – black, low-angle – white lines)  

Рис. 1. Изображения микроструктуры стали после ТТО: 
а – оптическое изображение; b и c – РЭМ ДОРЭ; 

b – ориентационная карта; c – фазовая карта 
(ОЦК-Fe указано красным цветом, частицы MeX зеленым цветом, 
высоко- и малоугловые границы – черными и белыми линиями)
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peculiarities are associated with the specific nature 
of each method, including the variance in effective hea-
ting (cooling) rates, taking into account the shooting time 
when the XRD method is employed. With the application 

of the DSC method, the effective heating rate is higher, 
causing the α → γ transformation to commence at lower 
temperatures, resulting in a shorter intercritical interval 
compared to the XRD in situ method.

Fig. 2. Profiles of X-ray diffraction lines of steel EP-823 (heating from 30 to 1100 ℃, 
holding at 1100 ℃ for 40 min, cooling down to 30 ℃) 

Рис. 2. Профили рентгеновских дифракционных линий стали марки ЭП-823 (нагрев от 30 до 1100 ℃, 
выдержка при 1100 ℃ в течение 40 мин, охлаждение до 30 ℃)

Fig. 3. DSC curves of steel EP-823 during heating (a) and cooling (b) 

Рис. 3. ДСК кривые стали ЭП-823 при нагреве (а) и охлаждении (b)
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Comparing the critical points of phase transitions 
obtained in this investigation (refer to the Table) with 
experimental and calculated results from prior stu-
dies [16; 18 – 20] on various 9 – 12 % chromium fer-
rito-martensitic steels, we can draw the conclusion that 
our results are comparable. In the majority of the con-
sidered steels, the α → γ transformation during heating 
occurs within the temperature range of approximately 
800 – 900 ℃; however, it may be completed at a higher 
temperature (1000 ℃), as observed in the case of steel 
EP-823 examined through the XRD in situ method in 
this study (see the Table). Diffusive transformation 
du ring cooling takes place in a temperature range close 
to the aforementioned one. The martensitic transforma-
tion in the majority of 9 – 12 % chromium ferrite-mar-
tensitic steels is observed within the temperature range 
of approximately 450 – 200 ℃. 

Differences in the position of critical points are contin-
gent on the elemental composition of steels and the rates 
of heating and cooling. An elevation in the content 
of ferrite-stabilizing elements (Cr, Mo, Nb) in the steel 
composition expands the ferrite phase region, potentially 
contribute to the to the increase in temperature at Ас1 . 
The presence of dispersed carbide particles of Me23C6 , 
binding carbon, deplets the solid solution in carbon and 
can consequently contribute to the expansion of the tem-
perature range required for ferrite existence. The tem-
perature and holding time in the austenitic region deter-
mine the homogeneity of the austenite solid solution and 
the size of the initial austenitic grain, influencing the mar-
tensitic transformation. During cooling, the reduction in 
the size of the austenitic grain contributes to the decrease 
Ms and Mf points values [17]. 

 Conclusions

We have identified the critical points of structural-
phase transformations during the heating and cooling 
of 12 % chromium ferrite-martensitic steel EP-823 using 
in situ X-ray diffraction analysis and differential scanning 
calorimetry.

According to the X-ray research, during conti-
nuous heating, the temperatures for the beginning and 
end of the α → γ transformation are Ас1 = 880 ℃ and 
Ас3 = 1000 ℃, respectively. During cooling, the begin-
ning and end of the γ → α-transformation are Ar1 = 860 ℃ 
and Ar3 = 840 ℃. Based on differential scanning calori-
metry data: Ас1 = 839 ℃, Ас3 = 902 ℃; martensitic trans-
formation during cooling occurs in the interval between 
Мs ≈ 340 ℃ and Мf ≈ 210 ℃. The Curie point for the inves-
tigated steel is in the temperature range of 645 – 734 ℃. 

The positions of critical points obtained by diffe rent 
methods vary due to the difference in effective heating 
(cooling) rates, taking into account the shooting time 
when the X-ray method is used. As the heating rate 
increased, the temperature of the beginning of the α → γ 
transformation decreased by ≈40 ℃, and the intercriti-
cal temperature interval narrowed. In case of accelerated 
cooling (during the DSC study), diffusive γ → α trans-
formation is suppressed, and martensitic transformation 
is realized.
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Аннотация. Предложена новая технология процесса заполнения кристаллизатора установки непрерывной разливки стали (УНРС) жидким 

металлом и его перемешивания. Приведена оригинальная запатентованная конструкция устройства, состоящая из глуходонного стака-
на и вращающейся рубашки. Экспериментальные исследования течения жидкого металла в кристаллизаторе продолжительны, сложны 
и трудоемки, поэтому в работе применяется математическое моделирование численным методом. Представлены основные результаты 
исследований течения расплава в объеме кристаллизатора. Объектами исследований являются гидродинамические и тепловые потоки 
жидкого металла нового процесса разливки стали в кристаллизатор прямоугольного сечения УНРС, а результатом – пространственная 
математическая модель, описывающая потоки и температуры жидкого металла в кристаллизаторе. Для моделирования процессов, проте-

  diss@knastu.ru
Abstract. The article proposes a new technology of filling the CCM mold with liquid metal and mixing it. The original patented device consists of a closed 

bottom nozzle and a rotating jacket. Experimental studies of liquid metal flow in a mold are long, complex and time-consuming, therefore, in the work 
was used mathematical modeling by numerical method. The objects of research are the hydrodynamic and thermal flows of liquid metal during 
the new process of steel casting into a CCM mold of rectangular cross-section, and the result is a spatial mathematical model that describes the flows 
and temperatures of liquid metal in the mold. To simulate the processes occurring during the metal flow in the mold, the authors used a specially crea-
ted software package. The theoretical calculations are based on the fundamental equations of hydrodynamics, the equations of mathematical physics 
(equation of thermal conductivity taking into account mass transfer) and a proven numerical method. The area under study is divided into elements 
of finite dimensions, for each element a formulated system of equations is written in a difference form. The result is the velocity and temperature fields 
of the metal flow in the mold volume. According to the developed numerical schemes and algorithms, a calculation program was compiled. The paper 
considers an example of calculating the steel casting into a mold of rectangular cross-section and flow diagrams of liquid metal over various mold sec-
tions. Vector flows of liquid metal in various mold sections are clearly presented for different rotary speed of the rotating jacket. The authors identified 
the areas of intense turbulence and presented the results of the problem numerical solution in graphical form by diagrams of the velocity fields of liquid 
metal flows and their temperature over various mold sections. 
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 Introduction

There is an increasing interest in refining the tech-
niques for managing the flow and blending of liquid metal 
in Continuous Casting Molds (CCM), including the tools 
needed for these processes.

Experimental analysis of liquid metal movement 
within molds is notably complex and demands significant 
time, prompting a shift towards mathematical modeling, 
particularly through numerical methods, for these studies.

The strategies for enhancing the distribution and inte-
gration of liquid metal in CCM are well-documented in 
numerous national and international studies, highlighting 
the impact on ingot quality. 

The traditional method [1 – 5] for ensuring that li quid 
metal washes the mold walls more evenly to achieve 
a uniform structure around the ingot’s perimeter involves 
the following approach: the metal from the tundish is 
introduced into the mold through the holes of a closed-
bottom submerged nozzle. These holes are positioned 
at angles of 180° relative to each other.

Innovative techniques for directing liquid metal from 
the nozzle into the mold have been developed. These 
methods vary the angle and positioning of nozzle open-
ings [6], employ eccentrically located holes [7], use mul-
tiple nozzles [8], apply electromagnetic stirring within 
the mold [9], and introduce metal through deflectors [10].

Additional studies [11 – 13] introduce novel 
approaches and practical findings on optimizing 
the introduction and amalgamation of liquid metal 
into the CCM [11 – 13].

Researchers are actively developing models for 
the mathematical analysis of liquid metal flow and steel 
solidification in molds, using techniques such as digital 
modeling [14], examining the role of secondary flow in 
rotary electromagnetic stirring during continuous cast-
ing [15], studying metal flow inside the CCM [16; 17], 
investigating turbulent flow and particle transport [18], 
and creating models for metal solidification [19 – 21] and 
heat transfer during solidification [22 – 24].

They have also developed mathematical models for 
various liquid metal supply methods into the mold, allow-
ing for the evaluation of specific devices’ efficiency [7; 8].

Yet, there’s a notable gap in the mathematical mode-
ling of these processes, especially using numerical 
me thods, limiting the innovation of new technologies for 
liqu id metal supply and mixing in CCMs.

Despite past achievements, the design and modeling 
of melt supply and mixing processes and devices are not 
thoroughly explored, highlighting the importance of such 
research.

Therefore, it’s crucial to develop new melt supply and 
mixing processes and their mathematical models. This 
will enable the prediction of new devices’ performance 
and efficiency early in the design stage.

This paper introduces innovative technologies for 
casting liquid metal into the mold, utilizing rotational 
effects for improved mixing.

The goal is to establish a mathematical model that 
captures the hydrodynamic processes in the CCM mold 
with this new steel supply method. It aims to demonstrate 
the advantages of controlled rotation for liquid metal 
supply and mixing over the conventional free rotation 
of the submerged nozzle during steel casting.

We describe and analyze a novel process for liquid 
metal supply and mixing in the CCM mold [25], which, 
unlike previous methods [26; 27], offers extensive con-
trol over mixing speed. This control is crucial for achiev-
ing higher quality continuous ingots.

Fig. 1 illustrates the design of a specific device. Metal 
is transferred from the tundish (1) into the mold (5) via 
a closed-bottom submerged nozzle (2), which is equipped 
with off-center holes (4). A refractory jacket (3) featur-
ing ribs (6) is fitted around the submerged nozzle’s outer 
surface, just above its discharge holes, with a small gap 
in between. This jacket is linked to a rotating mechanism, 
comprised of an axial bearing (7), a gearbox (8), and an 
electric motor (9).

The process in question is dynamic, yet it’s modeled 
as if it were steady under certain simplifying assump-

кающих при течении металла в кристаллизаторе, авторы используют специально созданный программный комплекс. В основе теорети-
ческих расчетов лежат основополагающие уравнения гидродинамики, уравнения математической физики (уравнение теплопроводности 
с учетом массопереноса) и апробированный численный метод. Исследуемая область разбивается на элементы конечных размеров, для 
каждого элемента в разностном виде формулируется система уравнений. Результат решения – поля скоростей и температур потока ме-
талла в объеме кристаллизатора. По разработанным численным схемам и алгоритмам составлена программа расчета. Приведен пример 
расчета разливки стали в кристаллизатор прямоугольного сечения, схемы потоков жидкого металла по различным сечениям кристалли-
затора. Наглядно представлены векторные потоки жидкого металла в различных сечениях кристаллизатора при разных числах оборотов 
вращающейся рубашки. Выявлены области интенсивной турбулентности. Результаты численного решения задачи представлены в графи-
ческой форме схемами полей скоростей потоков жидкого металла и их температуры по различным сечениям кристаллизатора. 

Ключевые слова: моделирование, кристаллизатор, жидкий металл, заполнение, потоки расплава, математическая модель, численная схема, 
алгоритм, скорость течения
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tions. The submerged nozzle and the rotating refractory 
jacket share the same square shape at their outlets. Thus, 
as the jacket rotates, its edges stir the liquid metal within 
the mold. 

The rotation direction causes one side of the refrac-
tory jacket’s square edge to push the metal outward, while 
the opposite side draws it in. In this model, the submerged 
nozzle is considered to be fixed, with metal movement 
in and out of the jacket’s edges depending on the rota-
tion speed and the square dimensions of the jacket. This 
idealized scenario is thoroughly explained in [1], allow-
ing the process to be viewed as steady for the purpose 
of this analysis. It’s important to note that the formation 
of a solid metal crust on the mold edges is not accounted 
for in this model.

The medium, which is liquid metal, is considered 
incompressible. Let’s consider the equations of hydrody-
namics. The following equations are valid for the flow 
of a Newtonian, viscous, incompressible fluid when 
the process is stationary:

       (1)

       (2)

      vi, i = 0; i = 1, 2, 3; (3)

        (4)

here σij are the components of the stress tensor; ξij are 
the components of the strain rate tensor; δij is Krone-

cker’s delts; p is the pressure at a given point (p = –σ); 
σ is the hydrostatic stress; μ is the viscosity coeffi-
cient, (g·s)/cm2; vi is the velocity projections along 
the coordinate axes xi (i = 1, 2, 3); ρ is the density 
of the li quid metal;  is the projection of the specific 
volu me force on the coordinate axis xi (i = 1, 2, 3); τ is 
time; Δ is the Laplace operator; θ is the temperature; 
a = λ/(cγ) is the temperature-conductivity ratio; λ is 
the heat transfer coefficient; c is the specific heat capa-
city; γ is the density, all of which are considered constants 
in this context. 

For the stationary process:

The thermal conductivity equation considers mass 
transfer and the condition of stationarity.

Fig. 2 illustrates the computational scheme for the pro-
cess being examined.

The boundary conditions of the problem are defined as 
follows (Fig. 2):

     (5) 

The boundary conditions were applied to solve 
the thermal conductivity equation (4):

   (6)

here vu is the speed at which the ingot is pulled (Fig. 2); 
 is the speed of liquid metal exiting through the holes 

of the submerged nozzle; the given functions of metal 
temperature distribution on surfaces Гi are denoted as  

; while  refers to the heat flows through surfaces Гi 
obtained from experimental data; the preset temperature 
of the metal exiting through the hole Г5  is specified as  .

Fig. 1. Scheme of a device for supply and mixing of steel  
in the mold with rotating jacket with vertical ribs 

Рис. 1. Схема устройства для подачи и перемешивания стали 
в кристаллизаторе с вращающейся рубашкой 

с вертикальными ребрами
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Fig. 2. Formalized design scheme of metal casting into the mold

Рис. 2. Формализованная расчетная схема процесса разливки металла в кристаллизатор
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The numerical scheme and algorithm for solving 
the system of equations (1) ‒ (4) under the boundary con-
ditions (5), (6) are described in detail in [28], utilizing a 
numerical method that has been extensively tested.

 Below, we present the results of the numerical solu-
tion for the problem across different sections of the mold, 
along with an analysis of these results.

 Results of numerical calculation

We set the mold dimensions as follows: Н = 100 cm; 
В = 12.5 cm; l = 100 cm; h = 20 cm; b = 7.5 cm; 
δh = 8.5 cm; δB = 1.5 cm; δ1 = 1.5 cm; vu = 1 m/
min = 1.66 cm/s. For the stationary process, the value v* 
was determined from the equality of the second volumes:

The temperature of the liquid steel flowing out  
 

of the hole (Г5 ) was set to  = 1600 °С. The tempe-  
 

rature on the surfaces of the submerged nozzle (Fig. 2) 
Гi (i = 3, 8, 8′, 11) was determined from experi- 
 

mental data to be  = 1550 °С, i = 3, 8, 8′, 11. On  
 

the surface Г2 (Fig. 2) there is a liquid slag “jacket”  
 

with a temperature of  = 1550 °С. 

Constants are defined as follows λ = 0.29 W/(cm·s); 
c = 444.47 J/(kg·s); γ = 7.8 g/cm3. The viscosity factor 
μ = 2.1·10–4 (kg·s)/m2 used in equations (2) was adopted 
based on [29].

Fig. 3. Velocity field of metal flows in the mold cross-section A ‒ A at n = 30 (a) and 50 rpm (b)  

Рис. 3. Поле скоростей потоков течения металла в кристаллизаторе в сечении А ‒ А при n = 30 (а) и 50 об/мин (b)
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Fig. 3 illustrates the metal flows in the cross-section 
А ‒ А as the jacket rotates at speed (n) of 30 and 50 rpm. 
The low patterns are comparable, yet the intensity 
of the flows increases at n = 50 rpm (Fig. 3, b). In cross-
section А ‒ А, metal flow near the submerged nozzle 
appears chaotic. Areas where the metal temperature 
exceeds the crystallization point are indicated by asterisks 
in Fig. 3, b, highlighting regions of higher thermal vari-
ance. This suggests a more uneven distribution of tem-
perature within the metal flows across this cross-section.

In Fig. 4 the metal flows in the vertical cross-sec-
tion В ‒ В, which captures the area where metal exits 
the submerged nozzle, are depicted. This figure compares 
the flow dynamics at rotational speeds of 30 and 50 rpm, 
with all flow vectors predominantly pointing downwards. 
Consistent with expectations, flow intensity is higher 
at the increased rotational speed of 50 rpm.

Fig. 5, a, presents the metal flows in cross-section 
D ‒ D (Fig. 2) when the jacket rotates at 30 rpm and 
at 50 rpm. At n = 30 rpm (Fig. 5, a), small vortices are 

observed beneath the submerged nozzle, specifically at its 
center. However, at the higher speed of 50 rpm, these vor-
tices disappear. The metal flow rate near the side edges 
of the mold is significantly higher than that under the sub-
merged nozzle.

In Fig. 6, the metal flows are illustrated in the horizon-
tal cross-section Е ‒ Е, with the jacket rotating at speeds 
of 30 and 50 rpm.

The flow vectors show little difference in terms 
of motion patterns and velocities. At a rotational speed 
of 50 rpm, Fig. 7 illustrates the metal flows in the hori-
zontal section of the submerged nozzle as it moves 
through the outlets (cross-section Ж ‒ Ж). The pattern 
of metal flow is similar to that observed in cross-section 
Е ‒ Е (Fig. 6), albeit more intense.

When the rotation speed reaches 50 rpm, the metal 
can penetrate into the slag cushion along the narrow mold 
walls. Fig. 8 displays the motion field of the liquid metal 
(cross-section Г′ ‒ Г′). In this case, the liquid metal moves 
upward, covering half of the vertical plane of the mold’s 

Fig. 4. Velocity field of metal flows in the mold cross-section B ‒ B at n = 30 (a) and 50 rpm (b) 

Рис. 4. Поле скоростей потоков течения металла в кристаллизаторе в сечении В ‒ В при n = 30 (а) и 50 об/мин (b)
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Fig. 5. Velocity field of metal flows in the mold cross-section D ‒ D at n = 30 (a) and 50 rpm (b) 

Рис. 5. Поле скоростей потоков течения металла в кристаллизаторе в сечении D ‒ D при n = 30 (а) и 50 об/мин (b)

Fig. 6. Velocity field of metal flows in the mold cross-section Е ‒ Е at n = 30 (a) and 50 rpm (b) 

Рис. 6. Поле скоростей потоков течения металла в кристаллизаторе в сечении Е ‒ Е при n = 30 (а) и 50 об/мин (b)
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side wall, and accelerates at the slag jacket, reaching a 
speed of 10 cm/s. In the cross-section D ‒ D, metal moves 
swiftly downward from the slag jacket (Fig. 5, b). This 
rapid movement suggests the potential formation of vor-
tices beneath the slag jacket. Such vorticity in the metal 
flow is not necessarily benign. It raises the concern that 
slag could become entrapped within the continuous ingot, 
negatively impacting the quality of the ingot.

 Conclusions

The theoretical study produced numerical results:
‒ in cases of forced mixing of liquid metal within 

a rectangular cross-section mold, the mold walls are 
intensively washed, significantly aiding in the transfer 
of heat from the liquid metal to the mold walls;

‒ within the mold, particularly in its upper section, there 
is observed accelerated movement of liquid metal flows;

‒ on narrow mold walls, liquid metal is propelled (even 
at 30 rpm) towards the slag jacket area, potentially allow-
ing some of the slag to mix into the continuously cast ingot. 
To prevent this issue, the submerged nozzle equipped with 
the rotating jacket can be positioned deeper into the mold. 
This adjustment requires an increase in mold height.
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 Introduction

In the contemporary field of low-carbon stainless steel 
production, argon-oxygen decarburization (AOD) techno-
logy predominates, entailing phases of oxidation and 
reduction. The reduction phase slags, rich in chromium 
oxide, present significant challenges in chromium reduc-
tion and steel desulfurization due to their high viscosity 
and refractory nature. To mitigate these issues, calcium 
fluoride is traditionally added as a fluxing agent during 
the reduction phase [1]. However, this addition poses draw-
backs, including aggressive wear on the refractory lining, 
alterations in slag composition over time, and the forma-
tion of environmentally detrimental volatile fluorides [2]. 
Therefore, researchers have to find a way to replace it. One 
of the solutions can be the use of boron oxide. In response 
to these challenges, boron oxide emerges as a promising 
alternative, attributed to its beneficial impact on slag vis-
cosity and crystallization temperature [3 ‒ 5]. Nonethe-
less, the specific influence of boron oxide on the physical 
properties of chromium-containing slags remains largely 
underexplored.

This study employs vibrational viscometry, thermody-
namic modeling of phase composition (HSC Che mist ry 6.12 
(Outokumpu)), and Raman spectroscopy to investigate 
the effects of varying basicity (B = СaO/SiO2 ) from 1.0 
to 2.5 – mirroring the composition at the commencement 
of the AOD process reduction period – on the viscosity η, 
crystallization onset temperature (tcr ), phase composition 
and structure of slags in the CaO – SiO2 – 18 % Cr2O3 – 
– 6 % B2O3 – 3 % Аl2O3 – 8 % МgO system [6].

 Materials and methods

To study the physical properties of slags within the six-
component oxide system СаО – SiO2 – 18 % Cr2O3 – 
– 6 % B2O3 – 3 % Аl2O3 – 8 % МgO, experimental slags 
were synthesized with compositions detailed in Table 1.

These slags were produced in a resistance furnace 
using molybdenum crucibles under an argon atmosphere, 
employing analytical-reagent grade oxides pre-calcinated 
at 800 °C (with B2O3 calcinated at 100 °C) for 2 to 3 h. 

The viscosity measurements for these slags were con-
ducted utilizing a vibrating viscometer [7] within molyb-
denum crucibles in an argon flow, with temperature moni-
toring achieved through a tungsten-rhenium thermocouple. 
The slags’ crystallization onset temperatures were ascer-
tained based on Frenkel’s theory of viscous flow. This 
involved plotting graphs in the coordinates ln η – 1/T, with 
the crystallization temperature identified at the inflection 
point of these curves [8].

Thermodynamic modeling of the phase composi-
tion for the experimental slag samples was performed 
using the HSC Chemistry 6.12 software package (Outo  -
kumpu) [9].

The structure of slag samples was investigated using 
a Raman microscope spectrometer (U 1000) quipped 
with a 532 nm excitation wavelength laser. The acquired 
spectra span a wave number range of 200 to 1600 cm‒1. 
The spectrum lines observed can be unequivocally linked 
to the vibrational movements of the molecules within 
the slag sample. An analysis of the slag’s structure is facil-
itated through examination of the oscillation frequency, 
as well as the intensity and contour of these spectrum 
lines [10].

 Results and discussion

Fig. 1 illustrates the relationship between slag viscosity, 
temperature, and basicity. Fig. 2 presents these relationships 

T a b l e  1 

Composition of experimental slags

Таблица 1. Состав экспериментальных шлаков

Slag
Content, %

B tcr , 
°СCaO SiO2 Cr2O3 MgO Al2O3 B2O3

1 32.5 32.5 18.0 8.0 3.0 6.0 1.0 1530

2 39.0 26.0 18.0 8.0 3.0 6.0 1.5 1552

3 43.3 21.7 18.0 8.0 3.0 6.0 2.0 1614

4 46.4 18.6 18.0 8.0 3.0 6.0 2.5 1700

чивая при температуре начала кристаллизации 1530 °С вязкость не более 0,25 Па·с. Рост основности (до 2,5) шлаков изучаемой оксидной 
системы, наряду с повышением (примерно в 5,9 раза) доли высокотемпературных фаз, сопровождается формированием более сложной 
силикатной структуры. Образующиеся четырехкоординационные структурные элементы [CrO4 ] и [AlO4 ] встраиваются в кремний-кисло-
родную решетку и усложняют ее, что повышает степень полимеризации. Таким образом, при основности 2,5, в связи с высокой долей вы-
сокотемпературных фаз в шлаке и развитием процесса полимеризации, температура начала кристаллизации шлака возрастает до 1700 °C, 
а его вязкость достигает 1,0 Па·с при температуре 1670 °C. 

Ключевые слова: АКР-шлак, оксид бора, оксид хрома, структура, вязкость, фазовый состав, температура начала кристаллизации
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within the coordinates ln η – 1/T, facilita ting the determina-
tion of the crystallization temperature (Table 1).

Table 2 outlines the phase composition modeling 
results for the slag samples tested. Based on their melting 
temperatures, all phases have been categorically divided 
into three groups: low-temperature (1130 ‒ 1280 °C), 
medium-temperature (1460 ‒ 1600 °C), and high-tempe-
rature (1710 ‒ 2852 °C). 

Raman spectroscopy results of the experimental slag 
samples, with basicities of 1.0 and 2.5 (slags 1 and 4, 
respectively) and a constant content of chromium oxide 
(18 %) and boron oxide (6.0 %), are depicted in Fig. 3. 
Table 3 correlates the wave numbers to the peaks of struc-
tural elements observed.

Peaks within the wave number ranges of 470 to 660 
and 250 to 400 cm‒1 are associated with symmetric stretch-
ing and bending vibrations of Si – O – Si linkages. Peaks 
at 550 cm‒1, found within these ranges, are attributed 
to Al – O – Al and Cr – O – Cr connections. As slag basicity 
increases, these peaks, including the Si – O – Si linkages, 
become less distinct.

Variations in the wave number region of 800 to 1200 cm‒1 
indicate that with an increase in basicity to 2.5, Raman 
spectrum peaks corresponding to [CrO4] and  appear at 
wave numbers 873 and 780 cm‒1. This suggests the pres-
ence of these structural components in slags with elevated 
basicity, recognized as slag polyme rizers [14; 19]. 

Fig. 3 lacks peaks corresponding to three-coordination 
boron [BO3], indicating that within the slag structure, 
boron oxide is represented by four-coordination boron 
[ВO4 ]. The [BO4] tetrahedra tend to create bonds with sili-
con atoms, complicating the structure, but at the same time, 
reducing its uniformity and strength [20 ‒ 22]. Reduction 
in the slag viscosity when such oxide is used as a fluxing 
agent can be attributed to weakening of the structure and 
formation of low-melting compounds.

Fig. 1. Dependence of viscosity on temperature  
and basicity of slags of the studied oxide system

Рис. 1. Зависимость вязкости от температуры  
и основности шлаков изучаемой оксидной системы

Fig. 2. Dependence of viscosity logarithm of (ln η)  
on inverse absolute temperature (1/T) for slags 1 ‒ 4 (а ‒ d) 

Рис. 2. Зависимость логарифма вязкости (ln η)  
от обратной абсолютной температуры (1/Т) шлаков 1 ‒ 4 (а ‒ d)
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The polymerization degree of slag is primarily influ-
enced by the high-frequency silicate region, spanning wave 
numbers 800 to 1200 cm‒1, which correspond to [SiO4] 
tetrahedrons. To gain a more nuanced understanding 
of the slag’s structural intricacies, we performed decon-
volution of the obtained Raman spectra using the Gauss-
ian method [23] (Fig. 4). This process facilitated the rep-
resentation of the slag’s polymerization degree through 
the quantification of the average number of bridging oxy-
gen (BO) molecules, calculated by the formula: 

      (1)

where  is [SiO4 ] with n number of bridging oxygen.
Calculations of the average amount of bridging oxy-

gen (BO) are presented in Table 4.
Acid slags with a basicity of 1.0 (Fig. 1, slag 1) cate-

gorized as “long” slags, are shown to possess a heigh-
tened proportion of high-temperature phases, reaching up 
to 34.1 % (Table 2). However, despite the fact that the pro-
portion of high-temperature phases is 1.6 times higher com-
pared to that of low-temperature phases, slags with a basicity 
of 1.0 have a simpler silicate structure. The average amount 
of bridging oxygen BO does not exceed 0.55, likely because 
chromium oxide behaves more like a base in the acidic slag 
environment [24; 25]. The depolymerizing impact on the sil-
icon-oxygen lattice results in a majority (0.64) of the silicate 
structural elements being composed of [SiO4] units devoid 
of bridging oxygen. This simpler structure, particularly in 
slags with a basicity of 1.0, ensures relatively high fluidity 
at a crystallization temperature of 1530 °C, despite having 
a 1.6-fold greater proportion of high-temperature phases. 
At and above the crystallization temperature, the viscosity 
of the slag remains below 0.25 Pa·s. 

T a b l e  2 

Phase composition of experimental slags at 1600 °C

Таблица 2. Фазовый состав экспериментальных шлаков 
при 1600 °С

Phase 
composition

Melting 
temperature, °С

Content, %, in the slag
1 2 3 4

Low-temperature phases
СВ 1130 4.3 2.8 1.4 0.4
2СВ 1280 8.3 10.1 10.7 8.4

CM2S 1391 9.2 5.6 2.0 0.3
Total 21.8 18.5 14.1 9.1

Medium-temperature phases
2CM2S 1454 3.0 3.4 2.7 1.0

3СВ 1460 0.7 1.7 3.9 8.9
3C2S 1460 5.6 7.5 8.1 6.0
CMS 1503 7.7 9.9 10.9 8.4
СS 1540 15.9 13.1 9.0 4.6

CA2S 1550 3.6 1.8 0.4 0.02
MS 1557 5.8 4.0 2.0 0.5

3CM2S 1575 1.2 2.5 4.3 4.9
CA 1600 0.4 0.9 1.9 3.2

Total 43.9 44.8 43.2 37.52
High-temperature phases

S 1710 4.9 2.2 0.7 0.1
A 2040 1.4 1.8 1.7 1.0

2CS 2130 6.3 9.6 14.6 21.9
C 2570 0.2 0.4 0.7 2.2
M 2852 1.4 2.0 3.1 4.8
Cr 2435 12.8 10.3 6.8 3.0

CCr 2100 7.1 10.6 15.4 20.5
Total 34.1 36.9 43.0 53.5

N o t e  (phase designations): 
СВ – CaO·B2O3; 2CB – 2CaO·B2O3 ;
3CB – 3CaO·B2O3; CS – CaO·SiO2; 2CS – 2CaO·SiO2; 
3C2S – 3CaO·2SiO2; C – CaO; CM2S – CaO·MgO·2SiO2; 
CMS – CaO·MgO·SiO2; 2CM2S – 2CaO·MgO·2SiO2; 
3CM2S – 3CaO·MgO·2SiO2; S – SiO2; MS – MgO·SiO2; 
M – MgO; CA2S – CaO·Al2O3·2SiO2; A – Al2O3; 
CA – CaO·Al2O3; Cr – Cr2O3; CCr – CaO·Cr2O3.

T a b l e  3

Correspondence of wave numbers and structures

Таблица 3. Соответствие волновых чисел и структур

Elements Wave 
number, cm‒1 Structures Refe-

rences

850 ‒ 880 without bridging oxygen 
in [SiO4]

[11; 12]

900 ‒ 920 with 1 bridging oxygen 
in [SiO4]

950 ‒ 980 with 2 bridging oxygen 
in [SiO4]

1040 ‒ 1060 with 3 bridging oxygen 
in [SiO4]

1060, 1190 with 4 bridging oxygen 
in [SiO4]

Si ‒ O ‒ Si 500 ‒ 650 deformation vibrations 
Si ‒ O0 [13]

Al ‒ O ‒ Al 550 stretch vibrations  
Al ‒ O0 [14]

Cr ‒ O ‒ Cr 520 ‒ 540 stretch vibrations  
Cr ‒ O0 [15]

[CrO4] 873 stretch vibrations  
Cr ‒ O0 [16]

[BO3] 1350 ‒ 1530 stretch vibrations  
B – O– in [BO3]– [17; 18]

[BO4] 900 ‒ 920 stretch vibrations  
B – O0 in [BO4]

[18]

780 with 3 bridging oxygen 
in [AlO4]

[14]
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As the basicity of the slags within this oxide system 
increases, the trend of a rising proportion of high-temper-
ature phases and a declining proportion of low-temperature 
ones continues (as indicated in Table 2). For instance, a slag 
with a basicity of 2.5 (slag 4, Fig. 1) is classified as belong-
ing to the “short” slags category (Table 2), with its high-

temperature phase proportion escalating to 53.5 %. This 
increase is largely attributable to the phases 2CaO·SiO2 
(21.9 %) and CaO·Cr2O3 (20.5 %), alongside a reduction in 
low-temperature phases to 9.1 %, due to diminished propor-
tions of CaO·B2O3 and CaO·MgO·2SiO2 to 0.4 and 0.3 %, 
respectively. Concurrently, despite the enhanced basicity 
and the integration of the [BO4] structural element, the pres-
ence of chromium and aluminum oxides, acting as acidic 
oxides [14; 19; 20], leads to a heigh tened polymerization 
degree of the slag. The incorporation of four-coordination 
chromium [CrO4] and aluminum [AlO4] into the silicon-
oxygen framework intensifies its complexity. Consequently, 
the average number of bridging oxygen (BO) rises to 0.73, 
predominantly because a significant portion (0.52) 
of the silicate structural elements consists of [SiO4] with 
one bridging oxygen. This intricate silicate structure, along-
side an approximately 5.9-fold increase in the proportion 
of high-temperature phases compared to low-temperature 
ones, contributes to a rise in the crystallization temperature 
to 1700 °C and viscosity levels reaching 1.0 Pa·s or more at 
temperatures of 1670 °C and below. 

 Conclusions

Our research has revealed new details about how 
the basicity of slags in the СаО – SiO2 – 18 % Cr2O3 – 

Fig. 3. Raman spectra of slags 1 and 4

Рис. 3. Рамановские спектры шлаков 1 и 4

T a b l e  4

Fractions of silicate structural elements

Таблица 4. Количество силикатных  
структурных элементов

Slag B 
Number of structural elements, 

shares BO

1 1.0 0.64 0.17 0.19 0 0.55
4 2.5 0.37 0.52 0.11 0 0.73

Fig. 4. Results of deconvolution of slags 1 (а) and 4 (b)  

Рис. 4. Результаты деконволюции шлаков 1 (а) и 4 (b)
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– 6 % B2O3 – 3 % Аl2O3 – 8 % МgO system impacts their 
phase composition, structure, viscosity, and the tempera-
ture at which they begin to crystallize. 

We’ve found that the physical properties of slags hinge 
on the interaction between polymerization processes and 
their phase makeup:

– at a basicity level of 1.0, chromium oxide acts in 
a way that simplifies the slag’s structure, resulting in a 
bridging oxygen (BO) value of 0.55. This simple structure 
leads to a low viscosity of 0.25 Pa·s at the temperature 
where crystallization starts, which is 1530 °C, even though 
there’s a high presence of high-temperature phases;

– on the contrary, when the basicity reaches 2.5, 
the degree of polymerization in the slag increases 
(BO = 0.73). This is because Cr2O3 starts to show acidic 
properties, as seen by the formation of the [CrO4] struc-
tural unit in the slag. Along with this, there’s a significant 
increase in high-temperature phases, by about 1.57 times. 
This combination leads to a more complex structure, push-
ing the slag’s viscosity up to 1.0 Pa·s at 1670 °C and raising 
the temperature at which crystallization begins to 1700 °C.
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Аннотация. В работе представлены результаты лабораторного исследования эффекта доливки прибыльной части слитка расплавом на 

процесс затвердевания и структурообразование модельного слитка. Доливка производилась через определенный интервал времени 
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Физическое моделирование влияния доливки расплава 
в прибыльную часть слитка на процесс затвердевания 

и структурообразование
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Abstract. The paper presents the results of a laboratory study of the effect of refilling the ingot knock-off head with melt in a certain time interval after 

pouring the ingot body on solidification and structure formation of the model ingot. The research was carried out by the method of physical (cold) 
modeling for which a laboratory installation (casting form-mold) was developed and manufactured. It allows visually studying the processes occur-
ring during solidification and structure formation on a 19.6-ton model ingot. We used sodium sulfuric acid (crystalline hyposulfite) as a modeling 
solution. Correspondence of the processes occurring on the model and in real conditions of industrial ingots casting was evaluated using similarity 
criteria obtained on the basis of dimension theory with analysis of physico-chemical processes occurring during casting and crystallization of the in-
got. Casting of the melt into the casting form-mold was downhill. In order to assess changes in the temperature field during casting and crystalliza-
tion of the ingot in the entire solidification time, we performed thermometry of the mold model surface. Analysis of the conducted studies results 
showed that refilling the melt before 40 min leads to stimulation of early settling of crystals (“rain of crystals”), which contributes to an increase 
in the crystallization directivity in vertical direction. It was established that in a conventional ingot up to 40 min solidification proceeds by a sequen-
tial mechanism, and after that the crystals begin to settle (“rain of crystals”) and the solidification of the ingot passes through a volume-sequential 
mechanism. Refilling the ingot knock-off head with melt 40 min after pouring the ingot body contributed to the continuation of the sequential 
mechanism of ingot solidification, which led to the formation of a monolithic defect-free structure in the ingot body and the least development 
of shrinkage shell in the knock-off head. The results obtained make it possible to develop a technology for differentiated ingots casting when filling 
their knock-off heads with melt in a certain time interval after pouring the ingot body, which will affect the process of metal structure formation and 
reduce defective zones. 

Keywords: physical simulation, downhill casting, casting form – mold, refilling the ingot knock-off head, solidification, axial zone, large forging ingot
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 Introduction

The theory and practice of ingot production demon-
strate that the solidification time of large ingots spans 
se veral days, during which liquation and shrinkage phe-
nomena significantly manifest. These phenomena give 
rise to chemical and physical heterogeneity within the cast 
metal, which, if pronounced, may persist even after for-
ging. Consequently, this can result in the rejection of bil-
lets either during manufacturing or during delivery trials, 
leading to losses for the enterprise.

Currently, numerous methods have been developed 
to enhance metal quality, primarily focusing on process 
improvements during smelting and casting. However, 
despite advancements, the benefits achieved during smelt-
ing can be compromised during the casting and solidifica-
tion of large ingots, each weighing no less than 14 tons.

Studies [1 – 3] demonstrate that challenges in achiev-
ing structural quality and uniform mechanical properties 
throughout the height and radius of forgings stem from 
varying solidification conditions across different parts 
of the ingot. Additionally, shrinkage processes, signifi-
cant liquation of impurities in the steel composition, and 
the shape and size of the ingot contribute to these dif-
ficulties. 

The significant influence of ingot geometrical param-
eters on the development of the axial zone is widely 
acknowledged. Specifically, parameters such as the height 
to average diameter ratio H/D [4 – 7], conicity [8 – 10], 
and the type of the ingot (shortened, normal, elongated) 
are recognized as predominant factors.

The formation of axial porosity is closely linked 
to shrinkage phenomena, which are, in turn, influenced 

by temperature conditions and thermophysical pro-
cesses during ingot casting and crystallization. Con-
sequently, the method and speed of metal casting are 
crucial determinants in the formation of axial defects in 
the ingot [11 – 13].

To enhance the quality of large ingots, it’s imperative 
to explore effective methods that influence the solidifica-
tion process. Understanding the mechanisms and condi-
tions leading to the formation of localized defect areas, 
which contribute to the development of macro-defects 
resistant to deformation removal, is essential. Analy-
zing the solidification features of large ingots is intricate, 
requiring consideration of numerous factors impacting 
crystallization phenomena. 

One approach to studying solidification processes in 
large ingots is through physical (cold) modeling, utili-
zing casting form models [14 – 16]. This method enables 
the visual assessment of solid and solid-liquid phase 
advancement kinetics alongside convective mixing 
of the modeling melt and internal defect development. 
It’s important to note that physical modeling provides 
qualitative insights into the influence of casting process 
factors on structure formation nuances and defect zone 
development. 

The conditions outlined in [2; 3; 17] suggest that 
refilling the knock-off head is justified when the ratio 
of crystallization interval value to temperature gradient 
value meets the criterion ΔТcr /δТ ≥ 1. Researchers in [18] 
demonstrated that refilling the knock-off head with hot 
melt can significantly impact ingot structural zone for-
mation conditions, elevating the δT parameter to values 
prompting a return to sequential solidification, resulting 
in a denser dendritic structure. 

после заливки тела слитка. Исследования проводили методом физического (холодного) моделирования, для которого была разработана 
и изготовлена лабораторная установка (изложница-кристаллизатор), позволяющая визуально изучать процессы, происходящие при 
затвердевании и структурообразовании на модели слитка массой 19,6 т. В качестве моделирующего раствора использовали натрий 
серноватистокислый (кристаллический гипосульфит). Соответствие процессов, происходящих на модели и в реальных условиях отливки 
промышленных слитков, оценивалось с помощью критериев подобия. Они получены на основе теории размерностей исходя из анализа 
физико-химических процессов, происходящих при разливке и кристаллизации слитка. Разливка расплава в изложницу-кристаллизатор 
выполнялась сверху. С целью оценки изменения поля температур при разливке и кристаллизации слитка в течение всего времени 
затвердевания проводили термометрирование поверхности модели изложницы. Анализ результатов проведенных исследований показал, 
что доливка расплава до 40 мин приводит к стимулированию раннего оседания кристаллов («дождь кристаллов»), что способствует 
увеличению направленности кристаллизации в вертикальном направлении. Установлено, что в обычном слитке до 40 мин затвердевание 
идет по последовательному механизму, а после начинается оседание кристаллов («дождь кристаллов») и затвердевание слитка 
проходит по объемно-последовательному механизму. Доливка прибыльной части слитка расплавом спустя 40 мин после заливки тела 
слитка способствовала продолжению последовательного механизма затвердевания слитка. Это привело к образованию монолитной 
бездефектной структуры в теле слитка и наименьшему развитию усадочной раковины в объеме прибыли. Полученные результаты 
обусловливают возможность разработки технологии дифференцированной разливки слитков при наполнении их прибыли расплавом 
через определенный интервал времени после заливки тела слитка. Это позволит воздействовать на процесс формирования структуры 
металла и сокращение дефектных зон. 

Ключевые слова: физическое моделирование, разливка сверху, изложница-кристаллизатор, доливки прибыльной части слитка, процесс за-
твердевания, осевая зона, крупный кузнечный слиток
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The aim of this research is to investigate the impact 
of refilling the knock-off head with melt on the solidifica-
tion process and structure formation of the model ingot. 
Refilling is executed at specific time intervals following 
casting of the ingot body.

 Materials and methods

In this study, we employed the physical (cold) ingot 
modeling method, for which we designed and fabricated 
a laboratory installation (casting form-mold) [16]. Using 
this installation, we visually examined the processes 
occurring during solidification and structure formation 
of model ingots. The geometric parameters of both real 
industrial and model ingots are detailed in Table 1.

As a modeling solution, we utilized sodium thiosulfate 
(crystalline hyposulfite) – Na2S2O3·5H2O was used as 
a modeling solution. The solidification onset temperature 
ranged from 48 to 52 °C. To evaluate the correspondence 
between the processes observed in the model and those 
in real industrial ingot casting conditions, we employed 
similarity criteria, including Froude (Fr), Reynolds (Re), 
Weber (We), Biots (Bi), and Fourier homochronicity (Fo). 
These criteria were derived from dimensional analysis 
of physical and chemical processes during ingot casting 
and crystallization. Additionally, we utilized the solidifi-
cation criterion (phase transfer) N, describing the ratio 
of phase transfer heat to cooling heat [4; 19].

Calculation of the similarity criteria (Bi, N, Fo, Fr, 
We) as outlined in [4] demonstrated (see Table 2) that 
their values for both model and real conditions differed 
by no more than one order of magnitude, indicating cor-
respondence between the studied processes [19].

The direct shadow method, also known as the schlie-
ren method, was employed to examine the hydrodynamic 
characteristics of liquid motion at the end of casting 

into the casting form – mold, as well as the behavior 
of convective flows (both downward and upward) in 
the melt during the solidification process. This method 
facilitated visualization and quantification of the nature 
and rate of change of convective flows during the solidi-
fication of model ingots. 

The direct shadow method (Fig. 1), involves genera-
ting a parallel beam of light 2 using a light source and col-
lecting lens 1, which is then directed to “shine through” 
the object under examination (casting form – mold) 4. 
When encountering inhomogeneity, the rays deflected 
by it form an image projected onto a screen 5. To ensure 
the light beam’s parallelism, in this study, the light 
was directed to a straight mirror 3 whose size matches 
that of the mold. Light 2 reflected by the mirror 3 from 
the source 1, while passing through the solidifying ingot 
model within the casting form – mold 4, reveals the image 
of inhomogeneity on the screen 5, which was captured 
using a high-resolution digital video camera 6. The video 
recordings obtained were utilized to calculate the veloci-
ties of convective flows immediately after casting and 
during the solidification of the model ingot. To calcu-

T a b l e  1

Geometrical parameters of industrial 
and model ingots

Таблица 1. Геометрические параметры промышленного 
и модельного слитков

Ingot parameters
Sample 
ingot 

(19.6 t)
Model

Height to average diameter ratio, H/D 2.15 2.3
Ingot body conicity, Kin.b , % 4.1 4.4
Feeder head conicity, Khead , % 14.7 14.7
Ingot body volume, Vin.b , % 77.4 79.7
Volume of knock-off head, Vhead , % 18.0 15.7
Volume of bottom part of ingot, Vbot , % 4.6 4.5

T a b l e  2

Values of similarity criteria in the sample and model

Таблица 2. Значения критериев подобия  
в образце и модели

Ingot type
Similarity criterion

Bi N Fo Fr We
Model 
ingot 1.02∙10–8 0.52 1.083∙10–4 2.80∙10–6 7.56∙10–4

Sample
ingot 1.73∙10–7 4.01 6.340∙10–4 3.67∙10–5 5.83∙10–3

Fig. 1. Layout of installation for studying the solidification and structure 
formation of a model ingot:

1 – light source; 2 – light beam; 3 – direct mirror; 
4 – casting form-mold; 5 – screen; 

6 – high–resolution digital video camera

Рис. 1. Схема установки для исследования процесса 
затвердевания и структурообразования модельного слитка: 

1 – источник света; 2 – пучок света; 3 – прямое зеркало; 
4 – изложница-кристаллизатор; 5 – экран; 

6 – цифровая видеокамера высокого разрешения
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late these velocities, a grid with square side dimensions 
of 25 mm was applied to the screen.

The melt was poured into the casting form – mold 
from above, and the experimental conditions’ specifics 
are detailed in Table 3.

Four model ingots were cast using the physical (cold) 
modeling method to simulate the ingot solidification pro-
cess. One ingot followed classical technology (referred 
to as an ordinary ingot), while the others had the head 
cast after different time intervals: 7, 19 and 40 min after 
casting the ingot body (referred to as experimental ingots 
or refilling of the head after 7, 19 and 40 min). Refil ling 
of the knock-off head of experimental ingots was per-
formed with melt temperature 5 °C “colder” than the melt 
used for casting the ingot body. At the time of refilling, 
the solidified solid phase area in the body of experimental 
ingots (zone of columnar crystals) amounted to 16.7, 23.5 
and 43.4 %, respectively (Table 1). Throughout the ingot 
modeling process, the geometric parameters of casting 
remained constant (Table 1).

During modeling, the advancing solidification front 
was analyzed in two components: horizontal solidifi-
cation, where the solid phase sequentially grows from 
the walls to the center of the casting form, and verti-
cal solidification vertical solidification, where the solid 
phase advances from the walls to the center along the axis 
of the casting form.

Following the casting of the melt into the casting 
form-mold, the thickness of the solidified layer was mea-
sured every 5 min vertically from the bottom to the cen-
ter of the casting form along the axis and at three le vels 
along the height of the ingot (bottom section, middle 
height, and sub-knock-off head horizon).

At the end of the solidification process, the structural 
zones of model ingots and their volume fractions were 

measured, and the length and average width of the axial 
zone were determined. The impact of the time interval 
for refilling the knock-off head with melt on the crystal-
lization rate and the dynamics of solid phase growth in 
model ingots in both vertical and horizontal solidification 
directions, as well as on the total solidification time, was 
assessed.

To evaluate changes in the temperature field dur-
ing casting and crystallization of the ingot, thermom-
etry of the casting form model surface was conducted 
throughout the solidification period. Initially, after cast-
ing completion, the crystallizing melt was photographed 
every 5 min for 30 min, followed by intervals of 20 min. 
Thermometry was performed using a thermal came ra 
Testo 875i, and the thermal images obtained were pro-
cessed using TestoIRSoft software. As the thermal 
came ra allows only surface thermometry without direct 
measurement of melt temperature, the dynamics of melt 
temperature change were assumed to mirror the dynamics 
of surface temperature change of the casting form model, 
providing a qualitative insight into the temperature field 
variations. 

 Results and discussion

The data processing resulted in the preparation 
of curves illustrating the solid phase growth rate in 
both vertical and horizontal solidification directions for 
vario us ingot casting techniques (Fig. 2).

Analysis of the results revealed that for an ordinary 
ingot (Fig. 2, a) and an ingot with head refilling after 
7 min (Fig. 2, b), between 10 and 73 min, constituting 
5 to 38 % of the total solidification time, structure for-
mation follows a volume-sequential mechanism. This 
mechanism arises due to the settling of crystal frag-
ments from the “mirror” of the melt in the head and near 

T a b l e  3

Characteristics of the experimental conditions

Таблица 3. Характеристика условий проведения эксперимента

Indicator
Technology of model ingot casting

ordinary 
ingot

head refilling 
after 7 min

head refilling 
after 19 min

head refilling 
after 40 min

Temperature of melt casting of the ingot body, Тcas.in.b , °С 75 75 75 75
Temperature of melt casting of the head, Тcas.head , °С 75 70 70 70
Time of melt casting of the ingot body, τin.b., s 42 37 42 46
Time of melt casting of the head, τhead , s 45 27 42 38
Time before melt refilling of the head, τref. head , min:s – 7:00 19:00 40:00
Cooling liquid temperature, Тcool.liq., °С 11 11 11 11
Weight of ingot body/head, Min /mhead , g 550/150 550/150 550/150 550/150
Solidification time, τsol., min 205 220 238 258
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the solidification front. These fragments sink to the lower 
part of the ingot, forming a cone-shaped settling zone. 
The descending crystals enhance the vertical solidifi-
cation rate, thereby increasing the orientation of ingot 
solidification. Consequently, this phenomenon results 
in reduced development of axial friability and chemical 
heterogeneity in the ingot [1]. Subsequent solidification 
of the ingot proceeds in the horizontal direction via a 
sequential mechanism.

It’s noteworthy that in the experimental ingot, 
the “rain of crystals” commenced immediately after 
refilling the head with melt and persisted for over 50 min, 
whereas in the ordinary ingot, crystal settling began only 
after 40 min and lasted for 30 min. Furthermore, during 
the initial 40 min of solidification in the experimental 
ingot (21 % of the total solidification time), the width 
of the solid phase in the vertical direction was twice 
that of the ordinary ingot. This suggests that refilling 
the head with “cold” melt (at 70 °C) into the “hot” melt 
(at 75 °C), with only 7 min elapsed since casting the ingot 
body, resulted in an increased temperature gradient and 
the emergence of crystallization centers. Consequently, 
this contributed to the formation of a dense “rain” of crys-
tals and accelerated the advancement of the solidification 
front in the vertical direction. Additionally, the introduc-
tion of a portion of melt induced forced convection, lead-
ing to the displacement of crystals from the crystalliza-
tion front into the settling cone zone.

In the ingot with head refilling after 19 min (Fig. 2, c) 
solidification occurred according to the volume-sequen-
tial mechanism from 32 to 79 min (15 to 38 % of the total 
solidification time) due to crystal settling. 

For the ingot with head refilling after 40 min (Fig. 2, d), 
solidification occurred via the sequential mechanism from 
the walls to the ingot axis, without the “rain of crystals” 
phenomenon typically observed in ingots of this experi-
mental series. 

Thermometry of the casting form model surface du ring 
solidification of an ordinary ingot revealed (Figs. 3, a; 
Fig. 4, a) that during the initial half of the ingot solidi-
fication time, the thermal center was located in the sub-
knock-off head horizon. Subsequently, it shifted 
to the ingot mid-height, and by the end of solidification, 
it returned to the sub-knock-off head horizon. This obser-
vation aligns with existing concepts regarding the solidi-
fication process of large ingots [1; 2].

For the ingot with head refilling after 7 min (Fig. 3, b; 
Fig. 4, b), the thermal center remained consistent, mov-
ing only from the middle to 2/3 of the ingot height 
throughout the solidification process, eventually settling 
at the sub-knock-off head horizon by the end of solidifi-
cation. Similarly, for the ingot with head refilling after 
19 min (Fig. 3, c; Fig. 4, c), the thermal center remained 
at the ingot mid-height throughout solidification, eventu-
ally shifting to the sub-knock-off head horizon at the end. 
In contrast, for the ingot with head refilling after 40 min 
(Fig. 3, d; Fig. 4, d), the thermal center was initially 
located at 2/3 of the ingot height, moving to the sub-
knock-off head horizon after melt refilling and remaining 
there until the end of solidification. 

It’s evident that melt refilling influenced the dynamics 
of thermal processes during ingot crystallization. 

Fig. 2. Curves of solid phase growth in height and cross section 
of model ingots obtained by physical modeling: 

a – ordinary ingot; b – refilling the knock-off head after 7 min; 
c – refilling the knock-off head after 19 min; 
d – refilling the knock-off head after 40 min; 

1 –  sub-knock-off head horizon; 2 – mid-height; 
3 – lower section; 4 – vertical solidification

Рис. 2. Кривые нарастания твердой фазы по высоте 
и сечению модельных слитков, полученные методом 

физического моделирования: 
а – обычный слиток; b – доливка прибыли спустя 7 мин; 

c – доливка прибыли спустя 19 мин; 
d – доливка прибыли спустя 40 мин; 

1 – подприбыльный горизонт; 2 – середина высоты; 
3 – нижнее сечение; 4 – вертикальное затвердевание
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Fig. 3. Dynamics of the thermal center movement during solidification of model ingots: 
a – ordinary ingot; b – refilling the knock-off head after 7 min; c – refilling the knock-off head after 19 min; 

d – refilling the knock-off head after 40 min

Рис. 3. Динамика перемещения теплового центра при затвердевании модельных слитков: 
а – обычный слиток; b – доливка прибыли спустя 7 мин; c – доливка прибыли спустя 19 мин; 

d – доливка прибыли спустя 40 мин
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Analysis of structural zone development in model 
ingots (Table 4, Fig. 5) revealed that three ingots 
(Fig. 5, a – c) exhibited the development of a settling 
cone zone. Two ingots (Fig. 5, a, b) were characterized 
by the penetration of a shrinkage hole from the head 
to the ingot body, which is evidently an ingot defect. 

Visual inspection of the macrostructure of the cast 
ingots revealed that the ingot with head refilling con-

ducted after 40 min (Fig. 5, d) exhibited a dense and 
defect-free structure.

This suggests that refilling the head with melt 40 min 
after casting the ingot body influenced the ingot crystal-
lization mechanism, causing it to solidify via the sequen-
tial mechanism from the ingot walls to the axis, without 
the occurrence of the “rain of crystals” phenomenon. This 
process promoted the growth of columnar crystals toward 

T a b l e  4

Volume fractions of structural zones in the model ingots

Таблица 4. Объемные доли структурных зон модельных слитков

Area of structural zones of model ingots, %
Technology of model ingot casting

ordinary 
ingot

head refilling  
after 7 min

head refilling  
after 19 min

head refilling  
after 40 min

Columnar crystals (before head refilling) – 16.7 23.5 43.4
Columnar crystals 65.2 22.4 47.3 56.6
Omnidirectional crystals 28.6 42.5 25.2 –
Settling cone 6.2 18.4 4.0 –
Shrinkage hole 32.8 41.4 36.3 24.0

Fig. 4. Change in surface temperature of the casting form model in height of the model ingots 
(based on the processing of thermal vision images using Testo IRSoft software): 

a – ordinary ingot; b – refilling the knock-off head after 7 min; c – refilling the knock-off head after 19 min; 
d – refilling the knock-off head after 40 min

Рис. 4. Изменение температуры поверхности модели изложницы по высоте модельных слитков 
(на основании обработки тепловизионных изображений с помощью программного обеспечения Testo IRSoft): 

а – обычный слиток; b – доливка прибыли спустя 7 мин; c – доливка прибыли спустя 19 мин; 
d – доливка прибыли спустя 40 мин
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the ingot axis, resulting in minimal development of a shrin-
kage hole and ultimately yielding a defect-free structure.

 Conclusions

It has been observed that in an ordinary ingot, solidifi-
cation proceeds via a sequential mechanism up to 40 min, 
after which crystals begin to settle (“rain of crystals”), 
transitioning the solidification process to a volume-
sequential mechanism. However, refilling the knock-off 
head with melt 40 min after casting the ingot body sus-
tained the sequential mechanism of ingot solidification. 
This resulted in the formation of a monolithic, defect-free 
structure in the ingot body and minimized the develop-
ment of shrinkage holes in the head volume.

Melt refilling within the initial 40 min stimulates early 
crystal settling (“rain of crystals”), enhancing crystalliza-
tion orientation in the vertical direction. 

Thermometry of the casting form-mold surface during 
ingot solidification revealed the influence of melt refilling 
of the head on the dynamics of thermal processes occur-
ring during crystallization. 

These findings provide insight into the development 
of differentiated casting technology for ingots, wherein 
the head is filled with melt at specific intervals after 
cas ting the ingot body. This approach can effectively 
influen ce the metal structure formation process and 
reduce defect zones. 
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Fig. 5. Macrostructure of the model ingots: 
1 – boundary of the solidified solid phase layer in the ingot body before refilling the knock-off head with the melt; 

a – ordinary ingot; b – refilling the knock-off head after 7 min; c – refilling the knock-off head after 19 min;  
d – refilling the knock-off head after 40 min

Рис. 5. Макроструктура модельных слитков: 
1 – граница затвердевшего слоя твердой фазы в теле слитка перед доливкой в прибыльную часть расплава; 

а – обычный слиток; b – доливка прибыли спустя 7 мин; c – доливка прибыли спустя 19 мин; d – доливка прибыли спустя 40 мин

https://doi.org/10.1016/j.matdes.2011.09.056
https://doi.org/10.2355/isijinternational1966.23.312


Известия вузов. Черная металлургия. 2023;66(6):750–759.
Гаманюк С.Б., Руцкий Д.В. и др. Физическое моделирование влияния доливки расплава в прибыльную часть слитка ...

758

Сергей Борисович Гаманюк, к.т.н., доцент кафедры «Технология 
материалов», Волгоградский государственный технический уни-
верситет
E-mail:  gamanuk@mail.ru 

Дмитрий Владимирович Руцкий, к.т.н., доцент, заведующий 
кафедрой «Технология материалов», Волгоградский государст-
венный технический университет
E-mail:  drutskii@vstu.ru 

Николай Александрович Зюбан, д.т.н., профессор кафедры «Тех-
нология материалов», Волгоградский государственный техниче-
ский университет
E-mail:  tecmat@vstu.ru

Михаил Владимирович Кириличев, заведующий лабораторией 
кафедры «Технология материалов», Волгоградский государствен-
ный технический университет
E-mail:  tecmat@vstu.ru 

Макс Станиславович Никитин, аспирант кафедры «Технология 
материалов», Волгоградский государственный технический уни-
верситет
E-mail:  tecmat@vstu.ru

Sergei B. Gamanyuk, Cand. Sci. (Eng.), Assist. Prof. of the Chair “Mate-
rials Technology”, Volgograd State Technical University
E-mail:  gamanuk@mail.ru 

Dmitrii V. Rutskii, Cand. Sci. (Eng.), Assist. Prof., Head of the Chair 
“Materials Technology”, Volgograd State Technical University
E-mail:  drutskii@vstu.ru 

Nikolai A. Zyuban, Dr. Sci. (Eng.), Prof. of the Chair “Materials Techno-
logy”, Volgograd State Technical University
E-mail:  tecmat@vstu.ru

Mikhail V. Kirilichev, Head of the Laboratory of the Chair “Materials 
Technology”, Volgograd State Technical University
E-mail:  tecmat@vstu.ru 

Maks S. Nikitin, Postgraduate of the Chair “Materials Technology”, 
Volgo grad State Technical University
E-mail:  tecmat@vstu.ru

Information about the Authors Сведения об авторах

9. Romashkin A.N., Malginov A.N., Tolstyh D.S., Ivanov I.A., 
Doub V.S. The ingot geometry effect on the axial shrinkage. 
Computer Research and Modeling. 2015;7(1):107–112. (In 
Russ.). https://doi.org/10.20537/2076-7633-2015-7-1-107-112 

 Ромашкин А.Н., Мальгинов А.Н., Толстых Д.С., Ива-
нов И.А., Дуб В.С. Влияние геометрии слитка на объем 
осевой рыхлости в нем. Компьютерные исследования и 
моделирование. 2015;7(1):107–112.

 https://doi.org/10.20537/2076-7633-2015-7-1-107-112
10. Zhang C., Bao Y., Wang M., Guo B. Influence of casting 

parameters on the shrinkage porosity of a 40-ton steel ingot 
by numerical simulation. In: Proceedings of the 6th Int. Con-
gress on the Science and Technology of Steelmaking, 2015. 
2015:543–546.

11. Zhang C., Loucif A., Jahazi M., Morin J.-B. FE modelling 
and prediction of macrosegregation patterns in large size 
steel ingots: Influence of filling rate. Metals. 2022;12(1):29. 
https://doi.org/10.3390/met12010029 

12. Zhang C., Loucif A., Jahazi M., Tremblay R., Lapierre L.-P. 
On the effect of filling rate on positive macrosegregation pat-
terns in large size cast steel ingots. Applied Sciences (Swit-
zerland). 2018;8(10):1878. 

 https://doi.org/10.3390/app8101878 
13. Marx K., Rödi S., Schramhauser S., Seemann M. Optimiza-

tion of the filling and solidification of large ingots. Metal-
lurgia Italiana. 2014;106(11–12):11–19. 

14. Ludwig A., Stefan-Kharicha M., Kharicha A., Wu M. Mas-
sive formation of equiaxed crystals by avalanches of mushy 
zone segments. Metallurgical and Materials Transaction A. 
2017;48:2927–2930.

 https://doi.org/10.1007/s11661-017-4008-y
15. Stefan-Kharicha M., Kharicha A., Mogeritsch J., Wu M., 

Ludwig A. Review of ammonium chloride-water solu-
tion properties. Journal of Chemical & Engineering Data. 
2018;63(9):3170–3183.

 https://doi.org/10.1021/acs.jced.7b01062 

16. Gamanyuk S.B., Zyuban N.A., Rutskii D.V., Palatkin S.V. 
Device for studying the crystallization process of ingots in a 
mold. Patent RF no. 169365. Bulliten’ izobretenii. 2017:(8). 
(In Russ.).

 Пат. 169365 РФ, B22D7/08. Устройство для исследо-
вания процесса кристаллизации слитков в изложнице / 
Гаманюк С.Б., Зюбан Н.А., Руцкий Д.В., Палаткин С.В.  
Заявлено 24.05.2016; опубликовано 15.03.2017; Бюлле-
тень № 8.

17. Efimov V.A., Eldarkhanov A.S. Modern Technologies for 
Casting and Crystallization of Alloys. Moscow: Mashi-
nostroenie; 1998:359. (In Russ.).

 Ефимов В.А., Эльдарханов А.С. Современные техноло-
гии разливки и кристаллизации сплавов. Москва: Маши-
ностроение; 1998:359.

18. Gorunov A.I., Naumenko V.V., Rutskii D.V. Effect of refill-
ing the knock-off head on solidification and structure for-
mation of 38KhN3MFA steel ingot. News of the Volgograd 
State Technical University. Series “Problems of materials 
science, welding and strength in mechanical engineering”. 
Issue 2: Interuniver. Coll. of Sci. Papers. 2008;10:157–159. 
(In Russ.).

 Горунов А.И., Науменко В.В., Руцкий Д.В. Влияние 
доливки прибыльной части на процесс затвердевания и 
структурообразования слитка стали 38ХН3МФА. Изве-
стия Волгоградского государственного технического 
университета. Серия «Проблемы материаловедения, 
сварки и прочности в машиностроении». Выуск. 2: Меж-
вузовский сборник научных статей. 2008;10:157–159.

19. El’darkhanov A.S., Efimov V.A., Nuradinov A.S. Processes 
of Castings Formation and Their Modeling. Moscow: Mash-
inostroenie; 2001:208. 

 Эльдарханов А.С., Ефимов В.А., Нурадинов А.С. Про-
цессы формирования отливок и их моделирование. 
Москва: Машиностроение; 2001:208.

mailto:gamanuk@mail.ru
mailto:drutskii@vstu.ru
mailto:tecmat@vstu.ru
mailto:tecmat@vstu.ru
mailto:tecmat@vstu.ru
mailto:gamanuk@mail.ru
mailto:drutskii@vstu.ru
mailto:tecmat@vstu.ru
mailto:tecmat@vstu.ru
mailto:tecmat@vstu.ru
https://doi.org/10.20537/2076-7633-2015-7-1-107-112
https://doi.org/10.20537/2076-7633-2015-7-1-107-112
https://doi.org/10.3390/met12010029
https://doi.org/10.3390/app8101878
https://doi.org/10.1007/s11661-017-4008-y
https://doi.org/10.1021/acs.jced.7b01062


Izvestiya. Ferrous Metallurgy. 2023;66(6):750–759.
Gamanyuk S.B., Rutskii D.V., etc. Physical modeling of the effect of refilling the melt into an ingot knock-off head on solidification and structure ...

759

Received 10.10.2023
Revised 31.10.2023

Accepted 11.11.2023

Поступила в редакцию 10.10.2023
После доработки 31.10.2023

Принята к публикации 11.11.2023

С. Б. Гаманюк – анализ литературных источников, обработка 
результатов исследований, написание основного текста статьи, 
подготовка библиографического списка.
Д. В. Руцкий – определение цели и задачи исследования, форми-
рование концепции статьи, редактирование финальной версии 
статьи.
Н. А. Зюбан – научное руководство, анализ результатов исследо-
ваний.
М. В. Кириличев – проведение исследований, обработка резуль-
татов исследований.
М. С. Никитин – проведение исследований, обработка результа-
тов исследований.

S. B. Gamanyuk – analysis of literary sources, processing of the research 
results, writing the text, preparation of references.

D. V. Rutskii – setting the research goals and objectives, formation 
of the article concept, editing of the final text.

N. A. Zyuban – scientific guidance, analysis of the research results.

M. V. Kirilichev – conducting research, processing of the research 
results.
M. S. Nikitin – conducting research, processing of the research results.

Contribution of the Authors Вклад авторов



Известия вузов. Черная металлургия. 2023;66(6):760–767.
Аксенова В.В., Павлов А.В., Марков Г.М. Получение рафинировочных глиноземсодержащих флюсов методом спекания ...

760

  UDC 669.162.142:622.78
   DOI 10.17073/0368-0797-2023-6-760-767

  axenovaviki@gmail.com
Аннотация. Современные сталеплавильные предприятия России для разжижения извести на агрегате ковш-печь применяют преимущест-

венно глиноземсодержащие материалы, которые пришли взамен плавиковому шпату. Доступные сейчас на рынке глиноземсодержащие 
материалы не могут быть использованы напрямую в сталеплавильном производстве без предварительной подготовки (рафинирования, 
термообработки или брикетирования), либо просто непригодны для ковшевой обработки стали. В данной работе описаны лабораторные 
исследования по получению рафинировочных глиноземсодержащих флюсов методом спекания в агрегатах по типу машин для обжига 
окатышей или производства агломерата (в температурном интервале 1200 – 1500 °С) из чистых отходов металлургического производства 
(мелкодисперсная пыль производства глинозема и обожженной извести), отвечающих требованиям сталеплавильных предприятий по 
химическому составу и меха ническим свойствам. Проведено сравнение технологических схем спекания с введением в качестве источ-
ника CaO гидратированной извести и смеси гидратированной извести и карбоната кальция в соотношении 1:1. Предельно допустимое 
содержание CaO в спеченных брикетах при использовании в шихте смеси гидратированной извести и карбоната кальция, не приводящее 
к гидратационному разрушению на воздухе, находится в диапазоне 2,3 – 3,6 % в зависимости от температуры выдержки. Предельно до-
пустимое содержание Al2O3 в спеченных брикетах при использовании в шихте гидратированной извести, не приводящее к гидратацион-
ному разрушению на воздухе, находится в диапазоне 9,5 – 31,7 % в зависимости от температуры выдержки. В существующих топливных 
агрегатах возможно получить флюсы методом спекания только при использовании в качестве источника CaO гидратированной извести, 
так как добавление карбоната кальция в шихту (9 – 22 %) требует увеличения температуры выдержки (выше 1500 °С) или ее продолжи-
тельности (более 25 мин). 

  axenovaviki@gmail.com
Abstract. Modern Russian steelmaking plants use predominantly alumina-containing materials for liquefying lime in a ladle-furnace unit, which replaced 

fluorspar. Alumina-containing materials currently available on the market cannot be used directly in steelmaking without preliminary preparation 
(refining, heat treatment or briquetting), or are simply unsuitable for ladle processing of steel. This work describes laboratory studies on the produc-
tion of refining alumina-containing fluxes by sintering in units such as machines for pellets firing or producing agglomerate (in the temperature range 
of 1200 – 1500 °C) from clean metallurgical waste (fine dust from the production of alumina and burnt lime), meeting the requirements of steelmaking 
plants by chemical composition and mechanical properties. A comparison was made of sintering technological schemes with the introduction of hydra-
ted lime and a mixture of hydrated lime and calcium carbonate in a 1:1 ratio as a source of CaO. We determined that the maximum permissible CaO 
content in sintered briquettes when using a mixture of hydrated lime and calcium carbonate in the charge, which does not lead to hydration destruction 
in air, is in the range of 2.3 – 3.6 %, depending on the holding temperature. The maximum permissible content of Al2O3 in sintered briquettes when 
using hydrated lime in the charge, which does not lead to hydration destruction in air, is in the range of 9.5 – 31.7 %, depending on the holding tem-
perature. In existing fuel units it is possible to obtain fluxes by sintering only when using hydrated lime as a source of CaO, because adding calcium 
carbonate to the charge (9 – 22 %) requires an increase in holding temperature (above 1500 °C) or holding time (more than 25 min). 

Keywords: ladle-furnace, alumina dust, refining fluxes, alumina-containing materials, calcium aluminates, sintering, hydration destruction
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 Introduction

The fluxes and slag-forming materials used in metal-
lurgy exert significant influence on production techno-
logy, as well as the chemical composition and quality 
of smelted steel. The quantity of detrimental impuri-
ties (such as sulfur, phosphorus, and gases like oxygen, 
hydrogen, and nitrogen) is contingent upon the type 
of additives employed, which constitutes a fundamental 
determinant in achieving high-quality steel. 

In the ladle-furnace unit (LFU) utilized for steel pro-
cessing, lime serves as the primary slag-forming material, 
boasting a melting point exceeding 2500 °C. To lower 
the slag’s melting point during extraction, flux is intro-
duced alongside lime to induce liquefaction. In the past, 
fluorspar was widely employed for slag liquefaction in 
LFUs; however, its usage has recently been minimized 
or entirely phased out due to various adverse factors 
including its short-term efficacy, diminishment of lining 
resistance in the slag belt zone, and environmental con-
cerns [1 – 3].

Alumina-containing fluxes, surpassing fluorspar in 
several aspects, emerge as a promising alternative to fluo-
rine-based materials. These alumina-containing materials 
can be employed either independently or in conjunction 
with fluorspar, even for steel grades designated as “alu-
minum-free” [4]. Notably, aluminothermal slags derived 
from ferrovanadium and aluminothermal chromium pro-
duction have gained significant traction as alumina-con-
taining fluxes. However, a major drawback lies in their 
market scarcity due to the limited production of ferroal-
loys via aluminothermal reduction. Additionally, other 
available alumina-containing materials often require pre-
liminary treatment (such as refining, heat treatment, or 
briquetting) before they can be utilized in steelma king, 
or they may prove unsuitable for the ladle processing 
of steel [5 – 7]. 

When procuring fluxes, steelmaking plants impose 
criteria concerning both chemical composition and 
mechanical properties. Fluxes are expected to be sup-
plied in the form of lumps or briquettes, with overall 
dimensions ranging from 10 to 50 mm. The fine fraction 
(0 – 5 mm) should not exceed 10 % of the total mass, 
while moisture content is to be kept below 1 % in summer 
and up to 6.5 % in winter. Consumers may also specify 
requirements regarding the strength properties of bri-
quettes/lumps. A summarized outline of the chemical 
composition requirements for alumina-containing fluxes 
is presented in Table 1.

The required quantity of alumina-containing flux for 
processing in the LFU is determined through the balance 
equation of aluminum utilization in ladle processing: 

Alsec = Alres + Aldeox + Alair + Alsl + Alevap ,

where Alres is residual aluminum, Aldeox is deoxidation 
aluminum, Alair is air oxygen-oxidized aluminum, Alsl is 
furnace slag-oxidized aluminum, and Alevap is evaporated 
aluminum.

A portion of Al2O3 needed for lime liquefaction is gene-
rated through the interaction of aluminum with dissolved 
oxygen in steel, while another portion results from com-
bustion on the slag surface and subsequent deoxidation. 
The remaining portion is introduced in the form of flux 
to facilitate free-running slag. Despite its technological 
efficiency, aluminum is deemed economically impracti-
cal due to its high cost as a source of Al2O3 . According 
to the balance equation, it’s estimated that aluminum con-
sumption is distributed as follows: Alres – 15 %; Aldeox – 
18 %; Alair – 38 %; Alsl – 28 %; Alevap – 1 %.

Given the current industrial environmental constraints 
and stringent steel quality requirements, developing 
alumina-containing flux production technology in an 
environmentally sustainable and cost-effective manner 
emerges as an urgent challenge. 

 Materials and methods

An essential consideration in flux production via sin-
tering is the meticulous selection of charge materials. 
Firstly, these materials must not introduce harmful impu-
rities that resist removal during heat treatment and could 
potentially contaminate the processed steel. Secondly, 
they should be relatively amenable to briquetting, as sin-
tering technology involves the heat treatment of lump 
material. Thirdly, availability on the market is crucial. 

The recycling of metallurgical waste to yield marke-
table products has gained significant traction in recent 
times. Among such wastes is the dust collected from 
the filters of roasting furnaces. This paper focuses on 
the processing of dust originating from alumina calcina-
tion and limestone roasting furnaces. 

Alumina calcination involves the dehydration of alu-
minum hydroxide at elevated temperatures. Aluminother-
mal slag, utilized in rotary tube furnaces or fluidized-bed 
furnaces at temperatures reaching up to 1200 °C, rep-
resents the final stage in the Al2O3 production process 
chain. Inevitably, during the calcination processes in 

Ключевые слова: агрегат ковш-печь, глиноземная пыль, рафинировочные флюсы, глиноземсодержащие материалы, алюминаты кальция, спе-
кание, гидратационное разрушение
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various units, nanoscale dust is generated. Research cited 
in [8] indicates that the size of dust nanoparticles falls 
within the range of 50 – 300 nm. Approximately 14 % 
of the fine alumina dust is carried away from the furnace 
by flue gas during calcination, which is then directed 
to multicyclones and electric filters [9]. However, this 
dust, containing nanoparticles, is unsuitable for use in 
the classical technology of electrolytic decomposition 
of Al2O3 due to its hygroscopic nature, leading to exces-
sive hydrogen content in aluminum metal. Nonetheless, 
this material finds applicability in the iron industry as 
a source of Al2O3 in steelmaking fluxes. 

When selecting a source of CaO for flux production 
via sintering, one should consider a chain of chemical 
transformations: CaCO3 → CaO → Ca(OH)2 → CaCO3 . 

Fine-dispersed carbonate rocks, burnt, or slaked lime 
can serve as a source of CaO, each carrying its own set 
of advantages and disadvantages. Limestone (CaCO3 ) 
necessitates no preliminary preparation before briquet-
ting. However, during sintering, its decomposition 
into CaO and CO2 absorbs heat (178 kJ/mol). Burnt lime 
(CaO), on the other hand, doesn’t undergo significant mass 
loss during sintering due to the absence of crystal hydrate 
moisture. Yet, its slaking during briquetting releases 
heat (65 kJ/mol), which is not conducive to the process. 

Slaked lime (Ca(OH)2 ) offers several advantages over 
the aforementioned materials: 

– it requires no preliminary preparation and can 
hydrate in air during storage; 

– it facilitates convenient briquetting as it doesn’t 
gene rate heat when interacting with water; 

– heat absorption during its decomposition into CaO 
and H2O (65 kJ/mol) during sintering is almost 3 times 
less than the heat absorbed during the decomposition 
of CaCO3 .

In industrial settings, burnt lime is typically obtained 
by calcinating carbonate rocks in shaft or rotary furnaces 
at temperatures ranging from 1000 to 1250 °C [10]. 
Analogous to alumina calcination, this process generates 
micro-sized dust particles (6 – 60 µm), which are typi-
cally collected in bag filters or electric filters [11]. While 
this dust shares a similar composition with the burnt 
material, its smaller particle size renders it more prone 
to rapid hydration in the air during storage. Nonetheless, 
this fine dust can also serve as raw material for the pro-
duction of sintered alumina-lime fluxes. 

An integral aspect of working with dispersed mate-
rials involves their preparation for heat treatment. In this 
study, cold briquetting was employed. Drawing from suc-

T a b l e  1

Consolidated requirements for the chemical composition of alumina­containing fluxes 
imposed by metallurgical enterprises in Russia

Таблица 1. Сводные требования к химическому составу глиноземсодержащих флюсов, 
предъявляемые металлургическими предприятиями России

Element
Content in

steelmaking flux, % Features of use in the LFU
min max

min, %
Al2O3 50 80 Reduces the melting point of CaO

max, %
CaO 20 30

Forms a low-melt eutectic with Al2O3MgO 8 20
Fe2O3 2 6 Worsens the desulfiding process

Limitation on the use of corundum production slags and alumina-containing ores 
without refining

MnO 1.5 2.0
SiO2 3 15

Ptot + Stot 0.02 0.30 Transfer to metal and require additional refining
Cr2O3 2 10 Form carbides, worsen further processing

Restriction on the use of aluminothermal slags from ferrotitanium and chromium 
metal production

TiO2 1 5

V2O5 + Nb2O5 1 1
Recovered and converted to metal
Restriction on the use of aluminothermal slags from ferrovanadium and 
ferroniobium production

Na2O + K2O 1 8 Restriction on the use of slag from secondary aluminum production
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cessful experiments involving porous alumina-containing 
materials [12], a binder based on polyacrylamide was 
utilized. This binder exhibits low consumption (0.6 % 
of the mass of the briquetted raw material) and is comp-
letely removed at sintering temperatures.

The production technology of alumina-lime fluxes, 
designed to withstand hydration and subsequent destruc-
tion during sintering, from pure components encompasses 
the following operations: 

– production of briquettes from pure components; 
– heating the material to the holding temperature; 
– maintaining a constant temperature during holding; 
– cooling in ambient air.
In laboratory settings, sintering was conducted in 

a resistance furnace equipped with a graphite heater. 
The technologies employed in ore pellet roasting and 
agglomerate production served as the foundation for flux 
production. The temperature range for laboratory experi-
ments was selected in accordance with the existing pro-
cess characteristics of fuel units. Literature data indicates 
that the maximum roasting temperature for iron ore pel-
lets is around 1400 °C [13 – 17], while for chromite pel-
lets, it ranges from 1400 to 1500 °C [18 – 22]. Hence, 
the temperature holding interval ranged from 1200 
to 1500 °С. During laboratory experiments, the ave rage 
heating rate was maintained at 20 °C, and the duration 
of holding at a constant temperature ranged from 15 
to 25 min. Following heat treatment, the sintered bri-

quettes were cooled in ambient air, after which their mass 
and geometric parameters were measured. Subsequently, 
the briquettes were stored in air, at a temperature of 21 °C 
and a relative humidity of 50 %, to monitor any changes 
in mass. Weighing and recording the mass change 
of the briquettes were conducted once every seven days 
until the mass stabilized. 

Two series of experiments were conducted utilizing 
different sources of CaO: a mixture of hydrated lime and 
calcium carbonate in a 1:1 ratio (series 1) and hydrated 
lime along (series 2). The proportion of Al2O3 in the bri-
quettes before sintering varied from 50 to 80 % in both 
cases, with increment of 5 %. The chemical composition 
of the raw materials is provided in Table 2.

 Results and discussion

After the briquettes had cooled in air, an external eva-
luation of their post-sintering state was conducted. Based 
on their appearance, the heat-treated briquettes were cate-
gorized into four conventional groups (Fig. 1). 

The STATISTICA software package was employed 
to process the results and identify factors influenc-
ing the hydration destruction of sintered briquettes. 
The dependent variable was the percentage of mass gain 
during storage in air, while the independent variables 
included the temperature of sintering (°C), sintering time 
(min), composition of initial briquettes (%), change in 
density and volume of briquettes during sintering (%), and 

T a b l e  2

Chemical composition of raw materials

Таблица 2. Химический состав исходных материалов

Material Al2O3 dust CaO dust
Element Al2O3 Fe2O3 Na2O + K2O CaO MgO SiO2 P S

Content, % 99.53 0.01 0.45 98.76 0.50 0.70 0.01 0.03

Fig. 1. Appearance of heat-treated briquettes:
a – sintered; b – semi-melted; c – melted; d – collapsed/cracked

Рис. 1. Внешний вид термообработанных брикетов: 
а – спеченные; b – оплавленные; c – расплавившиеся; d – разрушившиеся/треснувшие
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phase composition of sintered briquettes after holding in 
air (%). Fig. 2 illustrates the primary factors influen cing 
the hydration destruction of briquettes for the two series 
of experiments.

In addition to quantitative evaluation, qualitative 
assessment of the visual state of briquettes during air stor-
age was conducted. For experiments in series 1, the ini-
tial signs of hydration degradation, accompanied by mass 
gain, were observed as early as the 7th day of air storage, 
with the mass gain concluding on the 56th day of observa-
tion. For the experiments in series 2, the first indicators 
of hydration degradation were observed only on the 28th 

day of air storage, with the mass gain ceasing on the 100th 
day of observation. The results of X-ray structural analy-
sis of sintered briquettes that remained intact during air 
storage are presented in Table 3. 

The results of the comprehensive evaluation by 
regression equations, determining the maximum permis-
sible content of free CaO and Al2O3 in sintered briquettes 
for two laboratory series, are presented in Table 4. 

It has been established that in series 1, where the pro-
cess of calcium aluminate formation coincides with 
the decomposition of calcium carbonate and calcium 
hydroxide, it is necessary to elevate the temperature 

Fig. 2. Influence of holding temperature, Ca(OH)2 and Al2O3 content in sintered materials on change in mass:
a – when using a mixture of CaCO3 and Ca(OH)2 ; b – when using Ca(OH)2

Рис. 2. Влияние температуры выдержи, содержания Ca(OH)2 и Al2O3 в спеченных материалах на изменение массы:
а – при использовании смеси CaCO3 и Ca(OH)2 ; b – при использовании Ca(OH)2

T a b l e  3

X­ray structural analysis of sintered briquettes not collapsed during storage in air

Таблица 3. Рентгеноструктурный анализ спеченных брикетов, не разрушившихся при хранении на воздухе

Series 
num-
ber

Share 
of Al2O3 

in briquette
before 

sintering, %

Holding 
tempe ra-
ture, °С

Holding 
time, 
min

Al2O3 ,
%

CaO∙Al2O3 ,
%

12CaO·7Al2O3,
%

CaO∙2Al2O3,
%

3CaO·Al2O3,
%

CaO·6Al2O3,
%

1 50 1500 15 0 9.10 90.90 0 0 0
1 75 1500 15 22.90 25.10 0 38.20 0 13.80
2 50 1200 15 0 0 78.30 0 21.70 0
2 50 1200 25 0 0 65.90 0 34.10 0
2 70 1400 20 14.00 53.40 15,30 16.10 1.20 0
2 55 1400 20 4.40 3.40 92.30 0 0 0
2 50 1400 20 0 2.50 97.50 0 0 0
2 50 1500 25 0 0 86.30 0 13.70 0
2 80 1500 25 26.90 25.90 0 40.60 6.50 0
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(>1500 °C) and/or extend the holding time (>25 min) 
to ensure the completion of all structural transformations. 
Conversely, series 2 demonstrates that hydration-resistant 
materials can be produced at relatively low temperatures 
(starting from 1200 °C) within the specified time interval 
(15 – 25 min).

 Conclusions

The maximum allowable content of CaO in sintered 
briquettes, which prevents the destruction of the sintered 
material during air storage (in the case of using a mix-
ture of hydrated lime and calcium carbonate as a source 
of CaO), falls within the range of 2.3 to 3.6 %, depending 
on the holding temperature during sintering, correspond-
ing to a mass gain of 3.8 %. 

The maximum allowable content of Al2O3 in sintered 
briquettes, which avoids the destruction of the sintered 
material during air storage (in the case of using hydrated 
lime as a source of CaO), ranges from 9.5 to 31.7 %, 
depending on the holding temperature during sintering, 
corresponding to a mass gain of 0.3 %. 

Given the existing fuel units, fluxes can only be pro-
duced when hydrated lime (series 2) is utilized as a source 
of CaO. This is because when a mixture of hydrated 
lime combined with calcium carbonate (series 1) is used 
as a source of CaO, a holding temperature exceeding 
1500 °C is required, which is unattainable with the exis-
ting fuel units, or by extending the holding time to over 
25 min. 

The most favorable source of CaO for flux production 
via the sintering method is the hydrated dust from lime-
stone roasting furnaces. This is attributed to the fact that 
during sintering, its heat absorption is three times lower 
than that of limestone.
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 Introduction

Improving the production efficiency of the domestic 
industry [1 – 4], heavy engineering in particular [5 – 8], 
is an urgent concern. Parts composed of billets with thin 
webs and stiffeners are typically manufactured at metal-
lurgical plants in specialized workshops equipped with 
high-capacity hydraulic presses. However, their produc-
tion often encounters defects that degrade the macrostruc-
ture of the final product. Hence, novel methods enabling 
the modeling of the forging processes involving stiffeners 
are highly relevant. The method devised by the authors 
could also be effectively applied in the fabrication of rail 
wheel billets. In the production of forged-rolled rail 
wheels, a critical operational step involves obtaining bil-
lets with minimal asymmetry across all units of the press-
rolling line [9; 10 – 13]. This aspect is contingent upon 
various factors, primarily the stability of the mass and 
dimensions of the initial billets [14 – 18].

In metal forming processes, creating a mathematical 
model to describe the stress-strain state of plastic metal 
forming poses significant challenges. One approach 
to address this modeling issue concerning the metal 
flow pattern and the spatial distribution of contact pres-
sures is through the “theory of thin layer flow” [19]. This 
theory relies on assumptions that simplify the initial 
system of differential equations, transforming the prob-
lem into a purely geometric one. Subsequently, it can be 
resolved within the context of a “sandy analogy” method 
developed by the authors [20].

 Main principles of the developed method

The developed method is founded on the following 
principles [21; 22].

The shortest-normal principle governs the direction 
of current lines perpendicular to the forging contour, 
which represents a line of abrupt changes in the layer 
thickness (incorporating stiffeners or elevations along 
the forging web). During the initial stage of strain, when 
the terminal pressures are uniform along the contour, 
the metal flows orthogonally to the contour, and the quan-

tity of leaked metal at each boundary point is dictated 
by the length of the current lines.

During strain, the boundary conditions change result-
ing in unequal contact pressures along the contour. Con-
sequently, the current lines will deviate at an acute angle 
from the forging contour. However, given that the spatial 
distribution of contact pressures forms a linear surface, 
the slope lines (and consequently the current lines) are 
perpendicular to the level lines of this surface. By pro-
jecting the volumetric pattern onto the forging web plane, 
a hypothetical contour can be introduced where the con-
tact pressures are uniform. Subsequently, the current lines 
become perpendicular to this hypothetical contour.

Generally, the hypothetical contour is a rather intri-
cate curve. According to the principle of smallest perime-
ter, a flat billet tends to adopt the shape of a circle in plan. 
Therefore, it can be assumed that the current lines follow 
the radii of some circular arc. As a result, the hypothetical 
contour becomes a circle, and the metal flow path along 
the forging web becomes radial.

It’s worth noting that the radial metal flow path is 
more versatile than the normal flow path. It can be applied 
even at the initial stage of strain for a forging with a con-
tour comprising curved line sections. By approximating 
the contour of the forging with circular arcs, the radial 
scheme can also be employed initially, when the current 
lines are perpendicular to the contour.

Consequently, the spatial distribution of contact pres-
sures forms a combination of conical surfaces at any stage 
of the forging strain, except for the initial one. The termi-
nal contact pressures lie in vertical planes intersecting 
these surfaces. 

Determining the value of the terminal contact pres-
sure at any moment of strain for any arbitrary point 
on the contour relies on several parameters: the thick-
ness of the forging web, the dimensions of the die cavity, 
the width of the gutter, and the amount of metal leaked 
into the cavity. Accounting for all these parameters neces-
sitates the use of rather complex formulas to calculate 
the terminal contact pressure.

As the spatial distribution of terminal pressure forms 
a surface of uniform slope, the metal flow interface rep-
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resents a geometric locus of points equidistant from 
the forging contour. The contour itself can be approxi-
mated using straight lines and circular arcs. Consequently, 
constructing the metal flow interface boils down to deter-
mining the geometric location of points equidistant from 
circles and straight lines.

Given that any complex contour can be adequately 
approximated by straight line segments and circular arcs, 
it’s reasonable to assume that the surface of the spatial 
distribution of contact pressures comprises flat and coni-
cal sections. The intersection lines between them consti-
tute edges, commonly referred to as ridges.

By examining the frontal and profile projections 
of these edges, we can ascertain the volume of the con-
tact pressure distribution and, correspondingly, the forces 
needed to deform the metal. The horizontal projection, or 
plan view, depicts a line representing the metal flow inter-
face, which characterizes the distribution of metal flows 
on the contact surface.

 New algorithm for building the equidistant

In mechanical engineering, a significant portion 
of parts, driven by design processability requirements, 
comprise rotational surfaces and polyhedrons. Conse-
quently, die forging in practice often involves parts derived 
from flat billets featuring planar elements [23 – 25]. 
This study focuses on the simplest scenario, addressing 
the challenge of constructing an equidistant curve for 
a contour represented by a piecewise linear closed line, 
namely, a polygon (Fig. 1, а).

The equidistant line of two intersecting straight lines 
corresponds to the bisector of the angle formed by their 
intersection. Our approach initiates from the small-
est angle of the polygon. Thus, the first equidistant line 
of the contour constitutes the bisector of the angle at ver-
tex D. Subsequently, we extend this line by drawing bisec-
tors of the two adjacent angles, intersecting at points G 
and H, which mark the termination points of the first 
equidistant lines at the closest intersection point G with 
the bisectors of the neighboring angles.

Next, we disregard the DE contour side. The equidis-
tant lines were formed by the bisectors of the adjacent 
angles to the DE contour side. We proceed until reach-

ing the intersection of contour sides FE and CD, adjacent 
to the discarded line.

The dimensionality of the contour has decreased 
by one: instead of a hexagon, we will now consider a pen-
tagon. Obviously, now the smallest angle in the contour 
polygon will be the newly obtained angle. The procedure 
is repeated, but the new equidistant line is drawn not from 
the contour angle, but from the end point of the last equi-
distant line – point G. Then we again search for the smal-
lest contour angle among the remaining ones (this is 
the angle at vertex F) and repeat the above algorithm until 
the polygon is reduced actually to a triangle. As we know 
from geometry, in a triangle the bisectors always intersect 
in one point, so to complete building the equidistant lines 
it is sufficient to connect the points where the consecu-
tive actions were stopped. Building is over (the result is 
shown in Fig. 1, b).

This approach can be applied to construct the equi-
distant line of any polygon. Currently, the algorithm 
has been implemented in the DELPHI visual program-
ming environment. Additionally, a similar algorithm has 
been devised for a piecewise-nonlinear multilink con-
tour [26 – 28].

 Computer modeling

Let us explore the capabilities of the developed 
method and software system through an example of mod-
eling the forming of a stamped forging with contour rib-
bing (Fig. 2).

To swiftly assess the viability of incorporating a boss 
(or a cutout) in the given forging, the developed software 
system [29 – 31] was employed to simulate the metal flow 
pattern by adjusting the position of the circle center and 
the radius value. Analysis of the results demonstrates that 
directing the metal flow towards the boss (or cutout) mit-
igates the unevenness of metal distribution into the die 
cavity, thereby confirming its practical applicability.

To conduct the forging forming simulation, we uti-
lized software built upon the developed method.

Fig. 1. Equidistant construction scheme

Рис. 1. Схема построения эквидистанты

Fig. 2. Stamped forging with technological cutout

Рис. 2. Штампованная поковка с технологическим вырезом
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When conducting the modeling, certain requirements 
must be considered. Only geometric elements that do not 
impact the design of the final product can be altered. These 
include parameters such as the width and height of the gut-
ter threshold, the radius of the boss, the initial thickness 
of the billet, or the upset increment. Notably, the radius 
of the boss is included in these variables because it will be 
replaced by a 240 mm diameter hole in the finished part, 
and the boss will be removed during machining. Through-
out the calculation process, the size of the boss functions 
as a control factor, allowing for the generation of various 
metal flow patterns along the die impression surface and, 
consequently, different profiles of the stiffener.

Fig. 3, a schematically illustrates the pattern of metal 
flow along the forging web.

Similarly, it is feasible to derive the metal flow pattern 
for contours of any complexity, as depicted in Fig. 3, b.

 Physical modeling

To validate the results of the analysis regarding the form-
ing of the stamped forging with contour ribbing, an experi-
ment was conducted under industrial conditions involving 
the stage-by-stage upsetting of flat forged billets (Fig. 4). 
These billets were composed of AK6 alloy and processed 
on a hydraulic press with a strain force of 150 MN. 

The forging could not be fully formed due to the insuf-
ficient capacity of the hydraulic press. At the latest studied 
stage of upsetting, the boss was already formed in full, 
while one of the corner areas did not reach the designed 
height (Fig. 4, d).

The central areas of the stiffeners significantly out-
paced the corner areas in terms of forming. Conse-

quently, metal flowed over the die cavities beneath 
the stiffeners in the central areas, resulting in poor mac-
rostructure of the product. This deficiency manifested in 
an in adequate alignment of metal fibers featuring sharp 
bends (Fig. 5, a), which could potentially lead to under-
cutting of the stiffener from the flash gutter side.

These observations were corroborated by the utilization 
of software for modeling various technological alternatives 
aimed at producing the specified serial forging. As previ-
ously noted, the forging could not be stamped in a single 
pass using the manufacturer’s proposed technology.

The analysis of the calculation results has led to recom-
mendations regarding the design of the die and the man-
ufacturing process for producing a series of forgings. 
Despite the introduction of a large-radius boss, which failed 
to eliminate the uneven formation of individual stiffeners, 
thereby risking defects, it is proposed to conduct stamping 
in two passes using a single final die. This involves cutting 
a hole in the center of the forging after the first pass.

Stamping conducted in industrial conditions, while 
incorporating these recommendations, has validated their 
effectiveness. A hydraulic press with a capacity of up 
to 100 MN proved sufficient for achieving a high-quali ty 
product. Notably, the macrostructure of the stamped for-
ging saw significant improvement, resulting in smooth 

Fig. 3. Model of the metal flow pattern

Рис. 3. Модель картины течения металла

Fig. 4. Forming of stamped forgings

Рис. 4. Формообразование штампуемой поковки
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alignment of metal fibers at the base of the stiffe ners 
(Fig. 5, b). This effectively prevents the occurrence 
of defects such as “shooting-through”.

 Conclusions

The software system can serve a diverse functional 
purpose: facilitating rapid analysis of the metal flow pat-
tern and computation of billet forming across its strain 
stages. This capability enables users to select various geo-
metrical parameters of the die impression, thereby obtain-
ing different metal flow patterns and stiffener profiles. By 
prioritizing configurations that ensure the most uniform 
filling of die cavities with metal beneath the stiffeners, 
manufacturers can guarantee defect-free production 
of their products. The outcomes of the presented deve-
lopment can be effectively leveraged to further advance 
modeling efforts concerning the plastic flow of metal in 
the metalworking process [32 – 35].
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