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Аннотация. В работе представлен обобщенный опыт по разработке и внедрению на ПАО «Северсталь» технологических мероприятий по 

продлению кампании доменной печи № 5. Авторы провели анализ, выявили и описали проблемные зоны, обобщили принципы обеспе-
чения сохранности футеровки шахты, заплечиков и металлоприемника доменной печи. Также представлены результаты исследования 
рабочего пространства доменной печи № 5 в 2006 г. Выявленные технологические факторы обеспечивают увеличение длительности 
кампании агрегата. Приведены технологические мероприятия по промывкам горна доменной печи, снижению химической эрозии углеро-
дистых блоков горна и лещади, формированию защитного гарнисажа в шахте доменной печи, особым приемам загрузки твердых замени-
телей кокса и организации эффективной структуры столба шихты в доменной печи. Для оперативного управления технологией доменной 
плавки необходимо использовать цифровые модели, объединенные в экспертную систему доменной печи. Авторы провели сравнение 
результатов текущей кампании доменной печи с предыдущими и доказали, что системное применение всех элементов разработанной 
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Abstract. The work presents generalized experience in the development and implementation at PJSC Severstal of technological measures to extend 

the campaign of blast furnace No. 5. The authors carried out an analysis, identified and described the problem areas, generalized the principles 
for ensuring the safety of the shaft lining, boshes and metal receiver of the blast furnace. The results of a study of the working space of blast 
furnace No. 5 in 2006 are also presented. The identified technological factors ensure an increase in duration of the unit campaign. Technolo gical 
measures are given for: washing the blast furnace hearth, reducing chemical erosion of the carbon blocks of the hearth and flange, forming a protec-
tive skull in the blast furnace shaft, special methods for loading solid coke substitutes, and organizing an effective structure of the charge column 
in the blast furnace. It is necessary to use digital models integrated into the blast furnace expert system for operational control of blast furnace 
technology. The results of the current blast furnace campaign were compared with previous ones. It was proven that the systematic use of all 
elements of the developed technology makes it possible to achieve high economic indicators while exceeding the standard duration of the campaign 
by 1.75 times. Experience in technology development made it possible to increase the furnace campaign duration to 17.46 years, achieve a reduction 
in specific coke consumption by 15.9 %, and increase the specific consumption of natural gas for cast iron smelting by 46.4 %; reduce the specific 
carbon consumption for cast iron smelting by 6.3 %. 
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of natural gas, solid fuel consumption per ton of cast iron, digital model, iron ore materials, coke, CSR
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 Introduction

The current development trends of global blast fur-
nace production are aimed, as before, at bringing down 
the cost of cast iron smelting by reducing coke consump-
tion, enhancing the productivity of blast furnaces (BF) 
and the duration of their campaign. Increased duration 
of the campaign, the period between overhauls of the first 
category above the standard level, enables to reduce 
the unit cost and boost the competitiveness of the manu-
facturer in the world market.

This work presents generalized experience in 
the development and implementation of technological 
measures aimed at extending the campaign of blast fur-
nace No. 5 at PJSC Severstal. As previously scheduled, on 
April 1 – 2, 2024, PJSC Severstal performed blowingout 
of blast furnace No. 5 “Severyanka” with a useful volume 
of 5500 m3 and tapped the salamander. The furnace was 
submitted for the overhaul of the first category. Blow-
ing-out was successful, accident-free, consistent with 
the developed technological program. The furnace cam-
paign lasted 17.46 years from 20.10.2006 to 02.04.2024 
(hereinafter referred to as the current campaign), signifi-
cantly exceeding the standard service life of blast fur-
naces with the similar design. Blast furnace No. 5 was 
first blown in on April 12, 1986 and is currently the lar-
gest cast iron production unit in Europe. The current 
campaign is the third in a row, the first two lasted 9 and 
11 years respectively.

 Theoretical background

The standard blast furnace campaign in most cases 
is 12 – 15 years [1; 2], but campaign durations of some 
furnaces, such as Hamborn No. 9 blast furnace made 
by ThyssenKrupp Steel Europe, can exceed 22 years [3]. 
The authors of [4] believe that the key technological fac-
tors ensuring the duration of the blast furnace campaign 
are stability and compliance of charge materials with 
quality standards, rational slag and blast modes, loa-
ding mode parameters ensuring the required distribution 
of charge components and gas flow, and technologically 
justified mode of melting products processing. In addi-
tion, a number of researchers [5 – 7] note that, to a large 

extent, durability of the flange and hearth lining, con-
tribute, to a large extent, to achieving long-term safe and 
accident-free operation of the blast furnace. 

The major factors affecting wear of the refractory lin-
ing are: 

– abrasive effect of liquid cast iron flows; 
– chemical effects of cast iron and slag; 
– infiltration and thermomechanical stress in the lin-

ing [8]. 
While high quality iron-containing materials are 

required to ensure a long service life of the blast furnace 
shaft lining, the service life of the hearth lining is largely 
determined by the quality of the loaded coke. Wear-resis-
tant hearth structures are currently non-existent [9], but 
the technologies aimed at extending the life of the furnace 
lining are continuously improving. The numerous studies 
were conducted by domestic and foreign researchers on 
blown-out and cooled blast furnaces to establish the main 
types of impacts destroying the lining and changes in 
their intensity along the blast furnace height [10 – 12]. 

Creation of a stable skull is one of the main measures 
aimed at ensuring the safety of the shaft lining, boshes 
and metal receiver of the blast furnace, which contributes 
to increasing the duration of its campaign.

The gas flow distribution along the blast furnace 
radius and height is controlled by a purposefully formed 
zone of enhanced gas permeability, the so-called vent, 
which can be formed by distribution of ore loads both in 
the axial zone of the furnace and at the periphery.

 Identification of critical areas of blast
 

furnace No. 5 requiring protection based
on the results of the previous campaign

Blast furnace No. 5 was shut down for overhaul 
of the first category at the end of the previous cam-
paign in 2006. After blowing-out of blast furnace No. 5, 
the samples of refractory lining and skull-forming masses 
were selected along its height. Fig. 1 features a scheme 
of the sampling points and the Table presents the chemi-
cal composition of the studied material samples. 

технологии позволяет достигать высоких экономических показателей при превышении нормативной продолжительности кампании 
в 1,75 раза. Опыт развития технологии позволил увеличить длительность кампании печи до 17,46 лет, достигнуть снижения удельного 
расхода кокса на 15,9 %, увеличить удельный расход природного газа на выплавку чугуна на 46,4 % и сократить удельный расход углерода 
на выплавку чугуна на 6,3 %. 
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The analysis of the state of blast furnace No. 5 work-
ing space in 2006 revealed the following:

– in the area of cast iron notches, the refractory 
thickness did not exceed 200 – 250 mm, carbon periph-
eral blocks of the upper flange located directly under 

the notches were deformed, cracks and chips emerging 
in some places;

– significant reduction in the thickness of the shaft 
lining (the upper rows were 270 – 300 mm thick) and 
wear of the uncooled part of the shaft were mainly caused 
by abrasive impact of charge materials and vapors of sub-
limated alkaline compounds;

– horizontal coolers of the shaft cooled part were 
mostly deformed and destroyed, only the upper 
three – four rows were in satisfactory condition; 

– boshes in the upper part were mostly open, no traces 
of skull deposits were noticed on the coolers in this part.

– chemical analysis of the skull samples taken in 
the furnace hearth revealed the presence of significant 
amounts of alkali in it, as well as the presence of zinc 
oxide and even metallic zinc in the high-temperature fur-
nace zone.

During the 2006 overhaul, the furnace shell was par-
tially replaced and the lining was replaced completely. 
The hearth structure was reinforced within the dimen-
sions of the furnace shell. On the steel leveled surface 
of the furnace bottom, the graphite blocks, 800 mm high, 
were vertically installed and carbon blocks, 1100 mm 
high, were vertically placed on them. On the peri phery, 
the blocks were stacked horizontally in the follow-
ing order: two 400-mm graphite and two 550-mm car-
bon ones. Above, on the periphery of the furnace, seven 
rows of ring carbon blocks supplied by NDK were laid. 
The bottom two rows of those were made of BS-8SM2 
grade microporous blocks and the top five rows were 
made of BS-8SR grade super microporous blocks. 
The internal volume of the five lower rows was laid with 
high-aluminous MLLD-62 blocks, 550 mm high, thus 
the value of the “dead” layer in the hearth increased from 
1500 to 2050 mm. 

Copper coolers were installed in the under-notch area, 
three coolers under each notch. The cooling channels 
were made by drilling holes in the cast and rolled cop-
per plate. A pumping station of chemically treated water 
was built to supply these twelve coolers. The combined 
cooling by smooth plate coolers, 120 mm thick, in com-
bination with horizontal 100-mm thick coolers installed 
in the inner recess, was provided in the furnace belly and 
shaft at about 65 % of its height. The uncooled portion 
of the shaft was lined with chamotte.

Thus, in the 2006 – 2024 campaign, the basic techni-
cal solutions for the design of blast furnace No. 5 hearth 
and shaft were retained in the classical form, with nec-
essary adjustments in problem areas based on the expe-
rience of the first two campaigns of 1986 – 1995 and 
1995 – 2006. To maximize the duration of the current 
furnace campaign, certain technological measures were 
applied as a priority.

Fig. 1. Location of sampling points for refractory materials 
and skull from the working space of blast furnace No. 5 

after blowing-out of the furnace in 2006

Рис. 1. Расположение точек отбора проб огнеупорных материалов 
и гарнисажа из рабочего пространства ДП № 5 

после выдувки печи в 2006 г.
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 Development and implementation of technological
 

measures aimed at extending the campaign
of blast furnace No. 5 in 2006 – 2024

The series of investigations of the 1995 – 2006 cam-
paign results (see the Table, Fig. 1) revealed low resid-
ual thicknesses of refractory materials and the absence 
(or small amount) of protective skull and enabled to deter-
mine critical zones of blast furnace No. 5 that require pro-
tection and adjustment of smelting technology in the cur-
rent campaign: the hearth, the bottom part of the shaft and 
the top of the boshes.

First of all, to increase the durability of the hearth lin-
ing, the development of abrasive action of liquid cast iron 
flows in the near-wall zone should be prevented, i.e., it is 
necessary to ensure intensive filtration of liquid melting 
products through the toterman and to achieve good gas 
permeability in the central furnace zone. In real conditions 
of blast furnace operation, the toterman porosity can sig-
nificantly decrease due to fluctuations of coke quality char-
acteristics, water ingress into the hearth from defective ele-
ments of the cooling system, localized masses of refractory 
components of blast furnace charge entering the hearth, 
even an area can form impermeable for flows of liquid 
melting products in the hearth, as well as for countercur-
rent flows of gases and liquids above the tuyere level. 

The results of experimental studies at blast furnace 
No. 9 at the metallurgical plant Krivorozhstal proved that 

it is possible to form a dense, poorly permeable layer on 
the toterman’s surface [13; 14]. Since this furnace has 
about the same parameters as blast furnace No. 5 at PJSC 
Severstal, the experience gained from its operation was 
taken into account by the authors when the technologi-
cal process at “Severyanka” was arranged. First of all, 
the above experience proved that gas permeability in 
the central furnace zone and the condition of the toter-
man should be systematically controlled. 

It is extremely difficult to control the toterman size 
in an operating furnace. Temperatures of melting prod-
ucts in the hearth reach 1500 °C and in the tuyere zones, 
the gas temperature can exceed 2000 °C. In such con-
ditions, physical sounding without bulky equipment is 
complicated and remote methods are not yet sufficiently 
developed. To assess the toterman permeability and con-
trol its geometry at blast furnaces of PJSC Severstal, 
a scheme was proposed of systematic probing of the blast 
furnace hearth during short-term shutdowns for planned 
preventive maintenance. A metal slice bar, 10 m long, 
with a diameter of 28 mm, served as a probe. The probe 
was plunged into the furnace until it became obvious that 
the front of the slice bar reached the hard-to-penetrate 
zone. The toterman was probed systematically, at least 
once a quarter during normal furnace operation and more 
often if the charge conditions changed or signs of impu-
rity content in the hearth emerged.

To clean the hearth from refractory flux residues and 
fine coke fractions, technological provisions were deve-

Chemical composition of the samples of refractory materials 
and skull extracted during dismantling of the refractory lining of blast furnace No. 5 in 2006

Химический состав проб огнеупорных материалов и гарнисажа, 
извлеченных при разборе огнеупорной футеровки ДП № 5 в 2006 г.

Place of 
sampling Material

Content of chemical compounds, wt. %
Fe2O3 Al2O3 Na2O K2O ZnO

1' ShPD – 39 (chamotte engineering domain bricks) 1.34 38.7 – – –
2' ShPD – 42 (chamotte engineering domain bricks) 1.33 43.4 – – –
3' Skull – – 0.23 0.81 0.110
4' ShPD – 42 (chamotte engineering domain bricks) 4.07 38.7 – – –
5' ShPD – 42 (chamotte engineering domain bricks) 1.89 42.8 – – –
22 Skull (ChL 3 (cast iron)) – – 0.22 3.80 30.500
23 Skull – – 0.08 0.20 0.045
24 Refractory material – – 0.28 0.79 1.200
25 Skull (ChL 2 (cast iron)) – – 0.07 0.36 40.000
27 Skull (ChL 4 (cast iron)) – – 0.30 2.70 1.000
29 Skull (ChL 1 (cast iron)) – – 0.17 0.40 0.035

Place of 
sampling Material

Content of chemical elements, wt. %
C S P Si Mn Zn

М1 Metal in carbon block joints 0.69 0.060 0.057 0.25 0.29 95.00
GB Graphite block of the first row 98.2 0.450 – – – –
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loped for complex washing of the blast furnace hearth. 
The procedures were proposed for forming a washing 
portion consisting of a mixture of a sinter, pellets, lump 
iron ore and converter slag, as well as the mass of this 
portion depending on the mass of the working portion 
of iron ore materials. Consumption of charge materials in 
the washing portion was determined based on obtaining 
primary slag melt with FeO content in the range from 35 
to 55 %, which was calculated by the equation

FeOpsm = 29.73 – 1.43CaO + 3.27SiO2 –

– 10.18MgO + 1.36Al2O3 – 0.58FeO,

where FeOpsm is FeO content in the primary slag melt, %; 
СаО, SiO2 , MgO, Al2O3 and FeO represent the content 
of these components in the washing feed, %. 

The efficiency of the developed procedures for comp-
lex washing was controlled by means of toterman pro-
bing. Its results showed that systematic washing helped 
to maintain high level of the coke head permeability. 
The area of the hard-to-penetrate zone at the tuyere level 
shrank by 47.8 rel. % compared to the previous (before 
complex washing) measurements. 

In addition to the traditional methods of assessing 
the condition of the lining based on the data of heat removal 
by the hearth and flange cooling system and embedded 
thermocouples installed at different levels, new nonde-
structive inspection methods were applied in the current 
campaign. The purpose of the survey was to determine 
the condition of the refractory materials and the thick-
ness of the residual lining, as well as to detect anomalies 
in the refractory materials such as cracks, delaminations 
and unfilled mortar joints in brickwork. The work was 
carried out using the technique of supersonic sounding 
using the echo method (AU-E). The scope of the survey 
included periodic monitoring of the condition of the fur-
nace refractory lining from the metal receiver to the tuyere 
level, as well as determining the trend of the refractory 
lining wear in various zones. 

To reduce chemical erosion of carbon blocks 
of the hearth and flange due to non-equilibrium chemi-
cal compositions of cast iron, the method was developed 
to control the technological process through monitor-
ing the ratio of the actual carbon content in cast iron Сf 
to the saturated content Сs by regulating the flow rate 
of natural gas blown into the furnace. The indicated Сf /Сs 
ratio was maintained in the range of 0.92 – 0.98. When 
the Сf /Сs ratio dropped below 0.92, the natural gas con-
sumption was increased by 2.0 – 10.0 m3/t of cast iron, 
and when the Сs /Сs ratio rose above 0.98, the natural 
gas consumption was reduced by 0.2 – 2.0 m3/t of cast 
iron while maintaining the oxygen content in the blast. 
The applied method enabled to significantly (from 5.8 
to 1.4 % of the total number) reduce the number of tap-

pings aggressive to carbon lining. During 12 months 
of the use of the claimed method, the increment of heat 
loads on the cooling system coolers in the metal receiver 
decreased on average twice compared to the previous 
similar period. The effectiveness of the applied method 
can also be evaluated by the results of supersonic sound-
ing using the echo method. Its use enabled us to record 
the fact that the average thickness of the unchanged lining 
did not alter significantly during 2019 – 2021, pro bably 
because the skull layer that protected the underlying lining 
was preserved. The average thickness of the residual intact 
lining of the hearth wall measured by the AU-E method 
was 540 mm or about 21 % of the initial lining thickness.

To ensure self-renewal of the protective skull 
in the blast furnace shaft, the previously developed 
method [15] was used, which involves cyclic loading 
of charge materials, including the skull-forming mixture 
consisting of iron ore and sinter, which enables to obtain 
from it the primary slag melt in the amount of 20 – 25 %, 
the proportion of ferrous oxide in this melt not exceeding 
15 %. In addition, the requirements for enhancing the eco-
nomic efficiency of cast iron smelting made it necessary 
to develop the methods for industrial use of small sub-
standard fractions of iron ore materials. The mass fraction 
of 3 – 5 mm of the sinter loaded into the near-wall zone 
was determined depending on the index of sinter strength 
during the reduction-heat treatment of its oversize frac-
tion by the following formula

where M – mass of undersize fraction of the 3 – 5 mm 
sinter in the loaded iron ore portion, t; K – empirical coef-
ficient equal to 0.10 – 0.25; Mh – mass of the sinter in 
the head part of the loaded iron ore portion, t; A – share 
of the sinter in iron ore portion, units; R – index of the sin-
ter strength during reduction-heat treatment of the sinter 
oversize fraction, %. 

To achieve the given number of closed cycles 
of the chute, the fraction of the 3 – 5 mm sinter was dis-
tributed in the furnace working space using a bell-less 
top depending on the bulk weight of undersize fractions 
of iron ore materials. 

Due to the need to use cheaper fuel for smelting cast 
iron, in the second part of the campaign the specific con-
sumption of various solid substitutes for skip coke con-
siderably increased. Both substandard fractions of met-
allurgical coke (less than 25 mm) and anthracite served 
this purpose. In the final third of the furnace campaign, 
an innovative carbon-containing product (ICCP) was 
additionally used. It was obtained in the process of lami-
nar coking of the coal charge, consisting of 60 – 100 % 
of coals of one or several grades tentatively suitable for 
coking. 
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The results of earlier theoretical studies and industrial 
experience revealed [16 – 19] that effective replacement 
of skip coke with various substitutes (natural gas, pul-
verized coal fuel, anthracite, substandard coke fractions) 
is only possible if the quality of the bulk of coke and 
iron ore materials is high. Therefore, to use solid coke 
substitutes with relatively low-quality characteristics in 
significant quantities, which includes the charge contain-
ing solid fuel with reduced hot strength reaching almost 
50 %, special methods of its loading and distribution over 
the cross-section of the furnace mouth had to be prelimi-
narily developed and applied. The solid fuel with reduced 
strength before reaction (CSR) was loaded into the inter-
mediate zone of the blast furnace in portions at a distance 
of 0.1 – 0.5 of the furnace mouth radius from the fur-
nace wall, and the ore load in the axial zone of the fur-
nace mouth was maintained in the range from 0.8 to 3.2 
depending on the difference in the index (CSR) of high 
and low quality solid fuel. Smaller ore load in the furnace 
axis corresponds to a larger difference of the CSR charac-
teristic for the two solid fuels.

The escalating environmental challenges associated 
with the climate change and the prospect of carbon regu-
lation call for a continuous search for new ways to reduce 
CO2 emissions in the course of steel production [20]. 
Technologically, in the production chain “blast fur-
nace – converter”, carbon dioxide emissions are reduced 
by cutting the specific consumption of solid carbon fuel 
for smelting cast iron and increasing the consumption 
of hydrocarbon coke substitutes blown into the blast fur-
nace.

The approach to building an effective structure 
of the charge column in the blast furnace had to be recon-
sidered and a set of procedures was developed to regu-
larly wash the hearth from coke waste and flux residues, 
maintain a stable self-renewing skull in the lower part 
of the shaft, effectively distribute various types of solid 
fuel over the furnace cross-section and develop the tech-
nology of ultra-high specific consumption of natural gas 
during cast iron smelting. As a result, we, on a perma-
nent basis, used the system of charge material distribution 
over the height and cross-section of blast furnace No. 5, 
which includes the specified distribution of ore load 
over the furnace cross-section [21], as well as the cyclic 
use of axial, prewashing and washing portions, provid-
ing a central operating mode of the blast furnace under 
variable charge and gas blowing conditions [22]. Fig. 2 
shows the structure of the charge distribution used on 
a permanent basis in the working space of blast furnace 
No. 5. The efficiency of the applied system of charge 
materials distribution was evaluated during the final third 
of the current furnace campaign, when, despite signifi-
cant changes in charge conditions and transition to a tech-
nology of high (more than 170 m3/t of cast iron) specific 
consumption of natural gas, stable operation of the fur-

nace could be achieved. The presence of protective skull 
in the lower part of the blast furnace shaft was established 
when the furnace was disassembled during the overhaul 
of the first category, and the condition of the horizon-
tal coolers of the furnace shaft cooling system and their 
recesses, which have not lost their initial geometry, indi-
cates that the cooling system operates under protection 
of the sufficient layer of stable self-renewing skull. 

Fig. 2. Structure of the charge column from 11 feeds 
including axial, pre-washing and washing portions: 

K – portion of coke, positions of the BLT (Bell Less Top) chute (9 – 3); 
CM – portion of the iron ore mixture, position of the BLT chute (11 – 3); 
КЦ – central (axial) portion of coke, position of the BLT chute (8 – 2); 

СМЦ – portion of iron ore mixture for feeding with axial coke, position 
of the BLT chute (10 – 5); КПП – pre-washing feed coke, position 

of the BLT chute (10 – 3); СМПП – portion of iron ore mixture 
of the pre-washing feed, the position of the BLT chute (11 – 5); 

КП – washing feed coke, position of the BLT chute (9 – 3); 
СМП – a portion of the iron ore mixture of the washing feed, 

the position of the BLT chute (7 – 3) 

Рис. 2. Структура столба шихты из 11-ти подач, 
включающая осевые, предпромывочные и промывочные порции: 

К – рабочая коксовая порция, положения лотка БЗУ (9 – 3); 
СМ – рабочая порция железорудной смеси, положения лотка 

БЗУ (11 – 3); КЦ – центровая (осевая) порция кокса, положения 
лотка БЗУ (8 – 2); СМЦ – порция железорудной смеси 

для подачи с осевым коксом, положения лотка БЗУ (10 – 5); 
КПП – кокс предпромывочной подачи, положения 

лотка БЗУ (10 – 3); СМПП – порция железорудной смеси 
предпромывочной подачи, положения лотка БЗУ (11 – 5); 

КП – кокс промывочной подачи, положения лотка БЗУ (9 – 3); 
СМП – порция железорудной смеси промывочной подачи, 

положения лотка БЗУ (7 – 3)
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It should be noted that the application of a set of mea-
sures aimed at extending the campaign of blast furnace 
No. 5 under conditions of frequent changes in the qua-
lity characteristics of iron ore raw materials, as well as 
the increased use of solid and gaseous coke substitutes, 
requires constant monitoring of both the smelting para-
meters and the effectiveness of the applied technologi-
cal solutions. At the coke-and-sinter production of PJSC 
Sever stal, this task is solved, among other things, by using 
operational control of blast-furnace smelting technology 
involving on-line digital assistants [23], united in a blast 
furnace expert system (ES). The blast furnace expert 
system is a proprietary development of PSJC Severstal. 
It is a system for optimizing, monitoring and managing 
the cast iron smelting process. It is based on highly effi-
cient technological models, special application software, 
graphical end-user interfaces and many years of practical 
experience of domainers. 

The task of the blast furnace expert system is to develop 
controlling technological influencing factors affecting 
the blast furnace melting process adequate to the cur-
rent conditions due to unambiguously interpreted results 
of processing the heterogeneous source data. Thus, 
to prevent fluctuations in the thermal state of the furnace, 
related to the inertness of traditional methods of fuel con-
sumption operational control through changing the mass 
of coke in the feed, a digital model of the melting hourly 
heat balance is used, as well as moni toring of the specific 
consumption of solid and blown fuel and a model for cal-
culating the minimum theoretical value of coke consump-
tion. To prevent the phenomenon of spontaneous skull 
descent, the following models are used: models of skull 
accumulation, charge materials dist ribution in the furnace 
working space, charge descent with controlled feed posi-
tion in the working space, gas-tuyere model with the esti-
mated oxidation and circulation zones depths. The models 
of melting products accumulation in the hearth, tapping 
control and slag viscosity are applied to arrange effec-
tive melting products processing. The source data for 
the above models are the valu es of technological param-
eters, chemical compositions of raw materials and melt-
ing products, the amount of raw materials and fuel con-
sumed per unit of time, etc., coming into the system and 
processed automatically, without involving the technical 
team.

The use of the calculation results, recommendations 
of the blast furnace expert system enables to reduce 
the influence of human factor in the evaluation and 
interpretation of controlled process parameters, thereby 
decreasing the number of deviations of the blast furnace 
operation parameters from the optimal range, to achieve 
the most stable specified chemical composition of mel-
ting products and minimum fuel consumption, as well as 
to minimize the negative impact on the refractory lining 
of the furnace.

 Main production results of blast furnace No. 5
 

campaign in 2006 – 2024

Due to implementation of the above-mentioned devel-
oped technological measures on a permanent basis, the fur-
nace worked in the campaign for 17 years 5 months and 
13 days (17.46 years). The standard duration of the cam-
paign was exceeded 1.75 times or by 74.6 %. 

During the current campaign, the furnace smelted 
75,180,099 tons of cast iron, which is ~1.6 mln tons more 
than the total cast iron production for the first two cam-
paigns of blast furnace No. 5 (a total of 73,582,218 tons 
of cast iron were smelted during the previous two cam-
paigns in the periods 12.04.1986 – 03.07.1995 and 
26.10.1995 – 19.06.2006). 

The productivity and duration of the current cam-
paign increased due to a radical change in blast furnace 
smelting technology and practically 1.5 times growth in 
coke replacement with natural gas. Moreover, the nega-
tive factors caused by hydrocarbons that are additio-
nally blown into the furnace hearth (reduced theoretical 
combustion temperature, redistribution of temperatures 
over the height of the furnace, significant fluctuations in 
the furnace thermal state, etc.) were successfully compen-
sated by the developed technological measures. The fuel 
efficiency was improved during the current campaign 
(hereinafter the comparison is made between the first full 
year of operation of blast furnace No. 5 after in 2006, it 
was blown in and in 2024, full capacity was achieved 
with the final three months of the campaign):

– specific coke consumption was reduced from 417.3 
to 351.1 kg/t of cast iron, i.е., by 66.2 kg/t of cast iron or 
by 15.9 %;

– specific consumption of natural gas for cast iron 
smelting was increased from 118.0 to 172.7 m3/t of cast 
iron, i.е., by 54.7 m3/t of cast iron or by 46.4 %;

– specific carbon consumption for cast iron smelting, 
defined as the ratio of total carbon input into the blast fur-
nace with solid and gaseous fuel, as well as with com-
ponents of iron ore charge to the amount of smelted cast 
iron was reduced from 428.9 to 401.7 kg/t of cast iron, 
i.е., by 27.2 kg/t of cast iron or by 6.3 %.

 Conclusion

The use of a systematic scientific approach aimed at 
maximum extension of blast furnace No. 5 campaign based 
on the analysis of the previous campaigns results, identifica-
tion of problem areas and ways to improve cast iron smelt-
ing technology, development of technological measures 
taking into account the accumulated experience and pros-
pects for further development enabled to increase the ser-
vice life of the unit by 1.75 times and achieve its highly 
efficient operation during the entire 2006 – 2024 campaign.
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The results were obtained at the blast furnace 
of “classi cal” design without principal capital-intensive 
changes in refractory lining of the blast furnace shaft and 
hearth only by developing new methods of maintenance, 
control and adjustment of cast iron smelting technology.

The system for optimizing, monitoring and managing 
the cast iron smelting process based on in-house deve-
loped digital assistants is the most promising direction for 
further development. It provides stabilization of smelting 
results at significant fluctuations of incoming parameters, 
maximum efficiency of the developed scientific and tech-
nological measures during long time spans due to reduc-
tion of human factor impact during the process opera-
tional control.
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Аннотация. При разработке передовых технологий энергосбережения металлургической промышленности ключевое значение имеет 

комплексный подход к управлению энергетическими потоками. В данной работе проведен глубокий анализ металлургических отрас лей 
Китая и России с акцентом на эволюцию и текущие недостатки методов экономии энергии в металлургических процессах. Авторы 
подробно проанализировали различные технологические процессы, включая агломерацию, коксование, производство окатышей, чугуна 
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Abstract. In the development of advanced energy saving technologies in the metallurgical industry, a comprehensive approach to managing energy flows 

is crucial. This article presents an in-depth analysis of the steelmaking and metallurgical industry in China and Russia, focusing on the evolution and 
current shortcomings of energy saving methods in metallurgical processes. The authors thoroughly analyze various technological processes, including 
sintering, coking, pellet production, iron production in blast furnaces, steel production in oxygen converters and electric arc furnaces, as well as 
steel rolling, identifying significant potential for enhancing energy efficiency and reducing harmful emissions. The main outcome of the research 
is the  development of structural models of technological processes based on the concept of energy saving “temperature matching, cascade utiliza-
tion, and global linkage”, covering key stages of steelmaking. These models provide detailed descriptions of the role and interrelation of each process 
within the complete metallurgical cycle and combine into a comprehensive structural model of steelmaking technological process. The model includes 
not only specific operations and characteristics of each stage but also explains how these processes interact and depend on each other, forming an 
integrated and interconnected system of metallurgical production. This model encompasses comprehensive temperature-pressure and production links, 
providing a theoretical basis for the development of mathematical models of energy saving and the design of corresponding computer applications. 
The structural model of steelmaking technological process is important for understanding and optimizing the entire process of metallurgical produc-
tion, contributing to its energy and ecological efficiency. 

Keywords: steelmaking, process energy saving, linked energy saving, thermal coupling, pressure coupling, cascading energy use, production process 
modeling
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 Introduction

Steelmaking is the key sector of China’s national 
economy, it determines the development of major indus-
tries and the state’s competitiveness in world markets. 
In 2017, the volume of steel produced by China three 
times exceeded that manufactured by the US, Russia and 
Japan combined. Steel has propelled China’s shipbuild-
ing and automobile industries to the top of the global 
market [1]. Steelmaking is characterized by long produc-
tion cycles and high energy consumption. Meanwhile, 
steel production is a dangerous source of atmospheric 
pollution by off gases and solid emissions, which contain 
various toxic substances. Energy saving and emission 
reduction in steelmaking are crucial for China’s national 
economy [2]. Back in 2014, Chinese President Xi Jinping 
formulated the main principles of China’s new energy 
strategy FROCSV (Four Revolutions and One Coopera-
tion Strategic Vision), including the energy consumption 
reform that involves energy efficiency improvement [1]. 
China’s iron and steel industry has made significant prog-
ress in enhancing energy efficiency – the average inten-
sity of total energy consumption at major steel plants has 
decreased. An evaluation framework has been develo-
ped to quantify the energy and environmental bene-
fits (i.e., CO2 and air-pollutants emission reduction and 
water savings) associated with 36 energy-efficiency mea-
sures [3]. The key topic of the 2011 – 2025 research on 
energy savings is the synergistic operation of material 
and energy flows [4] based on the energy saving model 
for China’s iron and steel industry IECUA (Industrial 
Energy Conservation Uncertainty Analysis) [5].

At present, Russia actively uses modern energy- and 
resource-saving environmentally friendly technologies in 
steel production, so the analysis of the Chinese resear-
chers’ experience in this matter is especially impor-
tant [6]. Low energy consuming metallurgical technolo-
gies (continuous casting of steel, evaporative cooling, 

etc.) are introduced [7]. The technology of dry granula-
tion of slag using its physical heat developed by Rus-
sian metallurgical scientists is applied at metallurgical 
plants in China [8]. An energy-efficient environmen-
tally friendly technology of injecting hot reducing gases 
into the blast furnace (blast furnace gas recycling) has 
been developed and introduced [9]. There are only two 
routes of steel production: blast furnace – basic oxygen 
furnace (BF – BOF) and electric arc furnace (EAF) [10]. 
China and Russia use the BF – BOF route as their main 
route of steel production [11], so our countries can share 
their best practices. In China, energy efficiency (EI) in 
steel production is achieved by applying energy-saving 
and secondary energy-recovery technologies such as:

– use of waste heat and LDG; 

– comprehensive utilization of steelmaking waste [11]; 

– widespread use of energy-saving technologies 
reducing emissions CO2 [12].

On the BF – BOF route, material and energy flows are 
closely linked, enabling the iron-containing materials and 
energy to move and transform [13]. Chinese scientists 
have developed structural models of energy flows within 
the IDDD+N concept (Integration of the processes, Dif-
ferentiation of the demand, Diversification of the supply, 
Decentralization of the grid, and Network of multi-energy 
flows) aimed at optimizing the energy use, integrating 
the technological processes and decentralizing the pro-
duction management [14]. The structural model of energy 
flows includes systems for heat conversion, utilization, 
and recovery, as well as energy buffering and storage. 
In fact, metallurgical plants produce and consume energy 
at the same time: BFs consume coal and produce coke 
and coke oven gas (COG), BOFs consume electricity and 
oxygen and produce Linz-Donawitz Gas (LDG) [15], i.e., 
they are prosumers [16]. Mathematical modeling enables 
to conduct a quantitative study of structural models for 
energy saving [10; 17], in particular, the specialized soft-

в доменных печах, стали в кислородных конвертерах и электродуговых печах, а также прокатку стали. При этом выявляется значительный 
потенциал для повышения эффективности использования энергии и сокращения вредных выбросов. Основным результатом исследования 
является разработка структурных моделей технологических процессов на основе концепции энергосбережения «соответствия температур, 
каскадного использования и глобальной связи», охватывающих ключевые этапы производства стали. Эти модели подробно описывают 
роль и взаимосвязь каждого процесса в рамках полного металлургического цикла и объединяются в комплексную структурную модель 
технологического процесса производства стали. Модель включает в себя не только конкретные операции и характеристики каждого этапа, 
но и объясняет, как эти процессы взаимодействуют и зависят друг от друга, формируя целостную и взаимосвязанную систему металлур-
гического производства. Эта модель включает в себя комплексные связи по температуре, давлению и отрасли производства, обеспечивая 
теоретическую основу для развития математических моделей энергосбережения и разработки соответствующих компьютерных прило-
жений. Структурная модель технологического процесса производства стали имеет важное значение для понимания и оптимизации всего 
процесса металлургического производства, способствует повышению его энергетической и экологической эффективности. 
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ware METSIM and SYSCAD provides for calculating 
the heat/material balance [18]. The authors of [19; 20] 
note that structural models of energy flows should take 
into account the interactions and synergy between mate-
rial and energy flows. Recently, the concept of smart steel 
manufacturing as part of Industry 4.0 built on cyber-phys-
ical systems (CPS) has become popular [21 – 24]. Decar-
bonization of the metallurgical industry is a pressing 
task [25], researchers are currently focused on develop-
ing carbon capture and storage (CCS) technologies [26].

Chinese scientists have created a conceptual model 
linking the material, energy and emission flows along 
the BF – BOF route, including  byproduct cokemak-
ing, sinter production and iron founding, where by-pro-
duct gases are used as fuel, the surplus being transferred 
to power plants for energy generation [27]. The model 
involves macro-grid control of the steel production pro-
cess considering the interrelation of the material, energy 
and information flows to achieve “minimum” emissions, 
as well as of energy and materials consumption [28]. 
Lu Zhongwu proposed the concept of linked saving 
of energy and materials for the metallurgical indus-
try [29]. Based on the phenomenological model of sub-
stance (iron) flow in the technological cycle of steel 
production, a system of equations was obtained to cal-
culate the indexes of substance flow and the relation-
ship between them [30]. Yin Ruiyu proposed a series 
of measures of energy-saving and emission reduction 
based on the mechanism of ferrogenious flow and car-
bon energy flow system. His concept involves “buying 
coal only, not electricity or fuel” and achieving “zero 
emissions” of by-product gases and other energy medi-
ums [31]. Yin Ruiyu established a dynamic integration 
for the “mass – ener gy – time – space – information” 
during the steel manufacturing process based on ana-
lyzing the basic elements and characteristics of the pro-
cesses [32]. Yongqi Sun, Zuotai Zhang developed a blast 
furnace slags (BFS) and steel slags (SS) disposal model 
based on the integration of heat recovery and material 
recycling and crystallization control of the slags [33]. 
A mind map of the integration of material and energy 
flows at steel plants was developed [34]. The paper [35] 
pre sents an analytical review of publications on decarbo-
ni zation of iron and steel industry in the context of finan-
cial, organizational and behavioral aspects. Nume-
rous works by Chinese researchers on the interrelation 
of material and energy flows for the sintering process are 
noteworthy [36 – 38]. The exergy analysis in steelmaking 
serves as a theoretical basis for energy saving because 
exergy accounting of energy and material flows provides 
an integrated measure of resources, products and wastes 
at different aggregation levels, from single unit opera-
tions and upstream production steps to steel plants and 
production routes, and exergy indicators can be easily 
linked to techno-economic ones [39]. 

Russia has also adopted a similar energy saving model 
for linked steelmaking processes, which includes the fol-
lowing combined energy saving methods for metallurgi-
cal processes: enhancing the blast furnace productivity by 
implementing the technologies of injecting hot reducing 
gas and replacing quality ores with siderite ore concen-
trate (SOC); using CO2 washed from the blast furnace gas 
in refrigerating equipment; full recovery of LDG heat for 
SOC roasting [40].

 Research methodology

The integration of several scientific approaches – sys-
tematic, analytical and comparative – forms the theoreti-
cal and methodological basis of the conceptual model 
of energy saving for the linked processes of steelmaking. 
It enabled us to explore the main aspects of the problem 
and the tasks set, to reveal new trends of energy saving for 
the linked processes of steelmaking and quality indica-
tors of energy saving. We used the methods of theoretical 
and methodological analysis (comparative, retrospective, 
and model), comparative analysis of scientific literature, 
methods for systematizing the authors’ experience in 
the energy saving organization to identify the main trends 
in the development of the concept of “linked processes” 
in the context of energy and materials saving management 
and environmental safety in the steelmaking industry.

We conducted a conceptual study of the methods 
of linked reduction of energy consumption in steel pro-
duction processes based on the principle of cascading 
energy use and analysis of the causes of energy consump-
tion surges. To enhance energy efficiency, new me thods 
for network energy distribution and coupled energy 
reduction in steel production processes are proposed. 
The objective of the work is to develop temperature, 
pressure and industry coupling models for energy sav-
ing in linked steelmaking processes based on the prin-
ciples of “correspondence of temperatures, cascading use 
and global coupling”. We developed structural mo dels 
of technological processes of sintering, coking, pellet 
manufacture, cast iron production in a blast furnace, iron 
production in a BOF and an electric furnace, and steel 
rolling combined into a structural model of steelmaking 
technological process.

 Research results

We will consider sintering and coking processes as 
study objects. The structural model of sintering (Fig. 1) 
includes a sintering machine, a cooler, as well as crush-
ing, screening and mixing equipment. The iron-contain-
ing material is turned into sinter, which is sent to the blast 
furnace after cooling. High temperature off gases are 
used to recover the residual heat. The structural model 
of the coking process (Fig. 2) includes formation of coke 
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column and quenching technologies. The input materi-
als are turned into red hot coke, which is sent after cool-
ing to the hopper or returned to the raw material cycle. 
COG and off gases, as well as hot nitrogen from the coke 
quenching process, are directed to heat recovery and 
energy saving.

Our study objects are the processes of pellet and cast 
iron production. The structural model of pellet produc-
tion (Fig. 3) includes a stirrer, a granulator, a sorting 
device, a сhain lattice conveyor, a circulating furnace 
and a cooler. Green pellets are formed from the powdered 
concentrate and binders and, after sintering and cooling, 
are sent to the blast furnace or returned for processing. 
The cold exhaust air is used for energy saving. The struc-
tural model of the cast iron production (Fig. 4) includes 
a blast furnace and an air heater. A blast furnace produces 
cast iron from sinter, coke, pellets and lump iron ore with 
the addition of air. Off gases and slag are used for further 
recovery and energy saving.

For the purpose of the study, let us consider the pro-
cesses of steelmaking in a BOf and in an electric furnace. 
The structural model of steel production in a BOF (Fig. 5) 
includes cast iron pretreatment equipment, a BOF, a ladle 
for steel transfer, a secondary treatment unit and a ladle 
for pouring steel. Output materials include steel, slag, 
LDG and dust. The waste is used for heat and energy 
recovery. The structural model of steel production in an 
electric furnace (Fig. 6) includes cast iron pretreatment 
equipment, an electric furnace, a ladle for transfer, a sec-

ondary treatment unit and a ladle for pouring. The input 
and output materials are similar to the converter process. 
The waste is also used for heat and energy recovery.

As an object of study, let us consider the process 
of steel rolling and create a structural model of this 
technological process (Fig. 7). The main equipment 
of the rolling process includes continuous casting 
machines, heating furnaces, hot and cold rolling mills. 
In the steel rolling process model, the input materials 
include steel, oxygen, water, lubricants, refractory mate-
rials, gas and combustion air. The input materials first 
pass through a continuous casting machine where they 
are solidified and cast into cast blanks. Then, after heat-
ing in the furnace, the blanks are sent to various roll-
ing shops for processing into products of various types 
(profiles, rods, rails, seamless pipes, sheets or strips). In 
this case, off gases generated in the heating furnaces are 
considered in the structural model (Fig. 8) as a direction 
of leaving the operational framework of the rolling pro-
cess for residual heat recovery and energy saving. 

At the final stage, the structural models of technologi-
cal processes of sintering, coking, pellet manufacture, 
cast iron production in a blast furnace, iron production 
in a BOf and an electric furnace, and steel rolling were 
combined into a structural model of the steelmaking tech-
nological process (Fig. 8).

Using the basic principles of linked energy saving, 
cascading energy use and loss minimization, we proposed 
the models of thermal coupling, pressure coupling and 

Fig. 1. Model of sintering process

Рис. 1. Модель процесса агломерации
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inter-branch coupling for separate technological processes 
of steelmaking – sintering, coking, pellet manufacturing, 
сast iron production in a blast furnace, iron production in 
a BOF and an electric furnace, and steel rolling (Fig. 8). 
Thermal coupling means linking the process where 
excessive heat is produced to the processes that consume 
heat in order to provide the best match between heat pro-
duction and consumption in each process, thereby reduc-
ing dependence on external heat sources and enhancing 
energy efficiency throughout the metallurgical process. 

In pressure-coupled processes, the excessive pressure 
produced is transferred to processes with suitable pres-
sure in order to achieve the best possible match between 
heat energy supply and consumption in each process and 
thereby reduce pressure supply from external sources and 
enhance the energy efficiency of the entire metallurgical 
process. Industry coupling involves linking surplus mate-
rials and energy in steel production to customers in other 
industries where they can be applied to improve mate-
rials and energy efficiency. Energy saving through indus-

Fig. 2. Model of coking process

Рис. 2. Модель процесса коксования

Fig. 3. Model of pellet production

Рис. 3. Модель процесса производства окатышей
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try coupling is realized by transferring excessive mate-
rials and energy of the metallurgical process to related 
industries, establishing a link between the metallurgi-
cal industry and other industries to ensure the interrela-
tion of materials and energy supply in order to enhance 
the efficiency of the materials and energy use.

 Discussion of the research results

This paper presents a conceptual structural model 
of temperature, pressure and industry coupling for energy 
saving in linked steelmaking processes. The model is based 
on the principles of temperature matching, cascading 
use, and global coupling. In contrast to the matrix model 
of the interrelation of material, energy and emission flows 
for the ferrous metallurgy enterprise [26], the presented 
model is universal in relation to individual technological 
processes of ferrous metallurgy, it reflects thermal, pres-
sure and industry coupling and allows for an optimized 
steel production process based on material and energy 
saving and emission reduction. Lu Zhongwu [28; 29] 
investigated the effect of logistics on energy and iron con-
sumption during steel production. He found that taking 

iron-containing materials out of the production process 
causes an increase in energy and iron consumption per 
1 ton of material. Circulation of iron-containing mate-
rials within the same process or between processes does 
not affect the iron consumption per 1 ton, but results in 
increased energy consumption per 1 ton of material. Con-
sequently, circulation of iron-containing materials should 
be minimized as much as possible, which is reflected in 
the modeling rules. Lu Zhongwu [30] used Lagrange and 
Euler methods to describe fluid flow. He also explained 
a material flow tracking model based on the iron flow 
diagram in the life cycle of steel products, which pro-
vided a reference for creating and optimizing down-
stream me tallurgical processes. Yin Ruiyu [31] described 
the behavior models of iron and carbon-energy flows dur-
ing steel production. He analyzed the potential for energy 
saving and emission reduction in the steel industry, opti-
mization of me tallurgical processes being one of the effec-
tive methods. Yin Ruiyu [32] proposed a theoretical 
approach to creating a new generation of steelmaking 
processes based on the interaction and synergy of mate-
rials, energy and information flows during the metallur-
gical process. Based on the research of the material and 

Fig. 4. Model of iron production

Рис. 4. Модель процесса производства чугуна
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energy flows in steel making processes, combined with 
the rules of metallurgical process modeling and the real 
conditions of metallurgical engineering, we developed 
a technique for designating the material and energy flows 
and created a structural model of the whole metallurgical 
production process. In addition to considering material 
and energy flows, this model includes coupled pressure 
and temperature conversion and industry integration. 
The mode takes into account the individual metallurgical 
processes and emphasizes the interaction between them, 
which greatly improves energy saving and emission 
reduction. The qualitative description of a similar energy 
saving model for linked steelmaking processes in Rus-
sia was presented, which includes a number of combined 
energy-saving methods for metallurgical processes [40].

 Conclusions

The paper investigates the key energy saving aspects 
and trends in steelmaking in both China and Russia. 
The analysis of various processes, including sintering, 
coking, pellet manufacturing, cast iron production in 
a blast furnace, iron production in a BOf and/or an elec-
tric furnace, and steel rolling, revealed significant poten-
tial for enhancing energy efficiency and reducing emis-
sions.

The main finding of this study is that minimum energy 
and material consumption, as well as emission reduc-
tions, can be achieved by creating a new concept of cou-
pling energy saving with the technological process: “tem-
perature matching, cascading use, and global coup ling.” 
The linked processes in steelmaking are complex pro-
cesses of continuous and discrete changes in energy and 
material flows. The model of interrelation of material and 
energy flows is a restrained model of linked process nodes 
for ensuring energy and material savings and monitoring 
emissions. We developed structural mo dels of technolog-

ical processes covering the key stages of the steelmaking 
process, including sintering, coking, pellet manufactur-
ing, cast iron production in a blast furnace, iron produc-
tion in a BOf and an electric furnace, and steel rolling. 
These models provide detailed descriptions of the role 
and interrelations of each process within the complete 
metallurgical cycle and combine into a structural model 
of steelmaking technological process. The structural 
model of steel production process reflects the system 
of interrelations of all metallurgical production stages. 
Not only does it include the specific operations and char-
acteristics of each stage, but also explains how these 
processes interact and depend on each other, forming 
an integrated and interconnected system of metallurgical 
production. The structural model of steelmaking process 
is important for understanding and optimizing the entire 
process of metallurgical production, contributing to its 
energy and ecological efficiency.
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Аннотация. Созданные одними из первых и исследованные более 20 лет назад высокоэнтропийные пятикомпонентные сплавы CoCrFeNiMn 

(сплав Cantor) и CoCrFeNiAl по-прежнему привлекают внимание исследователей в области физического материаловедения из-за возмож-
ности их применения в различных отраслях промышленности благодаря удачному сочетанию прочностных и пластических свойств. 
К настоящему времени накоплен большой экспериментальный материал по управлению свойствами этих сплавов. В настоящей работе 
выполнен обзор публикаций отечественных и зарубежных авторов по двум направлениям улучшения свойств этих сплавов: легирова-
нием, выделениями и термообработкой и использованием фазовых диаграмм CALPHAD. По первому направлению проанализирована 
роль легирования бором, алюминием, ванадием, кремнием, ниобием; γ- и γ′-нановыделениями, различными режимами термической 
и деформационной обработки. Сделан вывод о необходимости проведения экспериментов по легированию ВЭС Zr и Nb, хорошо зареко-
мендовавших себя в упрочнении сталей. Создание и модифицирование свойств пятикомпонентных ВЭС возможно при использовании 
компьютерных программ CALPHAD, разработанных для расчета диаграмм состояния. Проанализированные в статье результаты публи-

  gromov@physics.sibsiu.ru
Abstract. Created one of the first and studied more than 20 years ago, high-entropy five-component alloys CoCrFeNiMn (Cantor alloy) and 

CoCrFeNiAl still attract the attention of researchers in the field of physical materials science due to their possible application in various industries 
because of their successful combination of strength and plastic properties. To date, a large amount of experimental materials has been accumulated 
on the ways to control the properties of these alloys. This article reviews the publications of domestic and foreign authors in two areas of improving 
the properties of these alloys: alloying, precipitation and heat treatment, and the use of CALPHAD phase diagrams. In the first direction, the role 
of alloying with B, Al, V, Si, Nb is analyzed; γ and γ′ nanoprecipitations, various modes of thermal and deformation processing. It was concluded 
that it is necessary to conduct experiments on the alloying of HEAs with Zr and Nb, which have proven themselves well in hardening steels. 
Creation and modification of the properties of five-component HEAs is possible using the CALPHAD computer programs developed for calcu-
lating state diagrams. The results of publications on the thermodynamic description of five-component alloys analyzed in the article are confirmed 
by comparing the phase diagrams with the available experimental data. In one of the analyzed works on the phase formation of five-component 
HEAs consisting of Co, Cr, Fe, Ni, Al, Mn, Cu, 2436 compositions were considered, which made it possible to determine 1761 variants of reliab le 
prediction of the formation of bcc/B2 and fcc phases, bypassing amorphous phases and intermetallic compounds, thereby designing a certain level 
of mechanical properties. It is shown that the design of a new generation of HEAs is possible based on calculation of the CALPHAD phase diagrams. 

Keywords: high-entropy alloys, CoCrFeNiMn, CoCrFeNiAl, alloying, hardening, heat treatment, CALPHAD
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 Introduction

Created in the early 21st century, a new class of metal-
lic materials known as high-entropy alloys (HEAs) has 
attracted the attention of researchers in the field of physi-
cal materials science due to their superior properties com-
pared to conventional alloys [1 – 5]. Among the first five-
component HEAs studied were the CoCrFeNiMn (Cantor 
alloy) and CoCrFeNiAl HEAs [5 – 10], which exhibit 
a successful combination of strength and plasticity.

Discussion on improving the mechanical and 
operational properties of these HEAs began shortly 
after their creation and continues actively to this day. 
Reviews [11 – 14] have analyzed methods for enhan-
cing the mechanical properties of the CoCrFeNiAl and 
CoCrFeNiMn HEAs, considering their potential indust-
rial applications. Approaches to solving this problem 
include grain boundary strengthening [10], solid solu-
tion strengthening, creating a nanocrystalline state, 
strengthening through precipitates, partial amorphiza-
tion, surface strengthening treatments, developing new 
production methods for HEAs [14 – 19], ultrasonic treat-
ment [20], and the formation of structure gradients [21]. 
These methods can significantly expand the applica-
tion areas of these HEAs. Based on the analysis of experi-
mental results, it has been noted [22] that there are several 
hundred five-component HEAs containing over 40 dif-
ferent elements. All HEAs are conventionally divided 
into nine families: 1 – transition 3d-metals Al, Co, Cr, Fe, 
Ni, Mn, Cu, Ti; 2 – refractory metals Hf, Mo, Nb, Ta, Ti, 
V, W, Zr; 3 – Al, Be, Li, Mn, Se, Sn, Ti, Zn; 4 – transi-
tion 4f-metals Dy, Gd, Lu, Tb, Tm, Y; 5 – bronzes and 
brasses; 6 – Ag, Au, Co, Cr, Cu, Ni, Pd, Pt, Rh, Ru with 
catalytic properties; 7 – high-entropy metallic glasses 
of the Fe26.7Co26.7Ni26.7Si9B11 type; 8 – high-entropy 
borides, carbides, nitrides, oxides, silicides; 9 – HEA 
films and coatings.

Due to the extensive volume of information, the authors 
limited their analysis to experimental works from the last 
three years on strengthening and modifying the proper-
ties of CoCrFeNiMn and CoCrFeNiAl HEAs, as well 
as those with similar compositions using CALPHAD. 
The second research approach involved analyzing works 

on predicting the composition of HEAs with specific high 
functional properties using CALPHAD software deve-
loped for phase diagram calculations [23 – 26]. These 
calculations are often combined with experimental veri-
fication of the created materials at the final stage known 
as integrated computational materials engineering – 
IСME. It is believed that this approach can lead to fur-
ther progress in creating HEAs with desired industrial 
properties [22]. The need for such analysis is justified by 
the fact that the most detailed examination of the proper-
ties and prospects of HEAs was conducted 3 – 4 years 
ago [27 – 29], which is a significant period given the pace 
of publication activity.

In the past 2 – 3 years, there has been an exponential 
growth in the number of publications dedicated to high-
entropy alloys (HEAs) CoCrFeNiAl and CoCrFeNiMn. 
Consequently, there is a need to identify and analyze the 
most promising directions for predicting ways to improve 
the mechanical and operational properties of these HEAs, 
which is the objective of this work.

 Results and discussion

For Cantor CoCrFeNiMn and CoCrFeNiAl alloys, 
the main approaches to solving the fundamental prob-
lem of solid-state physics – improving their mechanical 
pro perties – can be identified as follows: analysis of heat 
treatment, plastic deformation, and external influences; 
quantum mechanical calculations of crystalline and 
electronic structure; computer simulation; and the use 
of phase diagram calculations (CALPHAD), among 
other s [22].

 Improvement of mechanical properties of HEAs
 

by alloying, precipitation, and heat treatment

The first approach involves searching for patterns 
among a large amount of fresh experimental data and 
forming criteria for improving the strength and plastic 
properties of HEAs.

Optimally, in terms of strengthening effect for Cantor 
alloys with FCC and BCC lattices, is vanadium. This is 
due to its atomic size: it is large for BCC alloys and small 

каций по термодинамическому описанию пятикомпонентных сплавов подтверждены сравнением фазовых диаграмм с имеющимися 
экспериментальными данными. В одной из анализируемых работ по фазообразованию пятикомпонентных состоящих из Co, Cr, Fe, Ni, 
Al, Mn, Cu ВЭС рассмотрено 2436 композиций, позволивших определить 1761 вариант надежного прогнозирования образования ОЦК/В2 
и ГЦК фаз, минуя аморфные фазы и интерметаллиды, тем самым конструируя определенный уровень механических свойств. Показано, 
что на основе расчета фазовых диаграмм CALPHAD возможен дизайн нового поколения ВЭС. 

Ключевые слова: высокоэнтропийные сплавы, легирование, упрочнение, термообработка, программа CALPHAD
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for FCC alloys. There is both quantitative and qualitative 
evidence for this across a large number of alloys. Accord-
ing to the authors of a study, the optimum concentra-
tion of vanadium should be approximately 25 at. %.

By varying the annealing temperature conditions 
(720 h at 800 °C), it is possible to achieve the precipi-
tation of an FCC phase enriched with chromium and 
a sigma (σ) phase in the Cantor alloy with manganese 
content of 10 – 15 and 25 – 30 at. %, respectively. These 
precipitates do not have an orientation relationship with 
the BCC matrix. Comparisons with a calculated phase 
diagram based on a thermodynamic database confirmed 
the stability prediction of the BCC phase but did not pre-
dict the stability of the σ and FCC phases [11; 12; 22]. 
Microhardness measurements showed that the pre-
cipitation of the σ phase significantly strengthens 
the CoCrFeMnNi2 – x (x = 1.25; 1.50) alloy. The obtained 
results serve as a basis for the development of the compo-
sition and heat treatment of the Cantor alloy.

In recent years, attempts have also been made 
to improve the mechanical properties of the Cantor 
alloy through alloying with various elements. In a study 
by Japa nese researchers, the role of titanium and silicon in 
the phase equilibrium and changes in the mechanical 
properties of the equiatomic Cantor alloy was analyzed. 
It was shown that titanium stabilizes the σ phase, A12, 
and C14 Laves phases, while silicon stabilizes the A13 
phase. Phase relationships were presented as projections 
on the isothermal cross section of (CoFeMnNi)-C2 – x 
at 1000 °C of the Cantor alloy. Mechanical tests showed 
an increase in ultimate strength and yield strength with 
the addition of titanium and silicon, with the effect 
of titanium additives being more significant. This may 
be attributed to the different deformation strengthening 
of the Cantor alloy with these additives.

In a brief overview, it is not possible to provide a com-
prehensive analysis of the state of the problem of improv-
ing the properties of even two HEAs, but the main 
trends and approaches can be noted based on the review 
of the most significant recent publications. 

One of the most discussed issues in strengthening these 
equiatomic alloys is the role of γ and γ′ nanoscale precipi-
tates. In [32], a series of Ni60 – xCoxCr10Fe10Al18Mo2 HEAs 
(x = 30; 20; 10; 0) with enhanced strength and plastic 
properties was presented. Increasing the nickel concen-
tration and decreasing the cobalt concentration resulted 
in the formation of a BCC phase with γ′ particles within 
it. In the as-cast state, the Ni60Cr10Fe10Al18Mo2 alloy with 
BCC/γ′ + B2 phase structure exhibited very high values 
of σ0.2 (831 MPa).

A systematic study was conducted on the influ-
ence of temperature (660 – 960 °C) and time (1 – 48 h) 
of aging on the mechanical properties of niobium-con-
taining HEAs such as CoCrNi1.5Nb0.2 . It was observed 

that aging at 660 °C led to the formation of nanoscale γ″ 
precipitates with a DO22 superlattice, which strengthened 
the HEAs through a dislocation slip mechanism [33]. 
The ultimate strength and yield strength increased 
with increasing aging time, resulting in an increase in 
the volu me fraction and size of γ″ precipitates, while 
the elongation decreased. Aging at 860 and 960 °C for 
1 h resulted in the formation of semi-coherent ε precipi-
tates with a DO19 structure, changing the strengthening 
mechanism to the Orowan one.

For the design of microstructure and correspond-
ing properties of nearly equiatomic HEAs such as 
AlCoCrFeNi, the development of next-generation dis-
persion-strengthened alloys, a template based on an 
FCC matrix reinforced with ordered B2 precipitates, 
was proposed [34]. Using thermodynamic modeling 
of Al0.5CoCrFeNi HEA solutions, isothermal solid-state 
aging was performed to precipitate fine-scale intragran-
ular B2 phases. Previous studies by these authors have 
already analyzed the positive role of the B2 phase in 
ultimate strength and deformation strengthening. In this 
work, the positive influence of the fine-scale B2 phase 
on wear resistance and dynamic compression was noted. 
The yield stress at a true strain of 0.02 % increased more 
than two times from 670 to 1350 MPa, and the compres-
sive strength increased by 20 % from 1160 to 1500 MPa. 
Moreover, the wear resistance increased more than five-
fold. This result is considered exceptionally important 
within the proposed approach to improving mechanical 
properties.

The role of boron in increasing the strength of steel 
and wear resistance of overlay coatings by forming high-
hardness compounds is well-known in classical metal-
lurgy. However, the number of studies on the influence 
of boron on the structural-phase state and mechanical 
properties of five-component HEAs is extremely lim-
ited. In [35], this gap was addressed for CoCrFeNiCuBx 
(x = 0 – 5 at. %) samples obtained by two-stage sintering 
and vacuum arc melting, using modern methods of physi-
cal materials science. It was shown that HEAs based 
on an FCC matrix contain dendritic phase with a high 
content of FeCrCoNi and interdendritic phase with a high 
content of copper. The hardness increased to 337 HV 
with increasing boron content. At 3 at. % B, the maxi-
mum strength of 1900 MPa was achieved in bending tests 
with good ductility.

In the creation and investigation of strengthening new 
HEAs, the role of heat treatment is more important than 
ever. This is demonstrated in [36], where a sample was 
fabricated using the combined method of cable-pulse 
arc additive manufacturing (CCW-AAM), and the evo-
lution of microstructure and mechanical properties 
of the dual-phase CoCrFeNiAl alloy (FCC + ordered B2 
phase) was studied during an 8 h heat treatment. 
At 600 °C, the formation of a large amount of chromium-
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rich σ-phase was observed in the B2 matrix, and nanoscale 
ordered L12 phase was observed in the FCC matrix, 
resulting in an increase in hardness from 338 to 420 HV, 
yield strength from 654 to 810 MPa, and ultimate strength 
from 876 to 1115 MPa, while the elongation decreased 
from 3.11 to 2.46 %. With an increase in heat treatment 
temperature to 800 °C, the size of the σ-phase particles 
increased, and the L12 phase transformed into a B2 phase 
with high AlNi content. The tensile properties remained 
unchanged, but the elongation increased by 176 %. 
Heat treatment at 1000 °C led to significant coarsening 
of the dissolved σ-phase in the B2 matrix and rod-like 
precipitates of B2, resulting in strengthening of the alloy. 
Hardness (308 HV) and yield strength (542 MPa) notice-
ably decreased, but the elongation increased significantly 
to 14.2 %. Analysis of these results suggests the poten-
tial for creating CoCrFeNiAl HEAs with a combina-
tion of high mechanical properties and control over 
the physical nature of these properties through heat treat-
ment conditions.

One attractive strategy for creating multicomponent 
cast HEAs is the separation (and/or precipitation) induced 
by decreasing the configurational entropy during cooling 
and solidification, as proposed in [37]. It has been noted 
that the presence of copper in alloys similar to the Can-
tor alloy expands the phase separation (and precipitation) 
due to the high positive enthalpy of mixing between cop-
per and various transition metals. It has been suggested 
that reducing the enthalpy of mixing through the sepa-
ration of the copper-enriched phase from the Co – Cr or 
Fe– Cr enriched phases induces two- or three-phase struc-
tures. Previous work by the authors of [37] has shown 
that the hierarchically structured CrFeNiMn0.5Cu0.5 HEA 
exhibited an excellent combination of strength and ductil-
ity (1.02 GPa, 28 %), suggesting its potential for indus-
trial applications. However, the deformation mechanisms 
of this cast alloy with micro- and nano-precipitates are 
not yet fully understood.

Dispersion strengthening and quasi-linear deforma-
tion strengthening in the cast CoCrCu1.5MnNi HEA pro-
vide an excellent combination of yield strength and duc-
tility at both room temperature (431.5 MPa, 55 %) and 
cryogenic conditions (600 MPa, 67 %) [37]. This alloy 
has a dual FCC phase structure with dendritic regions 
enriched in Co – Cr and interdendritic regions enriched in 
Cu – Mn. These regions contain submicron and nanoscale 
precipitates, respectively, due to the reduced solubility 
of elements in the two phases. The nature of the quasi-
linear deformation strengthening is associated with 
the accumulation of dislocation-related defects, packing 
defects, and twins induced by deformation.

The design of the eutectic AlCoCrFeNi2.1 HEA is 
considered in [38] based on the analysis of mechanical 
properties and mechanisms of cold and hot deforma-
tion. This HEA has a typical eutectic microstructure and 

consists of an FCC phase and eutectic B2 phases with 
nanoscale precipitates. The yield strength and elonga-
tion are 1.2 GPa and 22.8 %, respectively. At –196 °C, 
the yield strength is 857 MPa, the ultimate strength is 
1.48 GPa, and the elongation is ~20 %. This good ducti-
lity may be related to the transformation of the L12 phase 
into a disordered solid solution phase during low-tempe-
rature deformation. At high temperatures, the strengthen-
ing of the nanoscale B2 and L12 phases occurs through 
the Orowan mechanism and dislocation cutting. It is 
noted that the plate-like structure in the as-cast state 
transformed into a fine equiaxed structure, resulting in 
improved strength and ductility. The authors considered 
the construction of HEAs comprehensively from four 
perspec tives. The first method was based on the phase dia-
gram and its modeling, where CoCrFeNi was considered 
as one of the elements in pseudo-binary eutectic alloys. 
The second method considered the enthalpy of mixing in 
multi-component alloys, with AlCoCrFeNi2.1 as a refe-
rence. Elements with a large negative enthalpy of mixing, 
such as zirconium, niobium, and hafnium, were selected 
to replace aluminum. The third method considered 
valence electrons. The fourth approach focused on cre-
ating HEAs without cobalt due to its weak influence 
on microstructure and phase composition. The impor-
tance of the results in [38] lies in the necessity of consi-
dering all four perspectives when designing eutectic 
HEAs with superior properties.

A new paradigm of low-cost Cantor HEA develop-
ment was proposed in [39]. The strategy of design-
ing super-strong and ductile multi-component BCC 
alloys involves introducing the so-called “local chemi-
cal order” controlled by interstitials and created through 
simple thermomechanical processing. In the experi-
mental multi-component CoCrFeMnNi alloy, processed 
by partial recrystallization annealing, a high density 
of thin racks containing domains of close and medium 
order predominates. These racks develop from flat dis-
location slip bands caused by the internal close order 
of the alloy during prior cold deformation. In the multi-
component metastable alloy Fe30Mn30Co10Cr10 (at. %) 
with reduced content of expensive nickel and cobalt 
(compared to the Cantor alloy), the local chemical order 
consisted of forming heterostructures with non-recrystal-
lized grains with thin racks and a small amount of recrys-
tallized submicron-sized grains with nanonitrides. Due 
to the strengthening effect of racks, the local chemical 
order provides an ultra-high yield strength of 1.34 GPa, 
and deformation twinning contributes to a relative elon-
gation of 13.9 %. The universality of the design strategy 
is confirmed in multi-component austenitic steel. Using 
the example of the CoCrNiMnAl HEA, it is shown that 
one way to achieve a good combination of strength 
and ductility is by changing the chemical composi-
tion. In HEA without iron, this is largely determined by 
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the absence of brittle σ-phase. Based on thermodynamic 
predictions, three single-phase BCC HEAs were pro-
posed: Co25Ni30Mn30Cr10Al15 , Co30Ni25Mn30Cr10Al15 , and 
Co30Ni30Mn25Cr10Al15 , which do not contain the σ-phase. 
It is shown that the addition of a minimal amount of alu-
minum provides a strengthening effect due to the forma-
tion of a controlled amount of NiAl-B2 precipitates in 
the microstructure. The alloys, subjected to intensive 
cold rolling with subsequent short annealing at 1000 °C, 
achieved high strength values without loss of ductility. 
The Co30Ni25Mn30Cr10Al15 high-entropy alloy, with low 
defect packing energy, fine grain size, a large volume 
fraction of twinning, and the formation of small-scale 
precipitates, represents a HEA with the best combina-
tion of strength and ductility.

In summary, considering the publications on the 
strengthening of five-component HEAs, it can be noted that 
the number of articles on all HEA families strengthened 
by vanadium, zirconium, and niobium is limited [41; 42]. 
From works on classical metallurgy dedi cated to study-
ing the effect of microalloying on the properties of steels, 
the positive role of vanadium, zirconium, and niobium 
in strengthening, such as in pearlitic steels, is well 
known. This suggests the need to clarify their role in 
HEA strengthening, which should become a priority area 
for further research. Breakthrough achievements can be 
expected in this field.

 
 Using CALPHAD software

According to its chemical composition, the equi-
atomic Cantor alloy is expensive for practical appli-
cations. In [43], an analysis of alloys with a composi-
tion of Co10Cr12Fe43Mn18Ni17 was conducted using 
CALPHAD (Calculation Phase Diagram) software, 
revealing a cost 40 % lower than that of the equiatomic 
Cantor alloy. Although these alloys had reduced strength 
compared to the equiatomic BCC structure at room tem-
perature, they exhibited significantly higher strength 
at 873 K. This can be largely attributed to deforma-
tion twinning due to low defect energy in packing at room 
temperature. The Labusch model was used to calculate 
the “softening” effect in the solid solution strengthening 
of the Cantor alloy. Such calculations allow for the devel-
opment of an algorithm for designing alloys with specific 
mechanical properties.

The attempt to automate the evaluation of the kinetic 
database for BCC equiatomic HEAs seems justified. 
The development of accurate kinetic databases through 
parameterization of composition and temperature-depen-
dent atomic mobilities is necessary for correcting multi-
component calculations and CALPHAD modeling. Using 
the example of the CoCrFeNiMn HEA, an automated 
evaluation procedure is proposed, which includes sto ring 
raw data and evaluation results, automatic weigh ting, 

parameter selection, and re-evaluation. The proposed 
software, written in Python, only uses diffusion indicator 
data for clear separation of thermodynamic and kinetic 
data. The created database is valid for the entire composi-
tion range of five-component HEAs.

Based on experimental data, the authors of [45] 
were able to obtain a polynomial equation for strength 
(hardness) for BCC HEAs containing 4 – 5 elements 
of the Cantor alloy system. An important conclu-
sion of the study is that as the iron content increases, 
the strength of the five-component Cantor alloy 
decreases. This is due to a decrease in the shear modu-
lus with decreasing iron concentration. The role of mix-
ing enthalpy and electron concentration is also important. 
It is shown that the strength in Cantor alloys increases 
with decreasing mixing enthalpy and increasing concent-
ration of valence electrons. This is particularly important 
for controlling mechanical properties, as it allows for 
purposefully increasing or decreasing their values.

The CALPHAD thermodynamic calculation pro-
gram can be very useful for the development of new 
CoCrFeNiMn HEAs with increased strength. Compu-
terized thermodynamic prediction of phase equilibria is 
the basis for this, as mechanical properties are largely 
determined by the phase composition of alloys. This 
task is quite complex due to the incomplete descrip-
tion of ternary systems. In [46], a successful attempt 
was made to develop a self-consistent thermodynamic 
description of the five-component Cantor alloy system by 
completing the description for all triple subsystems and 
making new thermodynamic assessments for CoCrNi and 
CoCrMn.

The reliability of the developed thermodynamic 
description of the five-component Cantor alloy is con-
firmed by comparing the calculated vertical sections 
of the five-component phase diagram with available 
experimental data. This provides a basis for higher-order 
thermodynamic descriptions of systems with various 
additional elements.

To improve the strength characteristics of the Cantor 
alloy, various alloying elements have been and are being 
introduced [47 – 52]. When designing a new Cantor 
alloy, it is necessary to consider the possibility of forming 
intermetallic σ- and B2-phases [53 – 55]. The influence 
of alloying elements on phase stability is very complex, 
and their individual contributions to a multi-component 
alloy like Cantor are small, which makes reliable predic-
tion difficult.

The way forward lies in considering the simulta-
neous influence of various alloying elements. This can 
be achieved within the framework of CALPHAD (Cal-
culation of Phase Diagram) [56]. Commercial databases 
(TCHEA and PanHEA) do not allow for the reproduc-
tion of experimental vertical sections of five-element 
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HEAs and, consequently, cannot adequately predict 
phase equilibrium between FCC, BCC, and σ-phases. 
To achieve this, thermodynamic descriptions are needed 
for all binary and ternary systems. Unfortunately, for 
most multicomponent HEAs, these have not been deve-
loped. According to publications, alloying of HEAs is 
carried out over a wide range of concentrations, which 
highlights the importance of developing thermodynamic 
descriptions for all ternary systems that significantly 
impact the prediction of phase equilibrium.

The most detailed analysis of phase formation in five-
component HEAs consisting of cobalt, chromium, iron, 
nickel, manganese, aluminum, and copper was conducted 
in a particular study [57]. A total of 2436 compositions 
were considered, of which CALPHAD selected 1761 
variants for reliable prediction of FCC/B2 and BCC phase 
formation, excluding the amorphous phase and interme-
tallics. It was shown that thermodynamic calculations and 
experimental data closely matched. As the atomic size 
difference between elements increases, more FCC/B2 
phase alloys are formed compared to HEAs with BCC 
structures. It was found that the concentration of valence 
electrons is the most important parameter for predicting 
FCC/B2, BCC, and FCC/B2 + BCC phases. These results 

are crucial for designing HEAs with specific structures 
and, consequently, properties.

A new approach to creating five-element eutectic 
HEAs is proposed in [58]. It is based on the possibi-
lity of using composite phase diagrams and the mixing 
entropy of two- and three-component eutectic alloys 
in the development of new HEAs. The search for such 
HEAs is justified, as five-component eutectic HEAs dem-
onstrate a successful combination of high strength and 
plastic properties [59 – 62] due to their lamellar compos-
ite microstructures. 

Reliable phase diagrams for five-element alloys are 
clearly insufficient, so the approach proposed in [58] 
looks promising. This is confirmed by experimental 
results in creating eutectic alloys in the AlCoCrFeNi and 
CoCrFeNiTi systems.

To develop new HEAs with high yield strength, 
a method combining CALPHAD phase diagram calcu-
lations, electronegativity differences, and machine lear-
ning [63] is proposed. In the first stage, this method allows 
avoiding the formation of undesirable brittle phases. 
Following the trend of creating new HEAs, points with 
high yield strength and elemental ranges are identified 

TEM images of the destroyed alloy Co14Cr30Ni50Mo6 [63]:
а, b – images of shear bands in a light field and corresponding diffraction patterns of the selected area; 

d, e – interaction of dislocations with shear bands; f – light field, images of a tangle dislocation substructure in another grain 

ПЭМ-изображения разрушенного сплава Co14Cr30Ni50Mo6 [63]:
а, b – изображения полос сдвига в светлом поле и соответствующие дифракционные картины выбранной области; 

d, e – взаимодействие дислокаций с полосами сдвига; 
f – светлое поле, изображения клубковой дислокационной субструктуры в другом зерне
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in the single-phase region. Additionally, if the content 
of molybdenum and iron is 6 and 0 at. % respectively, 
the ranges for nickel and cobalt are expanded. The next 
step is the experimental verification of the developed 
alloy. It is shown that the yield strength of the single-phase 
Co14Cr30Ni50Mo6 HEA with a grain size of 17.1 µm was 
472 MPa with an electronegativity difference of 0.136. 
The high ductility and deformation strengthening ability 
of the alloy are due to the high density of dislocation slip 
bands and their interaction. The distance between slip 
bands is about 100 nm (refer to Figure, b). The contrast 
from the slip bands is darker than the FCC matrix, and 
the presence of high-density dislocation tangles in the slip 
bands (refer to Figure,  f). indicates intensive deformation.

For the aerospace industry, the Al10Co19Cr16Fe20Ni35 
HEA, obtained in the cast state, homogenized at 1200 °C 
for 8 h, and subjected to step annealing at (24 h) and 
590 °C (120 h) [64], can be useful. This provided an FCC 
matrix microstructure with B2 precipitates and chromium-
enriched carbide. The design of this HEA was based 
on CALPHAD phase diagram calculations. Mechanical 
testing showed an excellent combination of strength and 
ductility: the yield strength was 470 MPa, the ultimate 
strength was 790 MPa, and the elongation was 48 %. 
The results of this study vividly demonstrate the possi-
bilities of creating next-generation HEAs based on phase 
diagrams.

 Conclusions

Due to the large number of publications accumu-
lated on various directions for improving the mechani-
cal properties of the CoCrFeNiMn (Cantor alloy) and 
CoCrFeNiAl HEAs, an analysis of works from the last 
three years on alloying, strengthening by precipitations, 
heat treatment, and the use of CALPHAD phase diagrams 
has been carried out.
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Аннотация. Технологичность материала напрямую связана с возможностью его производства, эксплуатации и ремонтопригодности. Одним 

из важнейших показателей технологичности металла является свариваемость. Аустенитные стали с высоким содержанием азота проя-
вили себя как высокопрочные, коррозионно- и хладостойкие материалы, однако вопрос их свариваемости до сих пор раскрыт не до 
конца. Отсутствие на рынке сварочных присадочных материалов, специально разработанных для сварки высокоазотистых сталей, перво-
степенная преграда перед решением обозначенной проблемы. В связи с этим целью данной работы является разработка и получение 
лабораторного образца высокоазотистой сварочной проволоки. На основе проведенных расчетов растворимости азота и фазового состава 
металла шва выбран химический состав Cr – Mn – Ni – Mo – V, N стали для этой проволоки. Получен бездефектный слиток с 0,57 % N 
и методами горячей пластической деформации и волочения изготовлена проволока с содержанием 0,57 мас. % N. Опробование этой 
проволоки для получения сварного соединения аустенитной литейной стали, близкой к ней по химическому составу, с проведением 

  vskostina@yandex.ru
Abstract. The processability of a material is directly related to the possibility of its production, operation and maintainability. One of the most important 

indicators of the processability of any metal is weldability. Austenitic steels with a high nitrogen content proved themselves as high-strength, corro-
sion- and cold-resistant materials, but the issue of their weldability is still not fully understood. The lack of welding filler materials on the market 
specifically designed for welding high-nitrogen steels is the primary obstacle to solving this problem. Thus, the goal of the work was to develop 
and obtain a laboratory sample of high-nitrogen welding wire. Based on calculations of nitrogen solubility and the phase composition of the weld 
metal, the chemical composition of Cr – Mn – Ni – Mo – V, N steel was selected for this wire. A defect-free ingot with 0.57 % N was obtained, and wire 
with a nitrogen content of 0.57 wt. % was produced using hot plastic deformation and drawing methods. Testing of this wire to obtain a welded joint 
of austenitic cast steel, close to it in chemical composition, with the welding process carried out according to the developed technological recom-
mendations, made it possible to obtain a defect-free welded joint without loss of nitrogen in the weld metal. With a microhardness of the base metal 
of 252 HV50 , due to the alloying of the welding wire steel with nitrogen and vanadium, the metal of the weld and fusion line had a high microhard-
ness (278 and 273 HV50 , respectively), significantly exceeding the microhardness of Cr – Ni cast austenite. The metal of the welded joint has high 
strength (0.9 of the base metal strength) and high impact toughness. The fracture of impact samples is characterized by a dimple structure characteristic 
of viscous materials. According to the obtained results, the new welding wire showed itself to be a promising material for welding austenitic high-
nitrogen steels. 

Keywords: high-nitrogen steel, welded joint, manual arc welding, high-nitrogen welding wire, mechanical properties, impact strength, fractography
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 Introduction

Due to the combination of properties, austenitic 
high-nitrogen steels can be used in mechanical engi-
neering, instrumentation technology, medicine, oil and 
gas indust ry, for everyday necessities, etc. The practical 
application of such steels implies good processability, 
including weldability. While welding austenitic steels 
with high concentration of nitrogen (0.4 – 0.6 %), it is 
recommended to use the welding filler with the increased 
concentration of this element. It is difficult to obtain high 
quality welded joints of such steels as the welding filler 
materials developed specifically for welding high-nitro-
gen steels are not available in the market [1; 2]. Until 
recently, filler materials for welding this type of steel 
were chosen based on the following principles.

1. The Fe – Cr – Ni – Mo welding filler was used. In 
some cases, they contain small amounts of manganese 
and 0.10 – 0.25 % of nitrogen1 [3; 4]. In this case, for 
the welding material to retain its austenitic structure, 
the nickel concentration in it should be significantly 
(~2 times) increased (compared to common stainless 
steels) [5; 6]. Also, for the same purpose, the carbon con-
centration may be slightly increased [7 – 10]. This 
option is most feasible in practice, but it has a number 
of disadvantages:

– the steel strength reduces due to the lack of solid-
solution hardening with nitrogen;

– the balance shifts towards ferrite formation.

In some cases, a certain amount of nitrogen 
gas [11 – 14] or nitride-containing powder [15] are added 
to the shielding gas to increase the nitrogen content in 
the weld metal during welding. Addition of nitrogen in 
the properly calculated concentration during the wel ding 
process results in decreased ferrite amount, enhanced 
ductility and corrosion resistance [16 – 19]. 

2. Ni-based welding filler materials originally devel-
oped for welding heat-resistant steels can be used [4; 20]. 
They are characterized by high performance properties, 
but contain a large number of expensive alloying ele-
ments: 55 – 68 % Ni and 2.5 – 16 % Mo. When high-
nickel fillers are used, low welding current should be 
applied for welding so that the high-nitrogen base metal 
is not mixed with the filler metal. Otherwise, the mix-
ing zone will be depleted of nitrogen due to the high 
concentration of nickel, which reduces nitrogen solubi-
lity [21], thus making its zone the most vulnerable area 
of the welded joint [22].

3. The metal with the chemical composition simi-
lar or identical to that of the base metal can be used 
as the filler, this option is called autogenous TIG wel-
ding [23]. The advantage of this method is that the con-
centration of nitrogen in the welding filler is as high as 
that in the base metal, therefore, the welded joint can be 
expected to be quite strong. However, this option cannot 
be used on an industrial scale if thin base metal rods are 
applied for autogenous TIG welding, as many welding 
processes involve automatic wire feeding.

Recently, the issue of selecting welding filler mate-
rials for welding high-nitrogen steels has attracted spe-
cial attention. A number of research groups have reported 
the development of welding wire samples with high-
nitrogen content [17; 19; 24]. 

The authors of [24] developed three samples 
of experimental Cr – Mn – Ni welding wires with a nitro-
gen content of 0.15; 0.6 and 0.9 %. Welded joints 
of 22Cr – 16Mn – 2Ni – 0.75N high-nitrogen steel were 
obtained using the developed wires in argon shielding 
gas. During the welding process, the resulting degassing 
of nitrogen in the molten wire droplets led to reduction in 
nitrogen content in the weld hard metal. As a result, 
some amount of ferrite was formed in the metal of welds 
obtained using wires with a nitrogen content of 0.6 
and 0.9 %, which led to a drop in the impact strength 
of welded joints. At the same time, porosity was revealed 
in the metal of the weld with the highest nitrogen con-
tent, which negatively affected the strength of the welded 

1 https://www-eng.lbl.gov/~shuman/NEXT/MATERIALS&COM-
PONENTS/ss-weld_manual_avesta.pdf

процесса сварки по разработанным технологическим рекомендациям, позволило получить бездефектное сварное соединение без потери 
азота в металле шва. При микротвердости основного металла 252 HV50 , благодаря легированию стали сварочной проволоки азотом 
и ванадием металл сварного шва и линии сплавления имел высокую микротвердость (278 и 273 HV50 соответственно), заметно превы-
шающую микротвердость Cr – Ni литого аустенита. Металл сварного соединения характеризовался высокой прочностью (0,9 от проч-
ности основного металла) и высокой ударной вязкостью. Излому ударных образцов присуще характерное для вязких материалов ямочное 
строение. По результатам исследования новая сварочная проволока показала себя как перспективный материал для сварки аустенитных 
высокоазотистых сталей. 
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joint. The welded joint with 0.15 % N had an austenitic 
structure, however, due to the low nitrogen concentration, 
its strength characteristics were the lowest. 

In the study [17], welded joints of 22Cr – 2Ni – 16Mn – 
– 0.75N steel were obtained by arc welding using 
the 20Cr – 2Mo – 18Mn – 0.6N filler. To prevent 
the risks of losing nitrogen from the welding wire, 
the Ar – N2 – CO2 mixture was used as the shielding gas. 
It was found that as the СО2 content increases, so does 
the nitrogen content in the weld metal, which results in 
enhanced strength and impact strength of the welded 
joint. The addition of N2 gas (up to 7 %) also boosted 
the nitrogen content in the weld metal. During auto-
matic arc welding described in [19], welded joints 
of 21Cr – Ni – 17Mn – 4Mo – 0.8N steel were obtained in a 
shielding gas mixture of 93.5 % Ar + 5 % N2 + 1.5 % O2 
while experimental 21Cr – 2Ni – 17Mn – 2Mo – 0.78N 
welding wire was used. The wire feed speed and volt-
age were varied. It was found that a low wire feed speed 
(3 – 8 m/min) at moderate arc voltage (up to 20 V) is 
preferable to ensure a stable welding process. The use 
of high welding speeds and higher voltages resulted in 
wire metal scattering and smoke in the arc burning area.

Having analyzed the reasons behind the difficulties 
hampering the development of a suitable high-nitrogen 
welding wire, we can emphasize the following. When 
designing a wire, it is important to take into account 
the chemical composition, post-weld microstructure 
formed by the welding wire metal and the weld crystal-
lization mode. All of these factors can affect the wire 
manufac turing technology. The higher the nitrogen con-
tent of the wire metal, the more metal degassing will occur 
during the welding process. Accordingly, ingots obtained 
by smelting under nitrogen pressure are not suitable for 
this purpose. When developing the wire chemical compo-
sition, it is also important to take into account the content 
of alloying elements that tend to form hard and brittle 
nitrides during welding, such as Cr, Nb and V. In addi-
tion, the stacking fault energy enhances with increasing 
nitrogen content, which may create difficulties for wel-
ding wire drawing from steel with high nitrogen content.

Given this, the objectives of this work include deve-
loping the chemical composition of welding wire with 
high nitrogen content, predicting the phase composi-
tion of weld metal in Thermo-Calc, obtaining a wire 
laboratory sample and studying the properties of welded 
joints fabricated using the developed welding wire.

 Materials and methods

As the study object, we used welded joints obtained 
by manual argon arc welding of austenitic steel, 
grade 05Kh21AG15N8MFL, with a nitrogen content 
of ~0.6 wt. %, 20 mm thick, in an argon environment. 

After smelting, the steel was subjected to homogeni-
zing annealing at 1200 °C for 3 h followed by cooling 
in water. The chemical composition of the base metal is 
presented in Table 1.

The welded joints were obtained based on the techno-
logical recommendations developed by the authors [25] 
using the following welding parameters: welding current 
of 100 – 120 A; arc voltage of 9 V; and welding speed 
of 3 m/h. According to the recommendations, air cooling 
was performed after each layer of deposited metal.

The welding wire with high nitrogen content, 1.2 mm 
in diameter, developed and obtained at IMET RAS was 
used as a welding filler material [26]. To select the chemi-
cal composition of Cr – Ni – Mn – Mo – N welding wire, 
we performed: 

– thermodynamic calculations of nitrogen [N] solubi-
lity [27] 

lg [N] = –560/T – 1,06 – 2600/T –

– {0.39(–0.048([Cr] + 0.5[Mn] – 2.45[C] –

– 0.9[Si] – 0.23[Ni] + 0.27[Mo] + 2.04[V] –

– 0.12[Cu] – 0.15[S] – [P] + 0.41[W]) +

+ 3.5·10–4([Cr] + 0.5[Mn] – 2.45[C] –

– 0.9[Si] – 0.23[Ni] + 0.27[Mo] + 2.04[V] –

– 0.12[Cu] – 0.15[S] – [P] + 0.41[W])2} +

       + (700/T – 0.37); (1)

– calculations of the phase composition using Schaef-
fler diagram based on estimated nitrogen concentrations 
under the following condition:

           Nieq / Creq > 0.8, (2) 

where the values of nickel and chromium equivalents 
were calculated by the following formulas

 = Ni + 0.1Mn – 0.01Mn2 + 18N + 30C,        (3)

 = Cr + 1.5Mo + 0.48Si + 2.3V + 1.75Nb;       (4)

– ensuring corrosion resistance: 

PREN = % Cr + 3.3 % Mo + 16 % N ≥ 31.        (5)

Phase composition calculations of the weld 
metal were performed using thermodynamic values 
from the TCFE 7.0 database in Thermo-Calc. The initial 
parameters in thermodynamic modeling were the concen-
trations of the system components (chemical composi-
tion), temperature and pressure. The calculations were 
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performed at normal atmospheric pressure in the temper-
ature range from 600 to 1200 °С.

Fabricating the sections and revealing the micro-
structure. The samples were pressed into bakelite on an 
Opal 400 hot mounting press, then successively ground 
on a Saphir 250 grinder and polished on a cloth using 
emulsion. Polished samples of welded joints were sub-
jected to etching in the reagent: 2 parts of HCl + 1 part 
of HNO3 + 1 part of glycerin. 

Optical microscopy. The microstructure was studied 
using an Olympus GX51 light microscope. 

Ferritometry. The ferrite content was measured 
by the magnetometric method using an MVP-2M multi-
functional eddy current tester. The ferritic phase content 
range can be measured from 0 to 25 %; limit of permis-
sible basic error of the ferritic phase: 0.05(1 + Xφ ), where 
Xφ is the measured value of the ferritic phase, %.

Microhardness. Microhardness of different zones of 
welded joints was measured according to GOST 9450 – 76 
on a Volpert 402MVD hardness meter at a load of 50 g, 
with the sample being held under this load for 10 s. 
A tetrahedral diamond pyramid was used as an indenter. 
The microindentation hardness number was determined 
by the formula 

  (6)

where F is the load, N; d is the diagonal of impression, 
mm.

Mechanical properties were determined on the sam-
ples of the base metal and the resulting welded joints, 
in which the weld was located in the center of the cut 
samp le. 

Tensile tests were conducted according to 
GOST 1497 – 84 on an Instron 3382 testing machine. 
Proportional cylindrical samples, type IV, No. 7 were 
used. The test was performed at a speed of 1 mm/min in 
all cases, at room temperature. 

Impact bending tests were conducted according 
to GOST 9454 – 78 on an Amsler RKP 450 (Zwick/Roell) 
impact testing machine at 20 °C. We used the samp-
les defined in GOST 9454 – 78 with a V-concentrator. 
The maximum pendulum impact energy is 300 J.

Raster electronic microscopy. Fractographic 
ana lysis of samples after destruction was carried out 
on a LEO-1420 scanning electron microscope with an 
Oxford Instruments microscope for micro X-ray spectral 
analysis (MXSA).

 Results and discussion

 Development of chemical composition
 

and production of welding wire

The high-nitrogen welding wire was developed 
based on Fe – Cr – Mn steel alloyed with interstitial 
elements – nitrogen (~0.5 %) and carbon, substitu-
tion elements – nickel and molybdenum, which ensured 
an austenitic structure, high strength, corrosion and 
cold resistance2 [4]. Based on the calculations by for-
mulas (1) – (5) we selected the chemical composi-
tion of the welding wire (Table 2).

Due to the melting of Cr – Ni – Mn – Mo – N wires 
during welding, the volatile elements – nitrogen and 
manganese – can partially escape from the weld metal. 
The objective of this work is to evaluate the thermody-
namically equilibrium phase composition of weld metal 
depending on the content of nitrogen and manganese 
using the Thermo-Calc software for plotting temperature 
sections of phase diagrams.

Fig. 1 shows the plotted phase diagrams for the compo-
sition of the new welding wire with variable nitrogen and 
manganese content. The dotted line indicates the amount 
of nitrogen and manganese contained in the weld wire 
metal of the calculated composition (Table 2). 

In the steel of this chemical composition, in equilib-
rium conditions when the temperature drops to ~700 °C 
and nitrogen concentration decreases to 0.5 %, the unde-
sirable Z-phase (Cr, V)N can be separated from austenite, 
in addition to CrN nitrides, Me23C6 carbides and σ-phase 
(Fig. 1, а). However, according to [28], the Z-phase is 
formed in case of long thermal soak in heat-resistant steels. 
Taking into account that welding is a non-equilibrium 
process in which each pass of the welding arc is accom-
panied by melting of a small area of the welded metal 
edge and melting of the welding wire of a small diameter 

Table 1. Grade chemical composition of the base metal

Таблица 1. Марочный химический состав основного металла

Base metal
Chemical composition, wt. % (Fe and impurities – the rest)

N Cr Ni Mn Mo
Si V C S P

maximum
05Kh21АG15N8MFL maximum 0.6 21 – 22 7.7 – 9.0 15 – 16 1 – 2 0.2 0.3 0.04 0.008 0.012

2 Refer to: Ibid.
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Table 2. Grade chemical composition of the welding wire metal

Таблица 2. Марочный химический состав металла сварочной проволоки

Welding 
wire

Chemical composition, wt. % (Fe and impurities – the rest)
[N], % Nieq / Creq PREN

N Cr Ni Mn Mo
Si V C S P

maximum
Sv-0.57N maximum 0.57 21 – 23 7.8 – 8.3 14 – 16 0.5 – 1.5 0.5 0.2 0.06 0.007 0.013 0.57 0.73 32

Fig. 1. Calculations of thermodynamically equilibrium phase composition of welding wire Sv-0.57N depending 
on the content in it of nitrogen (at 15.1 % Mn) (а) and manganese (at 0.57 % N) (b) 

Рис. 1. Расчеты термодинамически равновесного фазового состава сварочной проволоки Cв-0,57N в зависимости 
от содержания в ней азота при концентрации 15,1 % Mn (а) и марганца при концентрации 0,57 % азота (b)
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(~1.2 mm), followed by cooling, undesirable Z-phase or 
σ-phase are not likely to emerge in the weld metal zone, 
fusion zone or heat affected zone of the welded product. 

According to the calculated data presented in 
Fig. 1, b, some possible reduction of manganese concen-
tration du ring welding cannot lead to negative changes 
of the phase composition, the latter should remain aus-
tenitic. 

Welding wire manufacturing involved the following 
process steps: smelting of steel with the given chemical 
composition in an open induction furnace with the addi-
tion of nitrided ferroalloys; homogenization of the cast 
structure at 1200 °C; rolling with preheating at 1100 °C; 
rotary forging and wire drawing. 

 Microstructure

The examination in the optical light microscope 
did not reveal any pores, cracks or non-welds (Fig. 2). 
The authors of [24] present a general view of welded 
joints studied using the microscope of low magnifica-
tion. When welding wire with 0.9 % nitrogen content 
was used, pores in the weld metal were observed with 
the naked eye. 

The microstructure of the base metal, 
05Kh21АG15N8MFL cast steel, is characterized by 
large grains of austenite, 200 – 700 μm in size (Fig. 2, а). 
The weld metal structure includes small grains elongated 
in the direction of crystallization (Fig. 2, b). A number 
of ferrite grains are observed in each of the weld zones. 
The ferritometry test revealed that the volume content 
of ferrite does not exceed 0.27. 

Comparing the data obtained by calculations 
of the phase diagram presented in Fig. 1 and micro-
structure images, it is important to point out that optical 
microscopy did not confirm the presence of Me23C6 car-
bides and σ-phase in the obtained welded joints. 

The high-temperature welding process can adversely 
affect the heat affected zone of the weld. Thus, for 
examp le, the works [29; 30] showed that large particles 
of Cr2N nitrides were released in the heat affected zone, 
which led to reduction in corrosion resistance. However, 
large nitride particles were not detected in the studied 
welded joints, obviously due to the use of low weld heat 
input. 

The nitrogen content in the weld metal amounted 
to 0.58 %, apparently due to the transfer of nitrogen from 
the base metal (with 0.6 % N) into the welding bath during 
welding. Such high nitrogen assimilation was achieved 
by following the technological recommendations for 
welding high-nitrogen steels [25]. In the previously dis-
cussed work [24], when multi-pass argon-arc welding 
and welding wires with 0.6 and 0.9 % N were used, as 
in this case, the nitrogen content in the weld metal was 
0.54 and 0.64 %, respectively. In [17], even the addi-
tion of 5 % N2 to the shielding gas did not help to keep all 
the nitrogen contained in the filler metal (0.6 %), and its 
value in the weld metal amounted to 0.58 %. 

 Mechanical properties

The weld samples for tensile and impact bend-
ing tests were cut so that the weld metal was centered 
on the test samples. Fig. 3 presents the histogram that 
demonstrates high properties in the “yield strength – ten-
sile strength – impact strength” combination of welded 
joints of cast high-nitrogen steel. As a compari-
son, the paper [31] indicates the following mechani-
cal properties of the 05Kh21AG15N8MFL cast steel 
sample after homogenization annealing at 1200 °C, 
4 h: σ0.2 = 407 MPa, σu = 674 MPa, KCU = 209 J/cm2. 
Consequently, the welded joints of high-nitrogen steel 
investigated in this study, obtained using the developed 
welding material and based on the formulated technolo-
gical recommendations, are practically equal in strength 

Fig. 2. Microstructure of base cast metal (а) and welded joint (b) 

Рис. 2. Микроструктура основного литого металла (а) и сварного соединения (b)
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to the base metal without welding (90 % of the strength 
of the base metal). 

Microhardness values measured in different zones 
of the welded joint (Fig. 4) are consistent with the grain 
size in each of the research areas. Among other things, 
the lowest hardness values are typical for the base 
metal with the coarse-grained cast austenitic structure. 
The microhardness in the fusion zone and weld metal is 
higher as boundaries of small grains formed in the weld 
metal contribute to the hardening. 

The fracture morphology of the samples after impact 
tests indicates ductile dimpled fracture pattern (Fig. 5). 
Large dimples contribute to enhancing plastic proper-
ties3. The steels have high impact strength when, with 

Fig. 3. Mechanical properties of the samples of welded joints 
of high-nitrogen austenitic steel

Рис. 3. Механические свойства образцов сварных соединений 
высокоазотистой аустенитной стали

Fig. 4. Microhardness in each zone of the welded joint: 
BM – base metal, FZ – fusion zone, WM – weld metal

Рис. 4. Микротвердость в каждой из зон сварного соединения:
BM – основной металл; FZ – зона сплавления; WM – металл шва

Fig. 5. Fractography of the samples  
of welded joints after impact tests

Рис. 5. Фрактография образцов сварных соединений  
после испытаний на ударную вязкость

3 S.L. Gorobchenko, Y.S. Krivtsov, A.K. Andreev, Yu.P. Solntsev  
Competitiveness of reinforcement castings beyond impact strength or 
application of a new comprehensive method to validate the reliability of 
austenitic steels for cryogenic valves. ТPА. Pipeline Valves & Equipment, 
International Magazine [Electronic resource]. URL: http://www.valverus.
info/popular/3219-konkurentosposobnost-armaturnogo-litya.html

http://www.valverus.info/popular/3219-konkurentosposobnost-armaturnogo-litya.html
http://www.valverus.info/popular/3219-konkurentosposobnost-armaturnogo-litya.html
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a large number of small-sized dimples, the largest area in 
the fracture is covered by dimples, minimum 10 – 15 μm 
in size, with globular inclusions not exceeding 8 μm. 
Another indication of high metal ductility is the depth and 
plasticity of the dimples themselves, the serpentine slid-
ing on their walls and the absence of the dimples frac-
turing4 – these are the features observed in the fracture 
(Fig. 5, c, d).

Discussing the strength characteristics achieved in 
this experiment, the following observations can be made. 
The strength level of a welded joint is determined by its 
weakest section. The authors tested this wire while wel-
ding cast austenitic steel, which is considered to be high 
strength among cast austenitic steels (the standard yield 
strength value of austenitic steels of the Fe – 18Cr – 10Ni 
system does not exceed 200 MPa). When the same wire is 
used for welding hot-wrought metal of the same composi-
tion, the properties of the welded joint should be higher. 
For example, in [24], welding filler with 0.6 % N was 
used to obtain a welded joint of high-nitrogen deformed 
steel. Accordingly, the tensile strength σu = 912 MPa was 
reached, while the impact strength was expectedly lower, 
KCV = 110 J/cm2. This level of properties was obtained as 
the base metal structure was reinforced by deformation. 

The welded joint obtained using a welding filler with 
0.78 % N, during welding n the shielding gas atmosphere 
(87 % Ar – 6.5 % N2 – 6.5 % CO2), also demonstrated 
high mechanical properties characte ristic of deformed high-
nitrogen metal: σu = 956 MPa, KCV = 132 J/cm2 [17].

 Conclusions

We calculated the phase composition of steel 
of the selected composition Fe – Cr – Mn – Ni – Mo – V, 
N while varying the content of manganese and nitrogen, 
which can volatilize during welding. The study showed 
that the selected nitrogen-containing welding wire should 
have an austenitic structure.

Sv-0.57N welding wire was manufactured from 
the steel melted in laboratory conditions using hot plas-
tic deformation and drawing methods. Testing of this 
wire to obtain a welded joint of austenitic cast steel 
05Kh21AG15N8MFL ~0.6 % N, with the argon-arc 
welding carried out based on the developed technological 
recommendations, enabled to obtain a defect-free welded 
joint without loss of nitrogen in the weld metal.

The welded joint metal is characterized by high 
strength (0.9 of the base metal strength) and high impact 
strength, while the fracture has a dimpled structure char-
acteristic of ductile materials. The new welding wire 
Sv-0.57N may be regarded as a promising material for 
welding austenitic high-nitrogen steels.
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Аннотация. В настоящее время все более перспективным является применение аддитивных технологий в промышленности. Интен-

сификация развития 3D-технологий приводит к необходимости более тщательного изучения структуры и свойств металлов, полу-
чаемых данным методом. В работе рассматривается влияние термообработки (ТО) на структуру наплавляемого методом электроду-
говой наплавки (WAAM) металла. Изучено влияние закалки при различных температурах и отжига на структуру аустенитной стали 
07Х25Н13. Установлено, что при наплавке металла происходит кристаллизация по типу ФА с образованием грубой дендритной 
структуры со скелетной и вермикулярной морфологией и состоящей из δ- и σ-фаз. Закалка при температуре 1070 ℃ практически 
не изменяет структуру металла. При повышенных температурах (1100 ℃) закалка приводит к частичному растворению и сферо-
идизации выделившихся при наплавке дендритов, однако кардинальных структурных изменений не происходит. Наиболее полное 
растворение дендритной составляющей происходит во время закалки при температуре 1150 ℃. Структура после данной ТО преиму-
щественно аустенитная, остатки дендритной составляющей представлены мелкими сферическими включениями. Структура стали 
после отжига (1150 ℃) практически не отличается от получаемой после закалки при той же температуре. Значительного увеличения 
размера зерен, характерного для аустенитных сталей, в данном случае не наблюдается. Исходя из структуры, получаемой после ТО, 
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Abstract. Currently, the use of additive technologies in industry is becoming more promising. The intensification of development of 3D technologies 

leads to the need for a more thorough study of the structure and properties of metals obtained by this method. In this paper, the effect of heat treat-
ment on structure of the metal deposited by Wire Arc Additive Manufacturing (WAAM) is considered. The paper describes the effect of quenching 
at various temperatures and annealing on the structure of austenitic steel 07Cr25Ni13. As a result of the work, it was found that during metal deposi-
tion, crystallization occurs according to the FA type with the formation of a coarse dendritic structure with mainly skeletal and vermicular morphology, 
consisting of δ- and σ-phases. It is noted that quenching at 1070 ℃ practically does not change the metal structure. Despite the fact that quenching 
at elevated temperatures (1100 ℃) leads to partial dissolution and spheroidization of the dendrites released during surfacing, there are no cardinal 
structural changes. The most complete dissolution of the dendritic component occurs during quenching at 1150 ℃. The structure after this procedure 
is predominantly austenitic, remains of the dendritic component are represented by small spherical inclusions. The steel structure after annealing 
(1150 ℃) practically does not differ from the structure obtained after quenching at the same temperature. A significant increase in grain size, typical 
for austenitic steels, is not observed in this case. Based on the structure obtained after heat treatment, the most promising treatment options for future 
physico-mechanical properties are quenching and annealing at 1150 ℃. 

Keywords: austenitic steel 07Cr25Ni13, additive technologies, WAAM, steel structure formation, δ-ferrite, quenching, annealing
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 Introduction

Currently, austenitic steels are widely used in 
the chemical, oil, and food industries, as well as in 
the production of medical and nuclear power plant equip-
ment [1]. A number of industries in the modern world can 
hardly exist without austenitic corrosion-resistant steels. 
This type of material possesses unique properties, such 
as high corrosion resistance in acid and alkaline envi-
ronments of varying corrosive strength, as well as para-
magnetism. The combination of physical and mechanical 
properties is achieved not only through alloying with sig-
nificant amounts of chromium, nickel, magnesium, and 
other elements but also through maintaining a homoge-
neous austenitic structure throughout the product’s entire 
service life [2].

Currently, additive technologies are becoming increa-
singly promising for industry as they reduce the total cost 
of products, especially in single and small batch produc-
tion. The rapid development of 3D printing technologies 
necessitates a thorough investigation of the mechanical 
properties, structure, and chemical composition of met-
als produced by these methods. To date, the main meth-
ods of metal 3D printing are layer-by-layer powder 
fusion (selective laser sintering, SLM), laser powder 
deposition (laser engineered net shaping, LENS/direct 
metal deposition, DMD), and electric arc deposition (wire 
arc additive manufacturing, WAAM) [3]. WAAM 3D 
printing, which we used for this study, is the most pro-
ductive and technologically simple [4; 5].

The advantages of additive manufacturing methods 
are as follows: 

– the process of obtaining products can be fully 
automatized;

– when products are manufactured of expensive mate-
rials, such as titanium and nickel alloys, the material con-
sumption is considerably reduced;

– small batch production, unprofitable when using 
traditional production methods, becomes cost-effi-
cient [6 – 8].

SLM technology enables the manufacture of complex 
products by laser melting of metal powder using CAD 

models. At the powder melting point, the energy den-
sity is higher compared to other electric arc processes 
(e.g., welding), but lower than in the case of laser expo-
sure [9]. The main problem of parts produced by the SLM 
method is relatively high surface roughness, which 
reduces fatigue resistance by increasing stress concentra-
tion on the samp le surface [10].

Laser powder deposition is the process of overlay 
welding performed by fusing the powdered material layer 
onto the substrate. The laser beam creates a molten bath 
into which the powdered metal is introduced. The metal 
melts and solidifies in the bath to form metallic bonds 
with the substrate. During the surfacing process, the pow-
dered metal is automatically fed from the feed system 
to the substrate, which is lowered to the height equal 
to the thickness of the layer to be deposited. However, it 
should be noted that the laser deposition method does not 
ensure reproducibility of the chemical composition and 
mechanical properties of the final products [11; 12], 
which is a significant disadvantage of this technology.

WAAM technology is a relatively new additive growth 
method that emerged in the 1990s. It includes depositing 
a common welding wire, widely available commercially, 
onto the substrate, resulting in a finished part. Com-
pared to conventional manufacturing, WAAM can reduce 
manu facturing time by 40 – 60 % and post-processing 
time by 15 – 20 %, depending on the size of the part. 
For example, the use of this technology for manufactu-
ring airplane landing gear stiffeners results in about 78 % 
raw material savings compared to conventional produc-
tion [13]. Metals with good weldability can potentially 
be used for the WAAM process, and so far, researchers 
have successfully applied this method to fabricate parts 
from Ti [13], Al [14], steel [15], and Ni [16] based alloys.

In the additive growth process, the surfaced metal is 
in a liquid state and is subsequently subjected to multiple 
cycles of high-temperature heating, including to tem-
peratures above critical. As a result, the microstructure 
of the surfaced metal differs from that of metal pro-
duced by conventional technologies, and consequently, 
the physicochemical and strength properties of the metal 
may also differ from those of rolled material.

наиболее перспективными для будущих физико-механи ческих свойств вариантами обработки являются закалка и отжиг при темпе-
ратуре 1150 ℃. 
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An increasing number of foreign studies are investi-
gating the application of additive technologies in indust ry. 
However, in Russia, these methods are developing locally 
and are not yet widespread. In addition to reducing 
the cost of small-batch products from austenitic steels, 
which are currently quite popular, additive technologies 
can also contribute to the advancement of Russian sci-
ence.

The objective of this study is to explore the effect 
of heat treatment modes on the structure of austenitic 
steel 07Cr25Ni13 obtained by additive growth using 
the WAAM method.

 Materials and methods

The research was conducted using metastable auste-
nitic steel 07Cr25Ni13 obtained by the WAAM method. 
The samples for investigating the deposited metal were 
produced on a specialized bench for additive arc sur-
facing [17]. Surfacing was performed with the follow-
ing parameters: I = 120 А; U = 24 V; v = 350 mm/min. 
A shielding gas mixture of 98 % Ar and 2 % CO2 was 
used. The samples for metallographic studies were cut 
from the obtained blanks using waterjet cutting followed 
by milling. ER309LSI welding wire was used as the ini-
tial material for surfacing. The chemical composi-
tion of the wire is presented Table 1.

The metal surfacing process can result in the loss 
of alloying elements. The chemical composition of the sur-
faced metal was determined using a Foundry-Master opti-
cal emission analyzer.

The structural affiliation of the deposited mate-
rial to the austenitic class was derived from the Scheff-

ler diagram. According to the literature data [15 – 20], 
the phase composition obtained after surfacing depends 
on the Creq and Nieq ratio and can be specified from 
the Scheffler diagram. 

We know from the literature sources [18 – 23] that 
phase transformations during crystallization and the final 
phase composition depend on the Creq / Nieq ratio and are 
divided into the following types: 

• А (<1.25): L – (L + γ) – γ;
• AF (1.25  1,48): L – (L + γ) – (L + γ + δ) – (γ + δ);
• FA (1.48  1,95): L – (L +  δ) – (L + δ + γ) – (δ + γ);
• F (>1.95): L – (L + δ) – (δ + γ).
These equivalents were determined using the follo-

wing formulas

    Creq = Cr + Mo + 1.5Si + 0.5Nb + 2Ti; (1)

              Nieq = Ni + 30C + 0.5Mn. (2)

Metallographic studies were performed in cross sec-
tion relative to the surfacing direction at magnifications 
of 100 and 200, and the milled surface of the samples 
was also examined. The metallographic sections were 
prepared following the standard procedure – the samples 
were sanded mechanically using the sandpaper of differ-
ent grits and polished with pastes. The solution consisting 
of 5 cm3 HNO3 , 50 cm3 HCl and 50 cm3 H2O was used as 
a chemical etching reagent. 

To investigate the impact of heat treatment on the struc-
ture of the samples, we performed quenching in three 
modes followed by metal annealing. The heat treatment 
parameters are presented in Table 2.

 Results and discussion

The study of the chemical composition of the surfaced 
metal revealed the decrease in the content of all alloy-
ing elements (AE), except silicon. The diminishing AE 
concentration is typical for metal welding and smelting 
processes due to their losses. The increased wire content 
in the surfaced metal compared to the original wire can 
be attributed to the heterogeneity of its chemical compo-
sition along its length. It should be noted that as the steel 

Table 1. Chemical composition of the studied material

Таблица 1. Химический состав исследованного материала

Material
Content of chemical elements, %

C Si Mn Cr Ni Mo Ti S P

GOST 2246 <0.09 0.5 – 1.0 1.0 – 2.0 23.0 – 26.0 12.0 – 14.0 not regulated not regulated <0.018 <0.025

ER309LSI 0.016 0.7 1.9 23.3 13.7 0.1 0 0.004 0.019

Table 2. Modes of the samples heat treatment

Таблица 2. Режимы термообработки образцов

Mode 
number

Heating 
temperature, ℃

Holding time, 
min

Cooling 
medium

1 1070 30 Air
2 1100 60 Air
3 1150 60 Air
4 1150 60 Furnace
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chemical composition changed after surfacing, the AE 
content variations did not exceed the permissible limit (in 
accordance with GOST 2246 – 70). The final composi-
tion of the surfaced metal is presented in Table 3.

Chromium and nickel equivalents are calculated 
by the formulas (1), (2): Creq – 23.2578; Nieq – 14.815. 
The Creq / Nieq ratio is 1.57, hence, in this case the trans-
formations during crystallization can be described 
by the FA mode (the Creq / Nieq ratio exceeds 1.48). 
The approximate ferrite content in the surfaced metal can 
be determined from the Scheffler diagram (Fig. 1).

Based on the above diagram, the approximate content 
of δ-ferrite in the metal after surfacing is about 7.5 %, 
which is consistent with the theoretical data [24].

We studied the cross direction relative to the metal 
surfacing axis based on the microstructural analysis 
of the samples before and after the heat treatment. Fig. 2 
shows the structure of the surfaced metal prior to heat 
treatment.

The dendrites are oriented normal to the surface 
of the laser track due to the direction of heat removal. 
The dendrites located deep within the surfaced metal 
have a more developed boundary structure. The dendritic 
structure refinement on the laser track surface can be 
put down to the supply of additional thermal energy as 
the next metal layer is deposited. In general, the struc-

ture of the surfaced metal is similar to the microstructure 
resulting from the crystallization of austenitic steel. 

It was noted in [25] that the dendrites formed 
du ring surfacing may include δ-ferrite and σ-phase. 
Fig. 3, b shows that δ-ferrite has mainly skeletal and 
vermicular morphology. Surfacing of AISI 316L [25] 
and AISI 316 [26] steel resulted in a similar structure. 
The interdendritic space is filled with γ-phase (austenite).

Austenitization according to mode 1 (1070 ℃, 
30 min) did not result in visible changes in the grain 
structure, which is indicative of insufficient holding time 

Table 3. Chemical composition of the surfaced metal

Таблица 3. Химический состав наплавленного металла

Material
Content of chemical elements, %

C Si Mn Cr Ni Mo Ti S P
ER309LSI 0.016 0.700 1.90 23.3 13.7 0.100 0 0.004 0.0190

Surfaced metal 0.018 0.820 1.75 23.2 13.4 0.036 0 0.005 0.0114

Fig. 1. Location of steel 07Cr25Ni13 on the Scheffler diagram

Рис. 1. Расположение стали 07Х25Н13 на диаграмме Шеффлера

Fig. 2. Structure of the sample after surfacing:
×100 (а); ×200 (b) 

Рис. 2. Структура образца после наплавки:
×100 (а); ×200 (b)



Izvestiya. Ferrous Metallurgy. 2024;67(3):303–310.
Anosov M.S., Sorokina S.A., etc. Effect of heat treatment on structure of austenitic steel 07Cr25Ni13 obtained by WAAM

307

or temperature or both during austenitization (Fig. 3). 
It should be noted that the overall etchability of the samp-
les increased.

The grain boundaries only begin to emerge in the struc-
ture after heat treatment according to mode 1, which is 
also indicative of insufficient holding at the austenitiza-
tion temperature (Fig. 3). The dendritic structure does not 
decrease, which indirectly shows that the content of δ- 
and σ-phases did not reduce. The δ-ferrite morphology 
does not significantly change.

We performed quenching using mode 2 (1100 ℃, 
60 min) to study the effect of increased austenitiza-
tion temperature and holding time. Fig. 4 shows the sam-
ple microstructure in the direction transverse to the sur-
facing axis after heat treatment according to mode 2.

In the micrographs of the sample after austenitiza-
tion at 1100 ℃, the grains formed can be seen more 
clearly. The dendrite size generally decreases com-
pared to the microstructure after surfacing and treatment 
according to mode 1. This effect indicates more complete 
diffusion processes during austenitization. Spheroidiza-
tion of dendritic components is observed, their gene-
ral orientation remaining the same. The percentage 
of δ-ferrite and σ-phase should significantly decrease 
after this treatment.

After quenching according to mode 3 (1150 ℃, 
60 min), grain boundaries and austenite twins are clearly 
visible in the metal structure (Fig. 5). The dendritic struc-
ture dissolved almost completely; the dendrites that failed 
to do so are represented by small spheroidal inclusions.

Fig. 4. Structure of the sample after quenching according to mode 2:
×100 (а); ×200 (b) 

Рис. 4. Структура образца после закалки по режиму 2:
×100 (а); ×200 (b)

Fig. 3. Structure of the sample after quenching according to mode 1:
×100 (а); ×200 (b) 

Рис. 3. Структура образца после закалки по режиму 1:
×100 (а); ×200 (b)



Известия вузов. Черная металлургия. 2024;67(3):303–310.
Аносов М.С., Сорокина С.А. и др. Влияние термообработки на структуру аустенитной стали 07Х25Н13, полученной методом ...

308

Mode 4 (1150 ℃, 60 min) enables more complete dis-
solution of the remaining dendrites because at such metal 
temperatures, the diffusion is active for a longer time. 
The austenitic structure of the metal with characteristic 
twins is clearly visible (Fig. 6).

It should be noted that after annealing according 
to mode 4, there is no significant grain increase compared 
to quenching at the same temperature and holding time.

 Conclusions

It is found that after WAAM surfacing, steel 07Cr25Ni13 
forms a rough dendritic structure, which may consist 
of δ-ferrite and σ-phase. The post-deposition structure 
features δ-ferrite of skeletal and vermicular morpho-
logy, with the interdendritic space filled with γ-phase. 

The phase composition of the deposited material is con-
sistent with that determined from the Scheffler diagram. 

Austenitization at 1070 ℃ with a 30 min holding time 
practically does not change the structure of the deposited 
metal. After aging the samples at 1100 ℃ for 60 min, 
we can clearly see the formation of austenitic grains and 
a reduction in dendrite size. Thus, structural-phase trans-
formations in steel 07Cr25Ni13 require heating to tem-
peratures above 1100 ℃ during heat treatment. 

Quenching according to mode 3 (1150 ℃, 60 min) 
results in almost complete dissolution of dendrites. 
The remaining undissolved dendrites appear as small 
spheroidized particles.

The metal structure after heat treatment according 
to mode 4 (1150 ℃, 60 min, furnace cooling) is prac-

Fig. 5. Structure of the sample after quenching according to mode 3:
×100 (а); ×200 (b) 

Рис. 5. Структура образца после закалки по режиму 3:
×100 (а); ×200 (b)

Fig. 6. Structure of the sample after annealing according to mode 4:
×100 (а); ×200 (b) 

Рис. 6. Структура образца после отжига по режиму 4:
×100 (а); ×200 (b)
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tically the same as that of the metal quenched from 
the same temperature. A significant increase in grain size, 
typical for austenitic steels, is not observed in this case.

In terms of potential physical and mechanical proper-
ties, heat treatment modes 3 and 4 proved to be the most 
favorable.
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Аннотация. Проведено молекулярно-динамическое изучение механизмов миграции наклонных симметричных границ ∑5(210)[001] 

и ∑5(310)[001] в бикристаллических образцах Fe – 10Ni – 20Cr при радиационном облучении. Плотность радиационных дефектов растет 
достаточно быстро вплоть до дозы ~0,02 сна и затем выходит на насыщение. Это обусловлено уравновешиванием скоростей генерации 
и аннигиляции радиационных дефектов. Показано, что на ранней стадии облучения границы зерен начинали стохастически отклоняться 
от исходных положений вследствие взаимодействия с каскадами атомных смещений и поглощения дефектов структуры. В процессе 
облучения область границ зерен утолщалась и становилась шероховатой. С ростом дозы облучения увеличивались размеры кластеров 
точечных дефектов (тетраэдов дефектов упаковки и дислокационных петель). Взаимодействие с крупными кластерами точечных дефектов 
привело к образованию изгибов на изначально плоских поверхностях границ зерен. При малых расстояниях между границами высокая 
движущая сила между изогнутыми поверхностями существенно увеличивала скорости сближения границ зерен. Показано, что средние 
скорости миграции границ зерен до их непосредственного взаимодействия друг с другом составляли примерно 0,8 м/с. В результате 
сближения границы зерен аннигилировали, потенциальная энергия образца скачкообразно уменьшилась, и зерна объединились. Для 
аннигиляции границ зерен ∑5(310)[001] потребовалась в два раза большая доза облучения по сравнению с границей зерен ∑5(210)[001]. 
Непосредственное взаимодействие границ зерен друг с другом скачкообразно увеличивает скорости их миграции из-за возникновения 
движущей силы со стороны изогнутых участков поверхностей границ зерен. Изучено влияние дозы радиационного облучения на особен-
ности деформационного поведения образцов при одноосных растяжениях. Показано, что с ростом дозы облучения предел упругости 
быстро понижается и выходит на насыщение при дозе облучения ~0,01 сна. 

Ключевые слова: молекулярная динамика, радиационные дефекты, дефект упаковки, облучение, одноосное растяжение, Fe – 10Ni – 20Cr, 
миграция межзеренных границ
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Abstract. Mechanisms of ∑5(210)[001] and ∑5(310)[001] symmetrical tilt grain boundaries migration in bicrystall Fe – 10Ni – 20Cr samples under irra-

diation were investigated by means of molecular dynamics method. The density of radiation defects grows quite quickly up to a dose of ~0.02 dpa 
and then reaches saturation. This is due to balancing of the radiation defects generation and annihilation rates. It is shown that at the early stage of 
irradiation, grain boundaries began to deviate stochastically from their initial positions due to interaction with cascades of atomic displacements and 
absorption of structural defects. During irradiation, the grain boundary region thickened and became rough. With an increase in the radiation dose, 
size of the clusters of point defects (tetrahedrons of stacking faults and dislocation loops) increased. Interaction with large clusters of point defects 
led to the formation of bends on initially flat surfaces of grain boundaries. At small distances between the boundaries, the high driving force between 
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 Introduction

One of effective ways to enhance radiation resistance 
of materials is to form various kinds of interfaces [1 – 3]. 
The interfaces such as grain boundaries can accumulate 
a considerable part of defects generated during irradia-
tion. Irradiation of nanocrystalline Ni and Cu samples 
showed that their grain boundaries are the main sink for 
radiation defects, which significantly reduces the den-
sity of structural defects compared to coarse-grained 
analogs [4]. The authors of [5] applied the molecular 
dynamic approach to show that grain boundaries actively 
absorb interstitials generated by atomic displacement 
cascades, and a significant number of vacancies remain in 
the bulk. Later, the excessive interstitials leave the grain 
boundaries, returning to the bulk where they enhance 
the recombination with vacancies. The experimental 
study of the ion-irradiated nanocrystalline gold revealed 
thermal instability of the generated defects caused by 
a high density of grain boundaries [6]. The works [7; 8] 
investigated the peculiarities of grain boundaries interac-
tion with radiation defects at the microscopic level. It is 
noted that grain boundaries segregate in their region their 
own interstitials, which are characterized by higher mobi-
lity compared to vacancies and pores. However, the issues 
related to the grain boundaries absorbing defects with 
low mobility require additional research.

High-temperature heating of materials in the nuclear 
reactor zone significantly accelerates the recrystalliza-
tion process based on the migration of boundaries [9; 10]. 
To contain this process, it is important to investigate 
the mechanisms of interaction of radiation-induced struc-
tural defects with moving grain boundaries. The grain 
boundary migration controls the evolution of the mate-
rials microstructure. The driving forces behind grain 
boundary migration can have different physical nature, 
which can be related to the anisotropy of elastic energy, 
inhomogeneous density of defects and impurities, tem-
perature gradient, and curvature of the grain boundary 
surface [11]. These driving forces are often considered 
in experimental and numerical studies of grain boundary 
migration and recrystallization of polycrystalline mate-
rials [12 – 14]. 

Bicrystalline samples are a reasonable alternative 
for investigating the behavior features of individual 
grain boundaries under various types of external influ-
ences, both in experiments and in simulations [15 – 18]. 
In the absence of external influences and internal 
energy gradients, the migration of grain boundaries 
has the nature of random walk [18]. The effect of irra-
diation on the mobility of grain boundaries is a scientific 
challenge, which should be addressed to reveal the mech-
anisms of radiation-stimulated grain growth.

We investigated the mechanisms of grain boundary 
migration in bicrystal Fe – 10Ni – 20Cr samples with 
∑5(210)[001] and ∑5(310)[001] symmetrical tilt grain 
boundaries during irradiation and also the effect of radia-
tion dose on the nucleation and development of plasticity 
in these samples under uniaxial tension.

 Research method

The simulated Fe – 10Ni – 20Cr alloy samples con-
tained two ∑5(210)[001] or ∑5(310)[001] symmetrical 
tilt grain boundaries and were parallelepiped-shaped with 
ribs sized at 12×24×12 nm. The gamma-surface minimi-
zation algorithm [19] was used to determine the optimal 
configuration of the grain boundary. The initial temper-
ature of the samples was 950 K. The interatomic inter-
action in the material was described by the many-body 
potential, which enables to correctly simulate atomic 
displacement cascades in the sample [20]. The atoms 
velocity distribution in the initial samples corresponded 
to the Maxwell distribution, and their initial direction was 
set using a random number generator. To speed up the cal-
culation, the integration step was changed dynamically, 
the maximum atom displacement not exceeding 0.5 pm. 
The integration step for given loading conditions and tem-
perature varied between 2·10–18 and 3·10–16 s. To simulate 
irradiation, a sequence of atomic displacement cascades 
was generated in the samples with the primary knocked-
on atom energy of 10 keV. The primary knocked-on atom 
and the initial direction of its displacement were chosen 
using a random number generator. The primary knocked-
on atom was always an iron atom. To estimate the accu-

the curved surfaces of grain boundaries significantly increased the rates of their approach. The average migration rates of grain boundaries before 
their direct interaction with each other were approximately 0.8 m/s. As a result of their approach, the grain boundaries were annihilated, the potential 
energy of the sample decreased abruptly, and the grains merged. The annihilation of ∑5(310)[001] grain boundaries required twice the radiation dose 
compared to the ∑5(210)[001] grain boundaries. The direct interaction of grain boundaries with each other abruptly increased the velocity of their 
migration due to the emergence initiation of a driving force from the curved sections of the grain boundary surfaces. Influence of the radiation dose 
on deformation behavior features of the samples under uniaxial strains was studied. With an increase in the radiation dose, the elastic limit decreased 
rapidly and reached saturation at an irradiation dose of ~0.01 dpa. 

Keywords: molecular dynamics, radiation defects, stacking fault, irradiation, uniaxial tension, Fe – 10Ni – 20Cr, grain boundary migration
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mulated radiation dose in the approximation of NRT 
theory, the threshold displacement energy was set equal 
to 40 eV, which is commonly used for iron and iron-based 
alloys [21]. After generation of the atomic displacement 
cascade, the system was relaxed for 10 ps and cooled 
by the thermostat to the initial temperature for 5 ps before 
generation of the next atomic displacement cascade. 
Mechanical loading was set by tension perpendicular 
to the grain boundary plane at a constant velocity of 5 m/s 
by scaling the atomic coordinates and the size of the sim-
ulated cell. As for the other directions, the system was 
deformed so that zero pressure could be maintained in 
each of these directions. Periodic boundary conditions 
were modeled in all directions. The simulation was per-
formed using the LAMMPS computational package [22]. 
To identify local structural changes in the loaded sample, 
the Common Neighbor Analysis pattern for each atom 

was used [23]. The OVITo software was used to visualize 
the structure of simulated crystallites [24].

 Calculation results

With the onset of irradiation, the simulated samp le starts 
accumulating radiation-induced damage of the structure. 
The number of radiation defects grows quite rapidly 
up to a dose of ~0.02 dpa and at this value the radia-
tion defect density reaches saturation. During irradiation, 
the growth of the potential energy of interatomic interac-
tion gradually slows down (Fig. 1). At doses higher than 
0.02 dpa, the rates of generation and annihilation of radi-
ation defects equalize and the curves in Fig. 1 reach satu-
ration. During irradiation, the grain boundaries grow 
thicker, and their initially flat surfaces develop roughness 
and curves. Fig. 2 presents the results of calculations 

Fig. 1. Potential energy vs radiation dose for the samples with different grain boundaries

Рис. 1. Изменение потенциальной энергии образцов с различными границами зерен в зависимости от дозы облучения

Fig. 2. ∑5[210](001) (1) and ∑5[310](001) (2) grain boundary location vs radiation dose

Рис. 2. Изменение положения границ зерен ∑5[210](001) (1) и ∑5(310)[001] (2) в зависимости от дозы облучения
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Fig. 3. ∑5[210](001) grain boundary and radiation defects for different radiation doses 
(atoms with hcp and uncertain local structure are marked in red and grey, respectively; other atoms are invisible) 

Рис. 3. Границы зерен ∑5(210)[001] и радиационные дефекты для различных доз облучения 
(красным и серым цветами показаны атомы с ГПУ и неопределенной структурой 

ближайшего окружения соответственно, остальные атомы невидимы)

of grain boundary positions in the simulated bicrystals. 
We can clearly see that the grain boundary movement is 
of a stick-slip nature. In addition, the curves presented in 
Fig. 2 feature irradiation intervals when grain boundaries 
moved both towards each other and in the opposite direc-
tion. At the same time, the trend towards their mutual 
approach is obvious. The impact of such processes as 
the generation and development of atomic displacement 
cascades, the cascades distance from grain boundaries, 
thermally activated defect diffusion, and the interac-
tion of grain boundaries with various radiation defects 
in the structure, on the migration of grain boundaries 
accounts for these features [25]. 

The evolution of the unirradiated sample for more than 
200 ns at a temperature of 950 K shows that the grain 
boundaries do not shift. This indicates that the rate 
of thermally activated migration of grain boun da ries in 

the sample is significantly lower than that of the radiation-
stimulated one. Irradiation of the sample causes radia-
tion-stimulated migration of grain bounda ries, du ring 
which their structure changes, which can be clearly seen 
in Fig. 3. The structure of the grain boun daries alters 
due to the interaction and absorption of vario us radia-
tion defects. Fig. 3 shows the structure of grain boundaries 
and large clusters at different radiation doses. The majo-
rity of large clusters represent tetrahedrons of stacking 
faults. At a radiation dose of 0.129 dpa (Fig. 3, a), grain 
boundaries slightly shifted from the initial position, but 
their initially flat surfaces locally curved due to the inter-
action with large clusters located nearby. Fig. 2, a shows 
that the distance between the boundaries could both 
increase and decrease during irradiation. The direc-
tion of grain boundary displacement was determined 
by attraction to large clusters formed randomly on one 
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or the other side of the grain boundary surface. Note 
that elastic forces acting between the clusters of point 
defects and grain boundaries account for mutual attrac-
tion between them [26]. At a radiation dose of 0.290 dpa, 
the surfaces of the grain boundaries curved locally 
toward each other due to the joint attraction to a large 
cluster formed in the region between the grain bounda-
ries (Fig. 3, b). The distance between the curved surfaces 
became sufficient for the grain boundaries to interact and 
rapidly approach each other (Fig. 3, c). The calculations 
showed that the average migration rates of grain boun-
daries before their direct interaction with each other were 
approximately 0.8 m/s. The interaction of the curved 
surface regions boosted the rate of the grain boundary 
migration by about an order of magnitude. After the grain 
boundaries approached and merged, they annihilated 
(Fig. 3, d), which caused a drastic fall in the potential 
energy of the simulated sample (Fig. 1). 

The calculations showed that the mechanisms of grain 
boundary migration changed during irradiation. Thus, at 
an early stage, up to a radiation dose of about ~0.01 dpa, 
grain boundaries increased their mobility compared 
to unirradiated ones due to the interaction with atomic 
displacement cascades and absorption of radiation 
defects. At this stage, migration manifested by chaotic 
oscillations of grain boundary surfaces. As the radiation 
dose increased, larger and larger clusters began to form 
in the sample, interaction with which led to accele-
rated migration of grain boundaries. At the same time, 
the migration rate of grain boundaries accelerated and 
they shifted further relative to their initial positions. 
In this interval of radiation doses, the grain boundary 
migration transformed from chaotic oscillations of local 
surface areas into displacement of surfaces as a whole. 
As a result, the grain boundaries deviated significantly 
from their initial positions. When the distance between 
grain boundaries became less than 4 nm, the grains began 
to interact directly with each other. At the same time, 
the rate of their migration spiked due to the high driv-
ing force from the curved surfaces of grain boundaries. 
A bicrystal with ∑5(310)[001] grain boundaries behaves 
similarly under irradiation. However, in this case, twice 
the radiation dose was required for grain boundary anni-
hilation (Fig. 2). 

We investigated the behavior features of samples 
irradiated to different doses under uniaxial tension. 
The calculations showed that the mechanical properties 
of the sample, to a large extent, depend on the radia-
tion dose, which determines the degree of the sample 
radiation-induced damage. The deformation behav-
ior showed the following general trend: the growth 
of the radiation dose was accompanied by rather rapid 
decrease in the samples elastic limit (Fig. 4, a), the value 
of which reaches saturation at doses exceeding 0.01 dpa 

(Fig. 4, b). At the given radiation dose, the density and 
sizes of the formed radiation defects minimized the value 
of energy barriers for the emergence and propaga-
tion of stacking faults – the main carriers of plastic defor-
mation in the simulated material. Note that the elastic 
limit reaches saturation at a lower radiation dose than 
that at which the processes of generation and annihila-
tion of radiation defects reach balance. Deviations from 
the elastic limit average value at higher radiation doses 
were caused by peculiarities of the internal structural 
changes, primarily related to changes in the configura-
tion and distribution of the large clusters and disloca-
tion loops. These changes in the defect system were sto-
chastic in nature (Fig. 4, b). 

Fig. 4. Stress-strain dependence under uniaxial tension for different 
radiation doses for the sample with the ∑5(210)[001] grain 
boundary (a). Elastic limits vs radiation dose for samples 

with different types of grain boundaries (b):
1 – before radiation; 

2 – 6 – 10, 50, 100, 150 and 250 cascades, respectively; 
7 – ∑5(310)[001] ; 8 – ∑5(210)[001] 

Рис. 4. Зависимости напряжений от величины деформации 
при одноосном растяжении для различных доз облучения образцов 
с границами зерен ∑5(210)[001] (а); зависимость предела упругости 
от дозы облучения для образцов с различными границами зерен (b):

1 – до облучения; 
2 – 6 – 10, 50, 100, 150 и 250 каскадов соответственно; 

7 – ∑5(310)[001] ; 8 – ∑5(210)[001]
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 Conclusions

The simulation results showed that the migra-
tion mechanisms of symmetrical tilt grain bounda-
ries in Fe – 10Ni – 20Cr bicrystal change during irra-
diation. At low radiation doses, the migration of grain 
boundaries is manifested by stochastic deviations from 
the initial positions. This is attributed to the interac-
tion of grain boundaries with atomic displacement cas-
cades and absorption of mobile defects in the structure. 
Higher radiation doses cause formation of large clusters, 
interaction with which boosts the migration rate of grain 
boundaries and enhances local curvature of their sur-
face. The driving force behind the migration of grain 
boun daries is their elastic interaction with large clusters. 
As the radiation dose increases further, grain boundar-
ies tend to approach each other even more, which results 
in their annihilation. The migration rate spikes when 
the boundaries start interacting with each other. The dri-
ving force behind the migration is attributed to the strong 
mutual attraction between the nearby curved regions 
of the grain boundaries.

The calculations showed that the elastic limit 
of the simulated alloy drops rather rapidly, as the radia-
tion dose grows up to 0.01 dpa, and then reaches satu-
ration. With further irradiation, the elastic limit slightly 
deviates from the mean value. It is found that the elastic 
limit reaches saturation at a lower radiation dose than that 
at which the density of surviving radiation defects reaches 
saturation. This is because the lower radiation dose mini-
mizes energy barriers required for the nucleation and 
development of plastic deformation in the material under 
study.
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Аннотация. Диффузионные процессы играют ключевую роль в формировании структур новых материалов и технологических процессов 

упрочняющих термических обработок, так как именно благодаря диффузии происходит перераспределение вещества в твердых телах. 
Актуальной задачей является разработка технологичных и эффективных методов упрочнения материалов в целях повышения их эксплу-
атационных свойств. Возрастает потребность в усовершенствовании методов химико-термической обработки, что напрямую влияет 
на износостойкость рабочих поверхностей, а, следовательно, и на ресурс изделия. Приповерхностные объемы испытывают повышенные 
нагрузки, поэтому важной задачей является формирование высокопрочных слоев. Известно достаточно много методов поверхностного 
упрочнения, среди которых широкое применение получили цементация, азотирование, нитроцементация и др. Наиболее перспективным 
является азотирование, поскольку при этом происходит повышение твердости, прочности, предела усталости, жаростойкости. Однако 
при должных достоинствах азотирование имеет ряд недостатков, среди которых длительность выдержки и малая толщина диффузионных 
слоев. Поэтому разработка методик, позволяющих интенсифицировать рассматриваемый процесс, также является актуальной задачей. 
Традиционно, решение связано с интенсификацией технологического процесса путем повышения температуры азотирования, активации 
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Abstract. Diffusion processes play a key role in formation of the structures of new materials and technological processes of strengthening heat treatments, 

since diffusion is the reason for redistribution of substances in solids. An urgent task is to develop technologically advanced and effective methods for 
strengthening materials in order to improve their performance properties. There is an increasing need to improve chemical heat treatment methods, 
which directly affects the wear resistance of working surfaces, and, consequently, the product service life. Near-surface volumes experience increased 
loads, so the formation of high-strength layers becomes an important task. Quite a few methods of surface hardening are known, among which 
carburization, nitriding, nitrocarburization and others are widely used. The most interesting is nitriding, since it increases hardness, strength, fatigue 
limit, and heat resistance. However, despite the proper advantages, nitriding has a number of disadvantages, including the holding duration and small 
thickness of diffusion layers. The solution is related to intensification of the technological process by increasing the nitriding temperature, activating 
the nitriding media or directly the parts surface. All these solutions are aimed at accelerating diffusion processes, both in grain volume and along grain 
boundaries, the velocity along which is many times higher than the velocity of volumetric diffusion. It may be effective to use a new type of structural 
metal materials with a multilayer structure of hundreds of layers, with thicknesses in the micron and submicron ranges separated by large angular 
boundaries. The results of metallographic studies showed the effect of the steel layers interchange in the multilayer metal material on diffusion depth 
after chemical heat treatment. The authors proposed an accelerate diffusion model of diffusible element along the layer boundaries. 

Keywords: multilayer metal materials, chemical heat treatment, nitriding, layer boundaries, diffusion
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 Introduction

Currently various mechanical wood treatments 
by milling are widely used. The main unit of a router is 
the cutter. There are numerous cutters of different designs 
and geometries, but, in each case, they should be charac-
terized by high strength and wear resistance, which can 
be achieved by chemical heat treatment [1]. The multi-
layer materials used after nitriding for manufacturing 
cutters can enable to enhance tool durability, preserve 
tool geometry, increase tool life, and improve processing 
performance due to a significantly hardened layer. Fig. 1 
shows an example of such a cutter.

Additionally, multilayer materials can be used to manu-
facture gear wheels that also operate under wear (Fig. 2).

This structure can be obtained if steels with different 
crystalline structure are included in the initial composi-
tion [2 – 4]. The developed technological route (Fig. 3) 
enables to produce sheet billets, 2 to 10 mm thick [5].

The material microstructure has a multilayer lami-
nar structure with the layers, 100 to 0.8 µm thick. At 
the same time, the layers are characterized by crystallo-
graphic disorientation from 15 to 20°, which corresponds 
to the large-angle grain boundaries in the initial steels 
(Fig. 4) [6; 7]. 

The works [8; 9] show that with an appropriate choice 
of steels included in the initial composite billet, the mul-
tilayer structure is preserved up to the temperature 
of 1000 °C, which corresponds to the temperature of hot 

Fig. 1. Layout of a cutter from a multilayer material

Рис. 1. Схема фрезы из многослойного материала

Fig. 2. Scheme of manufacturing a gear wheel 
from a multilayer material

Рис. 2. Схема изготовления зубчатого колеса 
из многослойного материала

Fig. 3. Scheme of technological route

Рис. 3. Схема технологического маршрута

сред азотирования или непосредственно поверхности деталей. Все эти решения направлены на ускорение процессов диффузии как по 
объему зерна, так и по межзеренным границам, скорость по которым многократно превосходит скорость объемной диффузии. Учитывая 
это, эффективным может оказаться использование нового типа конструкционных металлических материалов с многослойным строе-
нием из сотен слоев с толщинами микронного и субмикронного диапазона, разделенными между собой большими угловыми границами. 
В работе приведены результаты металлографического исследования, показывающие влияние чередования слоев сталей в многослойных 
металлических материалах на глубину диффузии при проведении химико-термической обработки азотированием. Предложена модель 
ускоренного проникновения диффундирующего элемента по границам слоев. 

Ключевые слова: многослойные материалы, химико-термическая обработка, азотирование, границы слоев, диффузия
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pack rolling. In this case, the cross-section of the sheet 
billets has a structural orientation ready for chemical heat 
treatment (Fig. 5). 

Preliminary evaluation of nitriding the multilayer 
composition that includes AISI304 and AISI430 steels 
showed that the nitriding depth in the multilayer mate-
rial is greater than its depth in AISI304 steel which is 
hard to nitride. The reason behind the increased thick-
ness of the nitrided layer in multilayer materials may 
be the accelerated diffusion of nitrogen along the layer 
boundaries with subsequent saturation of layer volumes 
from their boundaries as from the diffusing element 
sources [10].

To thoroughly investigate the resulting effect, we used 
model compositions of multilayer materials containing 
steels of different compositions (grades). The follow-
ing study objects were selected for nitriding: composites 

consisting of 1008 and AISI304 steels, as well as W108 
and AISI304 steels. After hot pack rolling, we obtained 
10-mm thick samples with 100 layers, the single layer 
being 100 μm thick. 

The samples of these compositions were nitrided, 
the nitriding surfaces being in all cases perpendicular 
to the rolling directions used to produce the multilayer 
samples. Nitriding was performed in the gas atmosphere 
containing 20 – 40 % ammonia dissociation products. 
We used two nitriding conditions with the following 
temperature and time parameters: 540 °C for 45 h and 
580 °C for 25 h. To study the structure of the resulting 
nitrided layers and to determine their geometric charac-
teristics, we prepared sections with the surfaces perpen-
dicular to the rolling direction and parallel to the direc-
tion of nitrogen diffusion penetration that occurred in 
the course of nitriding (Fig. 6).

Fig. 7 shows the general view of diffusion pro-
files formed during nitriding for AISI304 and 1008 (a), 
AISI304 and W108 (b) compositions obtained after 
nitriding at 540 °C for 45 h. 

The micrographs show the concentration profile 
of diffusing nitrogen in AISI304 steel with a conside-
rable nitrogen penetration depth (and a long nitrogen 
diffusion path, respectively) along the layer boundaries 
of the multilayer material. Inside the AISI304 compo-
nent layer, for both cases, the nitrogen penetration dis-
tance shrinks with increasing distance from the interlayer 
boundary. The smallest depth of nitrogen penetration is 
about 100 μm from the outer surface of the samples and 
midway between the layers of neighboring components 
(midway between the layers of 1008 steel (a) and W108 
steel (b)) inside the layer of AISI304 steel. This indi-
cates that the source of nitrogen penetration into the vol-
ume of AISI304 steel during nitriding is the interface 
between the layers of the material. The diffusion along 
these boundaries occurs faster than that through the layer 
of AISI304 steel from the outer surface. 

Fig. 4. Typical microstructure of cross section of a multilayer material 
(composition based on steels AISI420 and AISI304) 

Рис. 4. Типичная микроструктура поперечного 
сечения многослойного материала (композиция 

из сталей 08Х18Н10 и 40Х13)

Fig. 5. Scheme of polyhedral and laminar structure 
of structural metallic materials indicating diffusion profiles. 

Arrows indicate the direction of diffuser flow

Рис. 5. Схема полиэдрического и ламинарного строения 
конструкционных металлических материалов с указанием 

диффузионных профилей. Стрелками указано 
направление потока диффузанта

Fig. 6. Scheme of sample cutting for metallographic analysis

Рис. 6. Схема вырезки образцов для проведения 
металлографического анализа
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Nitrogen penetration into the layers of 1008 and W108 
steels at this depth from the nitriding surface was not 
detected. This is proved by the results of electron micros-
copy and X-ray spectral analysis. There is practically no 
volume diffusion of nitrogen in 1008 and W108 steels 
due to low solubility of nitrogen in α-iron (maximum 
0.1 wt. %), which is the main pathway of nitrogen diffu-
sion in the ferrite phase [11]. The second reason inhibit-
ing nitrogen movement in 1008 steel is the surface nitride 
formation consisting of nitrides (Fe2N), which is also 
proved by the results of electron microscopy (Fig. 8).

Thus, it can be concluded that the nitriding process 
in multilayer materials of this type occurs due to the fast 
nitrogen diffusion along the layer boundaries [12; 13]. 

It can be assumed that simultaneously nitrogen 
atoms migrate inside the AISI304 steel perpendicular 
to the interlayer boundary, which can be considered as 
an extended source of nitrogen diffusion. This steel is 
an austenitic grade steel and the solubility of nitrogen in 
austenite (γ-iron) is about 2.8 wt. %, therefore, diffusion 
saturation of AISI304 layers with nitrogen is possible. 
According to literature data [14], the diffusion coefficient 
of nitrogen in γ-iron at temperatures ranging from 500 
to 600 °C is determined by the following equation

      (1)

We used the Fisher model for calculating diffusion 
along grain boundaries in metallic samples to determine 
the diffusion permeability of layer boundaries of the mul-
tilayer material [15 – 18]. According to this model, 
the product of the diffusion coefficient Db along the grain 
boundary (layer boundaries in this case) and the bound-
ary thickness δ, that is value of sδ Db, can be calculated 
by the formula [19]

    (2)

where θ is the angle at the top of the component concen-
tration profile (Fig. 7), which passes into the phase (layer) 
volume from the grain (layer) boundary; s is the ratio 
of boundary enrichment with atoms of the diffusing com-
ponent, which can be estimated based on the dependence 
proposed in [20]:

         sx0 = 6.2 ± 4.5, (3)

where х0 is the volumetric concentration of the impurity 
in mole fractions. 

Fig. 7. Microstructure of nitrided layer of composition 
based on steels: AISI304 and 1008 (a), AISI304 and W108 (b). 

Arrows indicate the direction of nitrogen 
diffusion flow

Рис. 7. Микроструктура азотированного слоя 
композиций 08Х18Н10 + 08кп (а) и 08Х18Н10 + У8 (b). 

Стрелками указано направление диффузионного 
потока азота

Spectrum
Content, wt. %

N Si Cr Mn Fe Ni
1 4.53 0 0.63 0.42 94.42 0
2 0 0 0.63 0.46 98.68 0.24
3 4.62 0.57 18.20 1.73 67.43 7.45
4 4.24 0.44 17.48 1.74 68.61 7.49
5 0 0.57 18.10 1.67 72.09 7.57

Fig. 8. Results of qualitative MRS analysis of the diffusion layer 
of composition based on steels W108 and AISI304

Рис. 8. Результаты качественного МРС анализа 
диффузионного слоя композиции У8 + 08Х18Н10
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If we assume that the enrichment of layer boundaries 
is mainly determined by the ferrite phase, since in accor-
dance with the phase diagram it has the smallest Fe – N 
concentration of nitrogen, according to formula (3), 
the value of enrichment of layer boundaries shall equal 
s = 5·103.

It should be noted that the formula (2) is suit-
able for describing diffusion along the layer boundary 
when the diffusive removal of the component (nitrogen 
in this case) from the boundary into the bulk is one-
sided – volu me diffusion occurs only towards the layers 
of AISI304 steel. The experimental data shows that there 
is no diffusion of nitrogen toward the layers of 1008 steel 
(Fig. 10, a) or W108 steel (Fig. 10, b).

The values of angles θ required to calculate the dif-
fusion coefficient Db along the layer boundaries were 
determined by analyzing micrographs of cross-sections 
of multilayer samples of both compositions after nitri ding 
using two processing modes.

For the 1008 + AISI304 composition, Fig. 8, a shows 
the method for measuring these angles when nitrid-
ing is performed at 540 °C for 45 h and Fig. 10, b – 
when the operating parameters are 580 °C and 25 h. 

Fig. 9. Concentration angle θ for determining the diffusion coefficient 
in a multilayer material 

Рис. 9. Концентрационный угол θ для определения диффузионной 
проницаемости слоевых границ в многослойном материале

Fig. 10. Determination of the angles θ for calculating 
the product of δ and Db for the composition based on steels 1008 

and AISI304 after nitriding: t = 540 °C, 45 h (а); t = 580 °C, 25 h (b) 

Рис. 10. Определение углов θ для расчета произведения δ Db 
для композиции 08кп + 08Х18Н10 после азотирования 

при 540 °C, 45 ч (а); 580 °C, 25 ч (b)

Fig. 11. Determination of the angles θ for calculating the product 
of δ and Db for the composition based on steels W108 and AISI304 

after nitriding: t = 540 °C, 45 h (а); t = 580 °C, 25 h (b) 

Рис. 11. Определение углов θ для расчета произведения δ Db 
для композиции У8 + 08Х18Н10 после азотирования 

при 540 °C, 45 ч (а); 580 °C, 25 ч (b)
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For the W108 + AISI304 composition, the similar proce-
dure is shown in Fig. 11.

The Table presents the diffusion coefficients of nitro-
gen atoms along the layer boundaries for 1008 + AISI304 
and W108 + AISI304 multilayer compositions obtained 
by analyzing experimental data as nitriding of these mate-
rials samples was investigated. The calculation assumes 
that the layer boundaries thickness δ is 10–9 m.

  
 Conclusions

The experimental study of nitriding the samples of mul-
tilayer metallic materials with alternating layer s of two 
different steel grades revealed that the main mechanism 
behind the process is mass transfer (diffusion) of nitrogen 
atoms along the boundaries of the material layers.

The analysis of experimental data obtained while 
investigating cross sections of surface layers of two com-
positions of multilayer materials after nitriding using 
two modes enabled us to obtain the estimated values 
of nitrogen diffusion coefficients Db along layer boundar-
ies. The Db values were 104 times higher than the volume 
diffusion coefficient of nitrogen in AISI304 steel under 
the same conditions.

The study showed that the nitriding depth in both 
multilayer compositions increased due to fast diffusion 
penetration of nitrogen atoms along the layer boundaries 
of multilayer materials.
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Аннотация. При комнатной температуре деформация большинства ОЦК-металлов, которые содержат небольшое количество элементов 

внедрения, сопровождается образованием полосы Людерса и ее монотонным распространением на площадке текучести при растяжении. 
В рамках автоволновой концепции фронт полосы Людерса является автоволной переключения, которая реализует переход из мета-
стабильного упруго деформируемого в стабильное пластически деформируемое состояние. Однако в температурном интервале сине-
ломкости мягких сталей 423 – 510 К, когда имеет место взаимодействие атомов растворенного вещества с подвижными дислокациями, 
распространение полосы Людерса сопровождается прерывистым течением. В настоящей работе рассмотрены закономерности распрост-
ранения фронтов Чернова-Людерса в АРМКО-железе в интервале температур от 296 до 503 К и скоростей деформирования от 6,67·10–6 
до 3,7·10–2 с–1. Установлено, что в этих условиях может реализовываться как монотонная, так и дискретная кинетика движения фронтов. 
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Abstract. At room temperature, the deformation of most bcc metals, which contain a small amount of interstitial elements, is accompanied by the forma-

tion of a Lüders band and its monotonic propagation over the tensile yield area. Within the framework of the autowave concept, front of the Lüders 
band is a switching autowave, which realizes the transition from a metastable elastically deformable state to a stable plastically deformable state. 
However, in the temperature range of blue brittleness of mild steels of 423 – 510 K, when the interaction of atoms of the dissolved substance with 
mobile dislocations takes place, propagation of the Lüders band is accompanied by a discrete flow. The patterns of propagation of the Chernov-Lüders 
fronts in ARMCO iron in the temperature range from 296 to 503 K and strain rates from 6.67·10–6 to 3.7·10–2 s–1 are considered in this paper. It was 
established that under these conditions both monotonic and discrete kinetics of front movement can be realized. Regardless of the movement nature, 
the Lüders deformation and width of the front remain unchanged throughout the entire process. The local strain rate at the front depends on magnitude 
of the effective stress, and with monotonic kinetics it increases with stress according to an exponential law, and with discrete kinetics it increases 
according to a linear law. This difference is due to different autowave modes that are formed in this case. The autowave of localized plasticity switching 
corresponds to monotonic kinetics, and the autowave of excitation – to discrete kinetics. 

Keywords: Chernov-Lüders deformation, deformation front, local strain rate, autowave, localized plasticity
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 Introduction

At room temperature, deformation of most BCC 
me tals containing small amounts of interstitial elements 
is accompanied by the formation of a Chernov–Lüders 
band, which propagates monotonically across the yield 
plateau during tension [1 – 4]. The propagation behavior 
of the Lüders band can vary depending on grain size, tem-
perature, applied stress, and strain rate. The band expands 
uniformly across the yield plateau, with all deformation 
concentrated at its boundaries, or deformation fronts, 
at any given moment. The velocities of front movement 
are proportional to the velocity imposed by the load-
ing device. According to the autowave concept [5 – 7], 
the Chernov–Lüders band front represents an autowave 
switch that transitions from a metastable elastically 
deformable state to a stable plastically deformable 
state [8; 9]. However, within the blue brittleness tempera-
ture range for mild steels (423 – 510 K) [10 – 12], where 
dislocation movement is influenced by dynamic strain 
aging, the propagation of the Lüders band is charac-
terized by discrete flow. In [13], it was established that 
within the temperature range of 393 – 503 K in ARMCO 
iron, the stationary kinetics of Lüders front movement is 
replaced by serrated behavior. The temperature at which 
Lüders deformation becomes serrated increases with 
increasing deformation rate. On the serrated yield plateau, 
the discretely propagating Lüders band front represents 
an autowave of localized plasticity excitation. Notably, 
front movement in this case only occurs during the stress 
relaxation process associated with serration. This raises 
a question about the nature of dependence of the local 
deformation rate in front region on the applied stress 
du ring the serrated process. 

This study is dedicated to establishing the kinetic reg-
ularities of deformation front propagation during serrated 
Lüders deformation in α-iron at elevated temperatures.

 Materials and methods

The material used for the study was ARMCO iron 
with the following composition (wt. %): C 0.025; Si 0.05; 

Cu 0.05; Mn 0.035; S 0.025; P 0.015; Fe – remainder. Test 
samples in the form of double-sided blades were laser-
cut from hot-rolled sheet with a thickness of 1.5 mm. 
The working area of the sample was 50×10 mm. To stan-
dardize the stress and structural states before test-
ing, the samples were annealed in a vacuum according 
to the following regime: 1233 K for 1 h, followed by 
cooling with the furnace to room temperature. 

The prepared samples were subjected to uniaxial ten-
sion using an LFM-125 testing machine at speeds rang-
ing from 0.02 to 10 mm/min. Tests were conducted at 
temperatures ranging from 296 to 503 K. The STE-12H 
furnace (Walter + Bai) with independent temperature 
control in three zones was used. The sample temperature 
was measured using three thermocouples installed along 
the sample axis at a distance of 20 mm from each other. 

Analysis of the kinetics of Lüders deformation fronts 
was performed using digital image correlation [14; 15] 
and digital statistical speckle photography [16; 17]. 
To form the speckle structure, the sample was illuminated 
with coherent light from a semiconductor laser (635 nm, 
15.0 mW). The sample images were captured using 
a Point Grey FL3-GE-50S5MC digital video came ra 
with a resolution of 2448×2048 pixels at a frame rate 
of 2 to 25 fps, depending on the stretching speed. Chro-
nograms [18] were constructed from the obtained data 
arrays, which allowed for the identification of Lüders 
band nucleation regions and determination of the kinetic 
characteristics of their fronts.

 Results and discussion

Fig. 1 shows the yield plateaus of the stress-strain 
curves of ARMCO iron obtained at room temperature and 
elevated temperatures. At room temperature, the strain 
curve exhibits a typical tooth and smooth yield plateau 
characteristic of low-carbon steels. At a test temperature 
of 423 K and a deformation rate of 6.67·10–5 s–1, periodic 
stress jumps occur on the yield plateau. 

It is known that at temperatures below 393 K, ARMCO 
iron exhibits normal strain rate sensitivity, meaning that 

Независимо от характера движения, деформация Людерса и ширина фронта в течение всего процесса остаются неизменными. Локальная 
скорость деформации на фронте зависит от величины действующего напряжения, причем при монотонной кинетике она возрастает 
с напряжением по степенному закону, а при дискретной – по линейному закону. Данное различие обусловлено разными автоволновыми 
модами, которые при этом формируются. Монотонной кинетике соответствует автоволна переключения локализованной пластичности, 
а дискретной – автоволна возбуждения. 

Ключевые слова: деформация Чернова-Людерса, фронты локализованной деформации, локальная скорость деформации, автоволны, локали-
зованная пластичность
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the yield stress on the yield plateau (lower yield strength 
 ) increases with increasing deformation rate and 

decrease with increasing temperature [19]. As shown in 
Fig. 2, a, at room temperature, the lower yield strength 
increases non-linearly with increasing deformation rate. 

Studies in the temperature region of the serrated 
development of the Lueders strain have shown that with 
increasing deformation rate, the amplitude of stress 
jumps decreases, while the stress level  at which 
the drop occurs remains constant (Fig. 2, b). Thus, in 
the temperature range of serrated flow, the strain rate sen-
sitivity of the lower yield strength is absent. At the same 
time, the stress at the onset of the jump (upper yield 
strength  ) monotonically decreases with increasing 
deformation rate. 

Studies on the nature of deformation localization using 
digital statistical speckle photography identified that 

fronts of localized plastic deformation form and move 
both on the smooth (Fig. 3, a) and serrated (Fig. 3, b) 
yield plateaus. However, in the former case, the front 
moves monotonically at a constant velocity Vf , while in 
the latter case, it moves discretely, only during the stress 
drop in the serration process.

Based on the fact that the deformation front passes 
through the entire length of the sample L during 
the observed yield plateau Δt, then L = Vf  Δt. During 
this time, the sample undergoes elongation expressed 
as ∆L = Vd ∆t (where Vd is the deformation rate set 
by the loading device). Therefore, the deformation 
acquired by the sample on the yield plateau can be rep-
resented as

           (1)

Fig. 1. Yield plateau in α-iron samples at T = 295 K,  = 6.67·10–5 s–1 (a) and T = 423 K,  = 6.67·10–5 s–1 (b) 

Рис. 1. Площадка текучести образцов α-железа при T = 295 К,  = 6,67·10–5 с–1 (a) и T = 423 К,  = 6,67·10–5 с–1 (b)

Fig. 2. Strain rate dependence of the lower yield strength at T = 295 K (a) 
and strain rate dependence of the lower ( ) and upper ( ) yield strength at T = 423 K (b) 

Рис. 2. Скоростная зависимость нижнего предела текучести при T = 295 К (а)  
и скоростная зависимость нижнего ( ) и верхнего ( ) предела текучести при T = 423 К (b)
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From this, it follows that the front velocity and defor-
mation rate are interrelated by the equation Vd = εLVf  . If 
this relationship is normalized by the front width δ, then 
the relative deformation velocity is expressed as

      (2)

where tf is the time of front motion during a jump at a 
certain velocity Vf  . 

Thus, the relative deformation velocity  and front 
velocity Vf must be linearly related if the deforma-
tion εL at any given time is constant and concentrated 
at the front. Furthermore, for this equation to hold, 
the width of the deformation front δ during motion must 
also remain constant. 

To test the first postulate of εL constancy, measure-
ments of marker displacements on the surface of the sam-
ple were conducted during deformation on a serrated yield 
plateau. Markers were applied to the surface of the sam-
ple in three rows, spaced 100 μm apart, using a PMT-3M 
microhardness tester. Two series of images of these 
markers were then taken before and after deformation 
using a NEOPHOT-21 optical microscope. Measure-
ments of the distance between the centers of two adjacent 
markers before deformation (l) and after deformation (l1 ) 
allowed for the determination of the displacement of each 
marker ∆l = l1 – l, thus obtaining the displacement field 
∆l(x) (where x is the marker coordinate). By numerically 
differentiating this field, the local deformation at each 
point was calculated as εL = Δl / l. Fig. 4 shows the distri-
bution of εL along the length of the sample. The applica-
tion of the hypothesis of a normally distributed popula-
tion [20] showed that changes in εL are random in nature, 
with the magnitude being considered constant and its 
average value being εL = 0.0184 ± 0.0003. 

As stated in [17], when using the digital statistical 
speckle photography method to visualize deformation 
fronts, the brightness of the front image is proportional 
to the deformation within it. From this, the average width 
of the front δ can be determined. Measurements for fronts 
moving during all jumps (Figs. 1, b and 3, b) showed 
that their width is constant and equal to 105 ± 7 μm. 
Thus, the second postulate of front width constancy is 
also fulfilled, and equation (2) can be used to investigate 
the relationship between local deformation rate and stress 
in the during a jump. 

Fig. 3. Chronograms of deformation fronts movement 
on yield plateaus at strain rate of 6.67·10–5 s–1 

and temperatures 293 K (a) and 423 K (b) 

Рис. 3. Хронограммы движения деформационных фронтов 
на площадках текучести при скорости растяжения 6,67·10–5 с–1 

и температурах 293 К (а) и 423 К (b)

Fig. 4. Dependence of local deformation εL on yield plateau on the position of markers x 

Рис. 4. Зависимость локальной деформации εL на площадке текучести от положения маркеров x
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Fig. 5, a shows this dependence. It can be seen that  
increases linearly with increasing stress. The correlation 
coefficient of the interpolating relationship is ρ = 0.99. 
On the other hand, in the case of a monotonically mo ving 
front, based on the correlation relationship (Fig. 2) and 
equations (1) and (2), the strain rates at the front can be 
calculated for each   (Fig. 5, b). It is evident that it can-
not be interpolated by a linear function. In other words, 
the strain rates in the monotonically moving front and 
the serrated moving front react differently to changes in 
the stress state.

The reason for this difference may be the change in 
the deformation autowave mode from the autowave 
of switching to the autowave of excitation. In [13], it is 
shown that the kinetics of Lüders front motion in ARMCO 
iron is indeed controlled by the effect of dynamic strain 
aging, i.e., the delay time tw of mobile dislocations at 
barriers overcome by thermally activated processes, and 
the time ta of carbon impurity deposition on these dis-
locations. At temperatures below 393 K, when ta  tw , 
front moves monotonically and represents an autowave 
of localized plasticity switching. In this case, the local 
strain rate increases non-linearly with stress according 
to a parabolic law. The discrete nature of the deformation 
front movement occurs under temperature-rate conditions 
where tw and ta are comparable. The serrated mo ving 
deformation front represents an autowave of loca lized 
plasticity excitation. In this case, the local strain rate 
depends linearly on the applied stress. 

 Conclusion

The deformation accumulated on the serrated yield 
plateau in α-iron is constant. Under these conditions, 

the width of the front is also a constant in the first approxi-
mation.

The local strain rate during the monotonic movement 
of the front (296 – 393 K) increases with stress according 
to a power law. In the case of serrated Lüders deforma-
tion (393 – 503 K), the local strain rate is directly propor-
tional to the applied stress. 

The difference in front kinetics is determined 
by the reaction characteristics of active deformable 
media to external mechanical action and is controlled 
by the effect of dynamic strain aging.
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Аннотация. В работе представлены результаты исследований влияния длительности воздействия водорода при атмосферном давлении 

и комнатной температуре на образцы двух авиационных сплавов. Один сплав (сплав 1) получен методом горячего изостатического прес-
сования и используется для изготовления дисков ротора газовых турбин. Другой сплав (сплав 2) получен методом направленной кристал-
лизации и используется для изготовления лопаток газовых турбин. Установлено, что в ходе воздействия водорода на образцы сплавов 
в течение 1000 ч микротвердость образцов увеличивается, но при этом относительное увеличение микротвердости невелико, составляя 
2,5 % для образца сплава 1 и 2 % для образца из сплава 2. Корреляционный анализ параметров дифрактограмм показал наличие положи-
тельных и отрицательных корреляционных статистически значимых связей между параметрами пиков дифрактограмм, длительностью 
воздействия водорода и микротвердостью образцов. У сплава 1 в процессе наводороживания наблюдается снижение ширины и увели-
чение высоты пиков дифрактограммы, что может быть связано со снижением количества дислокаций в зернах или их локальным накоп-
лением на границах зерен материала. Напротив, у сплава 2 происходит расширение пиков, что может свидетельствовать об увеличении 
количества дислокаций в структуре зерен материала. Расчеты показали, что в процессе наводороживания размер кристаллита и плотность 
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Abstract. This paper presents results of the studies of hydrogen exposure duration influence on the characteristics of two aviation alloys at atmo-

spheric pressure and room temperature. First alloy (alloy 1) was obtained by hot isostatic pressing, and was used for the manufacture of gas 
turbine rotor discs. Second alloy (alloy 2) was obtained by directional crystallization, and was used for the manufacture of gas turbine blades. It 
was determined that microhardness of the samples increased during 1000 h of hydrogen exposure duration. The relative increase of the micro-
hardness was insignificant, and for the sample of alloy 1 it was 2.5 %, and for the sample of alloy 2 – 2 %. Correlation analysis of the XRD 
diagram parameters indicated positive and negative statistically significant relationships correlation between XRD diagrams peaks parameters, 
hydrogen exposure duration and microhardness of the samples. It was revealed that XRD diagrams peaks of alloy 1 were broadened and their 
heights increased during hydrogenation, which can be associated with a decrease of dislocations in the grains and their local accumulation at 
the grains boundaries. Conterwise, XRD diagrams peaks of alloy 2 were narrowed, which can indicate an increase of dislocations in the mate-
rial grain structure. XRD diagrams processing demonstrated that the crystallite size and dislocation density for alloy 1 decreased with a delay 
from the hydrogenation start, but for alloy 2 these parameters monotonically increased, and it corresponds to microhardness changes trends 
of the samples during hydrogenation. 
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 Introduction

One of corrosion types accompanied by the destruc-
tion of metals and alloys is hydrogen corrosion. Its char-
acteristic feature is that products of interaction between 
hydrogen and alloy elements, gas phase or alloy struc-
ture defects form inside the alloy causing microcracks. 
The stronger and harder the alloy, the more pronounced 
is the issue of hydrogen embrittlement, and a hydrogen 
concentration of a few ppmw in the material is often suf-
ficient to seriously alter the material properties [1]. 

Hydrogen embrittlement is known to be a process 
leading to reduced metal viscosity and plasticity caused 
by the presence of atomic hydrogen. For hydrogen embrit-
tlement to start within the metal structure, hydrogen 
should diffuse inside it. As known, the rate of hydrogen 
diffusion in metals depends on concentration of the dif-
fusing agent, temperature, pressure, and crystal struc-
ture1 [2]. For example, in body-centered cubic (BCC) 
lattices of me tals, the hydrogen diffusion coefficient is 
usually four to five orders of magnitude higher than in 
face-centered cubic (FCC) lattices or hexagonal close-
packed (HCP) ones. However, there are exceptions, such 
as Pd (FCC) and Co (HCP) metals, which have diffusion 
coefficient values several orders of magnitude larger than 
most other metals with BCC and HCP lattices.

If we exclude the processes of hydride formation or 
hydrogen interaction with carbides, the hydrogen satu-
ration of alloys is usually divided into types related 
to the features and mechanisms of hydrogen interaction 
with the metal crystal lattice and its grains, which help 
to explain the features of hydrogen embrittlement pro-
cesses. These mechanisms form the basis of the best-
known micromechanical models of hydrogen-material 
interactions: HEDE, HELP, AIDE and HESIV [2 – 5]. 
There are also combined hydrogen embrittlement mo dels, 
however, most researchers opt for HEDE and HELP. 
Thus, the authors of [6 – 8] note that HELP (hydrogen-
enhanced localized plasticity) mechanism is likely to pro-
ceed simultaneously with HEDE (hydrogen-enhanced 
decohesion), i.e., hydrogen causes hardening and soften-

ing of the material at the same time. Meanwhile, quan-
titative measurement of the local distribution of hydro-
gen concentrations in alloys is a serious challenge yet 
to be solved, which hampers researchers to fully verify 
the models including hydrogen diffusion.

According to findings of the study presented in [9], 
the relationship between plasticity and hydrogen-induced 
fracture mechanism, in addition to changing plasticity 
and accelerating evolution of metal microstructure, also 
leads to local high concentrations of hydrogen and a local 
stress state. The conditions under which cracks emerge 
due to hydrogen embrittlement are determined by dislo-
cation processes enhanced and accelerated in the pres-
ence of hydrogen. 

The theory of “hydrogen traps” is also intriguing. 
Thus, the authors of [10] describe the interaction of hyd-
rogen with defects in the crystal lattice, classify hydrogen 
traps into reversible, irreversible, and mixed based on 
their energy levels and demonstrate the impact of hydro-
gen traps on the hydrogen diffusion coefficient. Regarding 
diffusive mobility of hydrogen in steel, the authors of [11] 
investigated the impact of diffusively mobile hydrogen on 
the plasticity of aircraft steel intended for power parts and 
assemblies of aviation equipment. The authors note that 
it is not the total hydrogen content in the metal that deter-
mines hydrogen embrittlement. Steel plasticity consider-
ably reduces due to diffusion-mobile hydrogen only, as it 
has low binding energy with defects in the crystal lattice 
and gradually moves to the zone of maximum stresses.

As to changes in the metal microstructure in the pres-
ence of hydrogen, the paper [12] discusses the HEDE and 
HELP mechanisms of fatigue crack formation. Moreover, 
the HELP mechanism considers that hydrogen facilitates 
movement of dislocations (defects in the crystal lattice) 
inside the metal grains. In this case, dislocations can 
accumulate both inside the metal grains and at the grain 
boundaries, resulting in changing width of XRD diagrams 
peaks. The broadening XRD diagrams peaks will indi-
cate a more uniform distribution of dislocations (defects) 
across the grains. On the contrary, when XRD diagrams 
peaks narrow, the number of dislocations (defects) in 
the grains will decrease, at the same time, the accu-
mulation of dislocations at the grain boundary may be 
observed. The Scherrer formula can be used to calculate 

1 Hydrogen Embrittlement. NASA Technical Memorandum. URL: 
https://ntrs.nasa.gov/api/citations/20160005654/downloads/20160005654.pdf

дислокаций у сплава 1 снижаются, но с задержкой по времени от начала процесса, а у сплава 2 монотонно увеличиваются, что соответст-
вует тенденциям изменения микротвердости образцов в процессе наводороживания. 

Ключевые слова: водород, авиационные сплавы, микротвердость, корреляционный анализ, дифрактограмма, ширина пиков, плотность дис-
локаций, размер кристаллитов
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the dependence of the crystallite size on the variation 
of the XRD diagrams peaks width [12; 13] and the Wil-
liamson-Hall method – to the value of the average rela-
tive lattice deformation and dislocation density [14 – 16].

Due to the fact that in the presence of hydrogen, 
defects in the metal structure can sooner or later lead 
to cracks and destruction of the metal, the main objective 
of the work is to determine the effect of a hydrogen atmo-
sphere on the microstructure of aircraft alloys at room 
temperature and atmospheric pressure.

 Characteristics of initial materials

The samples of aircraft alloys, which are widely used 
to manufacture gas turbines, served as initials materials:

– sample of alloy 1 containing Ni, Co, Cr, Al, Ti, Mo, 
Nb, W, similar to VV750P alloy described in the [17], 
obtained by hot isostatic pressing and used to manufacture 
gas turbine rotor disks, for example, the PD-14 engine.

– sample of alloy 2 containing Ni, Al, Co, Cr, W, Ta, 
Re, similar to alloy ZhS32 described in [18], obtained 
by the method of directional crystallization and used 
to manufacture gas turbine blades.

Hydrogen used for hydrogenation of the samples was 
obtained using a TsvetChrome-50AV hydrogen generator.

 Methods of the experiment and analysis,
 

study parameters

The effect of hydrogen on alloy samples was studied 
at room temperature and atmospheric pressure. The alloy 
samples were placed in a sealed glass container filled 
with pure hydrogen obtained in the hydrogen generator 
and held at room temperature for a given time, their char-
acteristics (microhardness and phase composition) were 
periodically monitored. The samples were held in hydro-
gen medium for more than 1000 h.

The Vickers hardness of the samples was mea-
sured using a Q60N, Qness hardness tester with a load 
of 9.807 N (1 kgf). As microhardness of the samples’ 
surface is not heterogeneous, all periodic measurements 
of microhardness in the course of hydrogenation were 
performed in the zones of previous measurements, and 
there were minimum 12 such zones. The measurement 
results were then processed, anomalous values were 
discarded and the average value of the sample surface 
microhardness was determined.

The crystal structure of the alloys was investigated 
using XRD7000 X-ray diffractometer, Shimadzu (CuKα 
radiation, λ = 1.5406 Å). The XRD diagrams were 
recorded when the samples were rotating, at tube volt-
age of 30 kV, current of 30 mA, scanning speed of 1°/min 
with a step of 0.02°. The XRD diagrams were processed 
using XRD 6000/7000 Ver. 5.21 software.

 Results and discussion

Fig. 1 shows the changing microhardness of the samp les 
during hydrogenation at room temperature. We can see that 
the average microhardness of the sample of alloy 1 is higher 
than that of the sample of alloy 2. In this case, during hydro-
genation microhardness in the samples of both alloys 1 
and 2 slightly increases and it changes the most du ring 
the first 400 – 500 h. During 1000 h of hydrogen expo-
sure at room temperature, the microhardness in the sample 
of alloy 1 changed by about 2.5 %, and that in the sample 
of alloy 2 – by 2 %. It should be noted that the dispersion 
of microhardness values in both cases is very large. 

We conducted correlation analysis to test the hypo-
thesis that microhardness of alloy samples depends on 
the duration of the hydrogenation process. The coef-
ficients of correlation between the samples microhard-
ness and duration of hydrogenation were calculated in 
MS Excel. The calculation showed a positive correlation 
between the process duration and the samples micro-
hardness. It was found that the correlation coefficient is 
0.775 at Rcr = 0.482 for alloy 1 and 0.556 at Rcr = 0.553 
for alloy 2, that is correlation coefficients are statistically 
significant.

According to the XRD diagrams, the sample of alloy 1 
has a cubic structure Pm-3m and contains four main 
(by decreasing intensity) peaks: 43.60 (hkl = 111), 50.50 
(hkl = 200), 74.60 (hkl = 220) and 90.40 (hkl = 311), 
while the sample of alloy 2 has a close-packed cubic 
face-centered structure Fm-3m (cubooctahedron) and 
contains five main (by decreasing intensity) peaks: 43.60 
(hkl = 111), 50.60 (hkl = 200), 40.60 (hkl = 110), 90.40 
(hkl = 311) and 74.60 (hkl = 220).

Fig. 1. Change in microhardness of the samples 
during hydrogenation at room temperature: 

 – alloy 1;  – alloy 2

Рис. 1. Изменение микротвердости образцов 
в процессе наводороживания при комнатной температуре: 

 – сплав 1;  – сплав 2
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To determine the influence of hydrogenation on 
the structure of alloys, we conducted a correlation anal-
ysis of the XRD diagram parameters recorded for alloy 
samples at different durations of hydrogen exposure. As 
XRD diagrams feature different number of peaks, for 
the correlation analysis, we selected three of them with 
the same hkl index: 111, 200 and 311.

We used the following values as XRD diagram para-
meters for the correlation analysis:

– lattice spacing (d), Å;
– peak intensity (I), imp.;
– peak full width at half maximum (FWHW), deg;
– integral intensity or peak area (S), impulses per 

degree;
– duration of sample exposure to hydrogen (τ), h;
– values of current average Vickers microhardness 

of the sample, HV.
Table 1 presents the results of the correlation analysis 

for the sample of alloy 1. The correlation coefficients in 
absolute value exceeding the critical correlation coeffi-
cient (Rcr = 0.621), i.e., statistically significant ones, are 
highlighted in bold and underlined.

The analysis of the calculation results shows that 
for all peaks there is a negative correlation between 
the hydrogenation duration and the peaks width, i.e., in 
the course of hydrogenation, all peaks narrow. We should 
also note the negative correlation between intensity 
of the peak with hkl: 200 and its width and positive corre-
lation between the peak intensity and the process duration 
or hardness.

Thus, the correlation analysis shows that as the hydro-
genation duration increases, so does the microhardness 
in the sample of alloy 1, while the peaks narrow, which 
can be interpreted as a decrease in the number of defects 
in the material grain structure or the local arrangement 
of dislocations, for example, at the grain boundary, which 
can subsequently lead to the structure fracture along 
the grain boundaries [19; 20].

Table 2 presents the results of the correlation analysis 
for the sample of alloy 2. The correlation coefficients in 
absolute value exceeding the critical correlation coeffi-
cient (Rcr = 0.669), i.e., statistically significant ones, are 
highlighted in bold and underlined.

The calculation results show that alloy 2, unlike 
alloy 1, features a positive correlation between the dura-

Table 1. Correlation coefficients of XRD diagram parameters for alloy 1

Таблица 1. Коэффициенты корреляции параметров дифрактограмм образца cплава 1

Parameters τ, h d, Å I, imp. FWHW, deg S, imp.·deg HV
Peak with hkl: 111

τ, ч 1 –0.206 0.230 –0.880 –0.209 –
d, Å 1 –0.108 0.388 0.395 0.325

I, imp. 1 –0.318 0.549 0.263
FWHW, deg 1 0.446 –0.576
S, imp.deg 1 0.147

HV 1
Peak with hkl: 200

τ, ч 1 –0.202 0.644 –0.696 0.239 –
d, Å 1 0.419 0.362 0.370 0.356

I, imp. 1 –0.649 0.331 0.817
FWHW, deg 1 –0.096 –0.516
S, imp.deg 1 0.622

HV 1
Peak with hkl: 311

τ, ч 1 –0.237 0.210 –0.721 –0.892 –
d, Å 1 –0,606 0.595 0.010 0.260

I, imp. 1 –0.531 –0.134 0.132
FWHW, deg 1 0.626 –0.357
S, imp.deg 1 –0.694

HV 1
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tion of hydrogen exposure and the width of the peak with 
hkl: 111, but negative correlation between the exposure 
duration and peak intensity, i.e., with increasing duration 
of hydrogen exposure, the peak widens and its intensity 
drops. The peaks with hkl: 200 and 311 also demonstrate 
a negative correlation between the peaks’ width and their 
intensity. There is a statistically significant correlation 
between microhardness and XRD diagram parameters only 
for the peak with hkl: 311. With increasing microhardness, 
the intensity of this peak drops and the peak area expands. 
In addition, the peak with hkl: 200 of alloy 2 shows a 
negative correlation between the lattice spacing value and 
the peak width, which was not the case for alloy 1.

Thus, with increasing duration of hydrogen exposure, 
the microhardness of the sample enhances, but the inten-
sity of some peaks drops (hkl: 111 and 311) when these 
peaks show a significant negative correlation between 
the peak width and its intensity. The peak with hkl: 111, in 
contrast to the peak with the same hkl of alloy 1, features 
a positive correlation between the process duration and 
the peak width, which can be interpreted as an increase in 
the number of dislocations (defects) in the material grain 
structure.

We used the Scherrer formula to calculate the crys-
tallite size and the Williamson-Hall method to determine 

the lattice characteristics and dislocation density from 
the XRD diagram parameters. Figs. 2 and 3 demonstrate 
the results of calculating the change in the average crys-
tallite size and dislocation density during hydrogenation.

The graphs show that the average crystallite size 
of alloy 1 shrinks (by more than 30 %) during the process, 
while that of alloy 2 increases (by less than 25 %). Mean-
while, the crystallite size of alloy 1 remains almost con-
stant during 400 h of hydrogen exposure and then begins 
to reduce, while the crystallite size of alloy 2 increases. 
Similar dependencies are observed for the change in dislo-
cation density (Fig. 3). The dislocation density of alloy 1 
drops to almost zero values with a delay of 400 h, while 
for alloy 2, this value increases.

According to the graphs in Fig. 3, microhardness in 
the sample of alloy 1 obtained by hot isostatic pressing 
mostly changes during the first 400 – 500 h, while subse-
quent changes are very slight. Thus, it can be concluded 
that exposure of alloy 1 to hydrogen for 400 – 500 h 
at room temperature and atmospheric pressure leads 
to hydrogen accumulation in the sample of alloy 1, its 
microhardness enhancing, while its the microstructure 
remaining the same. At further saturation of the sample 
with hydrogen, the alloy microstructure alters practically 
without any changes in its hardness. For alloy 2 obtained 

Table 2. Correlation coefficients of XRD diagram parameters for alloy 2

Таблица 2. Коэффициенты корреляции параметров дифрактограмм образца сплава 2

Parameters τ, h d, Å I, imp. FWHW, deg S, imp.·deg HV
Peak with hkl: 111

τ, ч 1 0.079 –0.860 0.873 –0.455 –
d, Å 1 –0.035 0.448 –0.359 –0.080

I, imp. 1 –0.743 0.617 –0.630
FWHW, deg 1 –0.380 0.384
S, imp.deg 1 –0.105

HV 1
Peak with hkl: 200

τ, ч 1 0.653 –0.812 0.169 –0.301 –
d, Å 1 –0.302 –0.681 –0.259 0.098

I, imp. 1 –0.467 0.537 –0.586
FWHW, deg 1 –0.176 0.337
S, imp.deg 1 –0.435

HV 1
Peak with hkl: 311

τ, ч 1 –0.077 –0.269 0.119 0.771 –
d, Å 1 0.102 –0.068 –0.039 –0.150

I, imp. 1 –0.839 –0.221 –0.677
FWHW, deg 1 0.383 0.588
S, imp.deg 1 0.681

HV 1
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by directional crystallization, the metal hardness and 
microstructure change continuously when exposed 
to hydrogen.

 Conclusions

The investigation revealed that as alloy samples are 
exposed to hydrogen for 1000 h, the samples microhard-
ness increases, its relative growth in the sample of alloy 1 
reaching 2.5 %, and in the sample of alloy 2 amounting 
to 2 %. The correlation analysis of the change in XRD 
diagram parameters during hydrogenation of alloy samp-
les indicated positive and negative statistically signifi-
cant relationships correlation between XRD diagram 
peak parameters, hydrogen exposure duration and micro-
hardness of the samples. It was found that alloy 1, being 
exposed to hydrogen, features narrowing and lengthening 
of XRD diagram peaks, which may indicate a decrease in 
the number of dislocations (defects) in the grains or their 
local accumulation at the grain boundaries of the mate-
rial. On the contrary, alloy 2, being exposed to hydrogen, 
features some widening of XRD diagram peaks, which 
can be indicative of increased dislocations in the material 
grain structure. The calculations of the effective crystal-
lite size and average dislocation density indicated that 
during hydrogenation.There was a delayed decrease in 
both crystallite size and dislocation density for alloy 1. 
In contrast, these parameters increased monotonically for 
alloy 2. These findings align with the observed trends in 
microhardness changes during hydrogenation for both 
alloys.
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Аннотация. Коррозионностойкие стали и сплавы обладают рядом уникальных свойств, позволяющих использовать их в различных 

отраслях промышленности. Однако, несмотря на свое название, они в той или иной мере подвержены различным видам корро-
зионных и корро зионно-механических повреждений. В данной работе рассматриваются случаи коррозионного разрушения изделий 
из коррозионностойких сталей и сплавов в нефтегазовой отрасли. Установлено, что причинами разрушения могут стать как некор-
ректная эксплуатация и некачест венный материал изделий, так и некорректный подбор материала под условия эксплуатации. Для 
каждой группы причин отказа рассмот рены примеры из открытых источников и из практики коллектива авторов работы. Обоснована 
важность проведения предварительных лабораторных исследований коррозионностойких материалов и их испытаний с воспроизве-
дением факторов среды для обоснованного выбора под конкретные условия эксплуатации. Показано, что на практике обоснованному 
выбору коррозионностойких материалов не всегда уделяется должное внимание, поэтому кажущиеся на первый взгляд экономически 
выгодными решения могут оказаться некорректными. Основной фокус сделан на практической стороне вопроса для того, чтобы 
в будущем избежать подобных проблем. Актуальность работы подтверждается остро стоящей в последнее время проблемой заме-
щения зарубежных марок сталей. 
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Abstract. Corrosion-resistant steels and alloys have a number of unique properties. This allows them to be used in various industries. Despite their name, 

they are to some extent subject to various types of corrosion and corrosion-mechanical damage. This article discusses cases of corrosion damage of 
products made of corrosion-resistant steels and alloys in the oil and gas industry. The reasons of material failure can be incorrect exploitation of mate-
rial, low-quality material of products, and incorrect selection of material for operating conditions. For each group of failure causes the examples from 
open sources and from the practice of the team of authors of this work are considered. The paper substantiates the importance of preliminary laboratory 
studies of corrosion-resistant materials and their testing with simulation of environmental factors. It is necessary for reasonable choice under specific 
operating conditions. It is shown that in practice the reasonable choice of corrosion-resistant materials is not always given due attention, so the seem-
ingly economically favorable solutions may turn out to be incorrect. The main focus is made on the practical side of the issue in order to avoid such 
problems in the future. The relevance of the work is confirmed by the recent acute problem of substitution of foreign steel grades. 

Keywords: corrosion-resistant steels and alloys, reasonable selection, causes of failure, operating conditions, incorrect operation, laboratory tests, physical 
simulation

Acknowledgements: The research was supported by the Ministry of Science and Higher Education of the Russian Federation under the World Class 
Research Centre Program: Advanced Digital Technologies (Agreement No. 075-15-2020-311 dated 20.04.2022).

For citation: Fedorov A.S., Karasev V.S., Alekseeva E.L., Al’khimenko A.A., Shaposhnikov N.O. Problems of selection of corrosion-resistant steels 
and alloys in oil and gas industry for operating conditions. Izvestiya. Ferrous Metallurgy. 2024;67(3):340–350.

 https://doi.org/10.17073/0368-0797-2024-3-340-350

Problems of selection of corrosion-resistant steels and alloys  
in oil and gas industry for operating conditions

A. S. Fedorov , V. S. Karasev, E. L. Alekseeva, 
A. A. Al’khimenko, N. O. Shaposhnikov

Санкт­Петербургский политехнический университет Петра Великого (Россия, 195251, Санкт-Петербург, ул. Политехни-
ческая, 29)

Peter the Great St. Petersburg Polytechnic University (29 Politekhnicheskaya Str., St. Petersburg 195251, Russian Federation)

Original article 
Оригинальная статья

Проблемы подбора коррозионностойких сталей и сплавов 
в нефтегазовой отрасли под условия эксплуатации

А. С. Федоров , В. С. Карасев, Е. Л. Алексеева, 
А. А. Альхименко, Н. О. Шапошников

©  A. S. Fedorov, V. S. Karasev, E. L. Alekseeva, A. A. Al’khimenko, N. O. Shaposhnikov, 2024

Superduty steel Стали особого назначения

https://doi.org/10.17073/0368-0797-2024-3-340-350
mailto:fedorov_as@spbstu.ru
mailto:fedorov_as@spbstu.ru
https://fermet.misis.ru/index.php/jour/search/?subject=corrosion-resistant steels and alloys
https://fermet.misis.ru/index.php/jour/search/?subject=reasonable selection
https://fermet.misis.ru/index.php/jour/search/?subject=causes of failure
https://fermet.misis.ru/index.php/jour/search/?subject=operating conditions
https://fermet.misis.ru/index.php/jour/search/?subject=incorrect operation
https://fermet.misis.ru/index.php/jour/search/?subject=laboratory tests
https://fermet.misis.ru/index.php/jour/search/?subject=physical simulation
https://fermet.misis.ru/index.php/jour/search/?subject=physical simulation
https://doi.org/10.17073/0368-0797-2024-3-340-350
mailto:fedorov_as%40spbstu.ru?subject=
mailto:fedorov_as%40spbstu.ru?subject=


Izvestiya. Ferrous Metallurgy. 2024;67(3):340–350.
Fedorov A.S., Karasev V.S., etc. Problems of selection of corrosion-resistant steels and alloys in oil and gas industry for operating conditions

341

 Introduction

Corrosion-resistant materials play a significant role in 
various industrial sectors [1 – 4]. Possessing enhanced 
corrosion resistance combined with the required mecha-
nical properties [5 – 7], corrosion-resistant materials are 
used in aggressive environments where longevity with-
out loss of operational characteristics is essential [8; 9]. 
Historically, the high cost of corrosion-resistant materials 
limited their use. However, over time, the understanding 
of the advantages of corrosion-resistant materials has led 
to their increasingly widespread use, particularly through 
the optimization of composition and properties for appli-
cation in specific environments in critical components 
and structures [10 – 12]. At present, corrosion-resistant 
steels and alloys are used for more critical, expensive, 
and complex equipment where the potential risks, costs, 
or benefits outweigh the material’s cost.

For the domestic metallurgical industry, the issue 
of producing import-substituting grades of corrosion-
resistant steels and alloys is currently pressing. Russia 
accounts for 0.4 % of global corrosion-resistant steel pro-
duction, with the volume of products produced satisfy-
ing no more than 25 % of the total domestic consump-
tion of steel in various industries [13 – 15]. In 2021, 
120,000 tonnes of corrosion-resistant steel were produced 
in Russia, while 463,000 tonnes were imported from 
abroad. Moreover, domestic equivalents do not always 
meet the end user’s requirements for physical, mechani-
cal, and corrosion properties.

A significant problem is that the domestic regulatory 
and technical documentation (RTD), containing require-
ments for the production technology and quality assess-
ment of corrosion-resistant steels and alloys, is either 
outdated with minimal product requirements or entirely 
absent.

The relevance of this study lies in the emergence 
of numerous requests for import substitution, selection, 
and comparative evaluation of the properties of stainless 
steels and alloys for the implementation of domestic pro-
ducts, equipment, and technologies. Additionally, it draws 
on data from open sources and the many years of expe-
rience in failure analysis by the Scientific and Technolo-
gical Complex “New Technologies and materials” 
at Peter the Great St. Petersburg Polytechnic University. 

It is also important to note that discussions on the topic 
of failures and, moreover, their open analysis is a very 
contentious issue, as it leads to the search for culprits and 
punishment. However, in this work, the authors focused 
on the scientific or practical side of the issue to avoid 
similar problems in the future.

 Review of failures

Conducting laboratory tests and research is an integral 
part of the justified selection of materials for specified 
operating conditions or their range [16 – 18]. In labora-
tory conditions, it is possible to carry out both standard 
tests according to existing methodologies (GOST, ASTM, 
ISO, DIN, etc.) and research work simulating aggressive 
environments close to real objects.

As numerous examples from open sources and 
the authors’ extensive practice show, the choice of a par-
ticular material depending on operating conditions can 
often be incorrect [19 – 22]. Additionally, factors such as 
installation conditions, technological impacts [23 – 25], 
interactions with other materials [26 – 28], changes in 
operating conditions, and metallurgical quality [29 – 31] 
may not be taken into account. All these factors lead 
to failures and serious economic and environmental con-
sequences.

Tables 1 – 3 provide an overview of failures 
of vario us products made from corrosion-resistant mate-
rials in the oil and gas industry and show the causes 
of these failu res. Analysis of the sources revealed that 
cases of failures can be grouped into three categories: 
incorrect operation of the material, low-quality material 
of the products, and incorrect selection of material for 
the operating conditions. Among the cases of incorrect 
operation, those where the condition of the material was 
compromised during installation on-site – such as during 
welding work in the construction of structures made from 
corrosion-resistant steels – were also included. 

Let us examine in detail the most interesting cases 
of damage and the methods for resolving the problems 
from each category.

Incorrect operation of the material. Consider an 
example from open sources. The authors of [21] analyzed 
the causes of corrosion damage in the rectification co lumn 
of a cellulose acetate production plant, made from duplex 
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Table 2. Overview of damage to corrosion­resistant materials. 
Low­quality material

Таблица 2. Обзор разрушений коррозионностойких материалов. 
Некачественный материал изделий

No. Material Product Failure/Causes Source

1
UNS S32900

0.040 % C – 25 % Cr – 4 % Ni – 
– 1.5 % Mo – 0.5 % Si – 0.5 % Mn

Stem of a double-
disc shut-off valve

The stem of a double-disc shut-off valve 
failed after 30 years of operation in an 
environment containing hydrogen sulphide 
(pH = 4, operating temperature 128 °C) 
due to sulphide stress corrosion cracking 
(SSCC). The SSCC crack predominantly 
propagated in the ferrite and along the 
ferrite-austenite boundary due to the 
presence of the σ-phase. Although the 
stem operated for 30 years, it could have 
lasted longer with properly conducted heat 
treatment.

[23]

2

UNS S32304

0.020 % C – 23.7 % Cr – 
– 4.2 % Ni – 0.3 % Mo – 
– 0.09 % N – 0.67 % Si – 
– 0.31 % Cu – 1.4 % Mn

Welded flexible 
pipe

The pipe experienced intergranular 
corrosion, leading to cracks in the welds. 
The cause of this was an excess of ferrite 
(~70 %) in the weld and the additional 
presence of unfavorable chromium nitrides 
at the ferrite-austenite boundaries. The 
excessive ferrite content resulted from the 
low linear energy values used during the 
welding process.

[24]

Table 1. Overview of damage to corrosion­resistant materials. 
Incorrect exploitation of material 

Таблица 1. Обзор разрушений коррозионностойких материалов. 
Некорректная эксплуатация материала 

No. Material Product Failure/Causes Source

1

UNS S32760

0.025 % C – 25 % Cr – 7.5 % Ni – 
3.8 % Mo – 0.25 % N – 
– 0.57 % Cu – 0.5 % W

Welded oil 
transportation pipe

The pipe failed after one month of operation 
due to pitting in the heat-affected zone (HAZ) 
caused by the formation of σ-phase in an 
amount of 8 vol. % during the pre-welding 
heating process.

[20]

2

UNS S31803

0.016 % C – 22.4 % Cr – 
– 5.8 % Ni – 3.1 % Mo – 
– 0.17 % N – 0.55 % Si

Rectification column

The material exhibited a high rate of general 
corrosion after just a few months of use. 
The column operated in an oxygen-free 
environment with an excess of sulphuric acid 
in the liquid, which prevented the formation 
of a stable passive film on the steel surface.

[21]

3

UNS S32750

0.020 % C – 24.2 % Cr – 
– 8.7 % Ni – 3.8 % Mo – 
– 0.22 % N – 0.5 % Si – 
– 0.1 % Cu – 0.38 % Mn

Welded high-
pressure vessel

Stress corrosion cracking (SCC) occurred 
in the heat-affected zone (HAZ). During 
welding, σ-phase formed in the HAZ in 
an amount of 2 vol. %. The operational 
environment was saturated with chlorides 
(~220 ppm), and the operating temperature 
was 110 °C. Crevice corrosion contributed 
to the propagation of SCC along the ferrite-
austenite boundaries.

[22]



Izvestiya. Ferrous Metallurgy. 2024;67(3):340–350.
Fedorov A.S., Karasev V.S., etc. Problems of selection of corrosion-resistant steels and alloys in oil and gas industry for operating conditions

343

Table 2 (continutation). Overview of damage to corrosion­resistant materials. 
Low­quality material

Таблица 2 (продолжение). Обзор разрушений коррозионностойких материалов. 
Некачественный материал изделий

No. Material Product Failure/Causes Source

3
AISI 304

0.052 % C – 17.1 % Cr – 8.1 % Ni – 
0.1 % Mo – 0.36 % Si – 1.02 % Mn

Convective pipe for 
geothermal water

Improper heat treatment before putting 
the pipe into operation led to sensitisation, 
which increases susceptibility to 
intergranular cracking. Residual stresses 
arising during production also contributed 
to the failure process. The presence of 
chlorides in the working environment caused 
SCC cracks to appear. In the initial stage, 
SCC cracks propagated along the austenite 
grain boundaries, then they transformed 
into a coexisting mode of intergranular and 
transgranular cracking. The authors attribute 
the pipe failure to the synergistic effect of 
sensitisation, the presence of chlorides, and 
residual stresses.

[25]

4

14Cr17N2

0.135 % C – 16.8 % Cr – 
– 1.66 % Ni – 0.51 % Si – 

– 0.58 % Mn

Flange of shut-off 
valve

The flange exhibited structural heterogeneity 
and a high content of chromium carbides 
along the grain boundaries. In addition to 
isolated pitting and localized corrosion 
damage, intergranular failure of the 
metal surface was observed. The poor 
metallurgical quality of the flange was 
exacerbated by active corrosion processes 
in an aggressive environment containing 
chlorides. As a result, the steel from this 
production is unsuitable for operation in 
seawater conditions.

STC "New 
Technologies 

and 
materials"

5

AISI 904L

0.011 % C – 20.7 % Cr – 
– 23.2 % Ni – 4.2 % Mo – 
– 0.32 % Si – 1.46 % Cu – 

– 1.16 % Mn

Steel plate

In this case, the cause of intergranular 
corrosion was the presence of excess 
phases located along the boundaries of 
the austenite grains in the base metal and 
in the interdendritic spaces of the weld 
joint, as well as micropores that served 
as concentrators for the propagation of 
intergranular corrosion cracks.

STC "New 
Technologies 

and 
materials"

6

EN 1.4469 (GX2CrNiMoN26-7-4)

0.020 % C – 27.3 % Cr – 
– 7.5 % Ni –4 % Mo – 0.67 % Si – 

0.55 % Cu – 0.59 % Mn – 
– 0.2 % N – 0.05 % Ti

Cast components of 
centrifugal pumps

The main reason for the reduced resistance 
to crevice corrosion was the presence 
of grain boundary σ-phase precipitates 
(6.7 vol. %), which deplete the solid 
solution of alloying elements responsible for 
corrosion resistance, such as chromium and 
molybdenum.

STC "New 
Technologies 

and 
materials"

7
07Cr16Ni6

0.040 % C – 15.2 % Cr – 6.6 % Ni – 
0.64 % Si – 0.16 % Cu – 0.49 % Mn

First stage impeller 
of the rotor

The cause of the failure was the presence of 
structural heterogeneity and the precipitation 
of carbides at the phase boundaries. These 
factors led to the failure of the impeller 
through the mechanism of stress corrosion 
cracking (SCC).

STC "New 
Technologies 

and 
materials"
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Table 3. Overview of damage to corrosion­resistant materials. 
Incorrect selection of material for operating conditions

Таблица 3. Обзор разрушений коррозионностойких материалов. 
Некорректный подбор материала под условия эксплуатации

No. Material Product Failure/Causes Source

1

42CrМN  
(AISI 4130)

0.30 % C – 1 % Cr – 0.2 % Mo – 
– 0.25 % Si – 0.5 % Mn

Key The occurrence of contact corrosion at the 
point of contact between the key and the 
valve stem led to the failure, resulting in 
the release of the pumped fluid into the 
environment.

[26]
22Cr (DSS)

0.03 % C – 22.5 % Cr – 5.5 % Ni – 
– 3 % Mo – 1 % Mn

Valve stem

2
AISI 410

0.07 % C – 13 % Cr – 0.5 % Ni – 
– 0.3 % Mo – 0.2 % Si – 0.5 % Mn

Steam turbine 
blades

The predominant mechanism is fatigue 
failure caused by changing operating 
conditions of the blades in the incoming 
steam. The presence of corrosion pits and 
intergranular cracks contributed to the 
activation of corrosion fatigue. Cyclic 
loading at high temperatures led to the rapid 
growth and propagation of cracks.

[27]

3

Super 13Cr

0.03 % C – 13 % Cr – 6 % Ni – 
– 1.7 % Mo – 0.3 % Si – 0.1 % Cu – 

– 0.7 % Mn – 0.09 % N

Pipeline of Resak 
A-6 Well in 

Malaysia

Intergranular cracks were found on 
all fracture surfaces of the extracted 
components. The presence of oxygen, 
CO2 , and H2S in the CaCl2 salt solution 
was the most likely cause of the failure. 
Laboratory test results showed that this steel 
is susceptible to SCC in the operational 
environment at the reservoir water 
temperature of the well.

[28]

4

12Cr18Ni9 
(AISI 304)

0.05 % C – 18.1 % Cr – 8.1 % Ni –  
– 0.05 % Mo – 0.5 % Si – 
– 0.05 % Cu – 1.22 % Mn

Heat exchanger 
elements of the 
low-temperature 

natural gas 
separation unit

According to the approved project 
documentation, the material for the 
heat exchanger unit should have been 
12Cr18Ni10T (AISI 321). However, the 
research revealed a substitution of this steel 
grade with 12Cr18Ni9 (AISI 304). The 
primary cause of the failure was a violation 
of the project documentation requirements 
regarding the unsanctioned change of 
the steel grade. This led to the incorrect 
selection of the welding mode, which caused 
the activation of the metal in the heat-
affected zone of the non-stabilized titanium 
steel, resulting in through pitting under the 
influence of the corrosive environment. 

STC "New 
Technologies 

and 
materials"

5

05Х16Н4Д2Б

0.020 % C – 13 % Cr – 4 % Ni – 
– 0.18 % Si – 2.1 % Cu – 

– 0.32 % Mn

Pump shaft

The hardness of this material did not match 
the quality certificate and did not meet 
the requirements of the NACE MR0175 
standard. During laboratory tests for SCC 
resistance, failure occurred in all cases 
within the first day of testing.

STC "New 
Technologies 

and 
materials"
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steel UNS S31803. The process fluid was an aqueous 
solution of 80 % acetic acid, which was separated by rec-
tification. Due to the incomplete neutralisation of sulphu-
ric acid in the process fluid used as a catalyst for ester 
hydrolysis, the column operated in a reducing environ-
ment, preventing the formation of a stable passive film 
on the metal surface. 

To solve this problem, the authors proposed modifying 
the composition of the process fluid. By adding hydrogen 
peroxide under laboratory conditions, they created oxi-
dizing conditions that promoted the formation of a stable 
passive film. Based on the results of laboratory studies, 
hydrogen peroxide was continuously added to the opera-
ting column. This approach proved successful in stopping 
corrosion processes until the next scheduled maintenance 
shutdown.

Low-quality material of the products. Consider a 
case from the authors’ practice involving intergranular cor-
rosion, using AISI 904L steel plate as an example. Before 
putting the material into operation, acceptance tests for 
resistance to intergranular corrosion (IGC) were required. 
The tests were conducted according to GOST 6032 – 2017 
using the weight loss method in a boiling aqueous 
solution of ferric sulfate (Fe2(SO4)3·9H2O) and sul-
phuric acid (H2SO4) in a flask with a reflux condenser. 
The duration of exposure in the boiling solution was 
48 h. Upon completion of the tests, samples were bent 

at a 90° angle to assess the cracking of the base metal 
and the welded joint. Figs. 1, a and b show intergranular 
cracks in the base metal and the weld metal.

In this case, the cause of intergranular corrosion was 
the presence of excess phases located along the boun-
daries of the austenitic grains of the base metal and in 
the interdendritic spaces of the welded joint, as well 
as micro-voids that served as stress concentrators for 
the propagation of IGC cracks. Thus, laboratory tests 
established that the material of this production is prone 
to IGC. Introducing this plate into operation poses a high 
risk of subsequent cracking.

Incorrect selection of material for operating 
conditions. Consider the failure of heat exchanger ele-
ments in a low-temperature natural gas separation unit 
due to through pitting corrosion in the weld area, 
based on the authors’ practice (see Fig. 2). According 
to the approved project documentation, the material for 
this unit should have been steel 12Cr18Ni10T (AISI 321) 
with a titanium content of 0.4 to 1.0 wt. %. However, 
investigations revealed a substitution of the steel grade 
with 12Cr18Ni9 (AISI 304). In terms of pitting corro-
sion resistance, 12Cr18Ni10T and 12Cr18Ni9 steels are 
similar in their corrosion properties [32; 33]. However, 
in the case of welding non-stabilized steels, the corro-
sion resistance of the weld and the heat-affected zone can 
be significantly lower than that of the base metal [34]. 

Fig. 1. Intergranular cracks in the base metal (а) and in the welded joint (b),  
and images of excess phases in the base metal (c) and in the welded joint (d) 

Рис 1. Межкристаллитные трещины в основном металле (а) и в сварном соединении (b),  
а также изображения избыточных фаз в основном металле (c) и в сварном соединении (d)
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The presence of titanium ensures the formation of favor-
able TiC carbides instead of undesirable Cr23C6 carbides, 
which reduce corrosion resistance.

Thus, the primary cause of the through defects 
in this case was the violation of the project docu-
mentation requirements regarding the unsanctioned 
change of the steel grade. This led to the incorrect 
selection of the welding mode, which caused activa-
tion of the metal in the heat-affected zone of the non-sta-
bilized titanium steel, resulting in through pitting under 
the influence of the corrosive environment. 

 Results and discussion

The relatively small number of examined failures 
raises a broad spectrum of issues related to the produc-
tion of high-quality corrosion-resistant steels and alloys, 
the selection of materials for operating conditions, 
the incompleteness of existing RTD, and the qualifica-
tions of specialists. 

The issue of the quality of corrosion-resistant materials 
is extensive and requires the development and implemen-
tation of new RTD that describes quality requirements. 
This is a long-term and meticulous task; nevertheless, 
there are successful examples of such developments in 
domestic practice [35 – 38]. It is worth noting that cur-
rently, the only document in the oil and gas industry 
related to the selection and operation of corrosion-resis-
tant steels is NACE MR0175, Part 3, which has not been 
harmonized with GOST. Moreover, this document only 
pertains to hydrogen sulphide-containing environments, 
while the evaluation of the possibility of using steels in 
СО2-containing environments is becoming increasingly 
relevant [39].

Incorrect material selection is linked to the lack 
of selection methodologies and proper corrosion resis-
tance assessment techniques. Material selection guide-
lines are usually developed within companies and are 
subject to internal policies. However, the relatively 
new Institute of Oil and Gas Technological Initiatives 

(“INTI”) can gradually address such issues. The tes-
ting methodologies being developed to assess the corro-
sion resistance of materials should consider the reproduc-
tion of aggressive operating conditions on the sites.

At the Scientific and Technological Complex “New 
Technologies and materials”, there is a substantial tes-
ting base of various stands and installations, allowing 
materials to be tested under conditions as close to ope-
rating conditions as possible, including flow parameters. 
The authors’ team designed and manufactured autoclave 
installations of various volumes (Fig. 3, a), allowing tests 
to be conducted at elevated pressure and temperature in 
both static and dynamic conditions [40]. Tests involving 
supercritical fluids are also conducted in autoclaves.

The aggressiveness of the environment can manifest 
not only through the presence of corrosion-active agents 
but also through abrasive particles leading to abrasive 
wear. The combined influence of these two factors can 
significantly exacerbate the material degradation process. 
Their combined effect can be simulated using closed 
“flow-loop” stands, which also consider thermobaric 
parameters and fluid flow impact (Fig. 3, b).

However, conducting tests where many environ-
mental parameters are controlled requires a lot of time 
and resources. Therefore, databases are created using 
the results of numerous tests, considering parameters 
determined on the stand, which are then used in a mathe-
matical model to develop a digital twin.

The review of issues related to the justified selec-
tion of corrosion-resistant steels and alloys in the oil and 
gas industry highlights important aspects related to their 
operation in aggressive environments.

In the oil and gas industry, materials face aggres-
sive environments, high temperatures, cyclic loads, and 
mechanical stresses. In practice, justified selection of cor-
rosion-resistant materials does not always receive ade-
quate attention, so seemingly economically advanta-
geous solutions can turn out to be incorrect. This can lead 
to serious problems and additional costs for replacement 

Fig. 2. Appearance of corrosion damage in the area of welded joint of heat-exchange elements of low-temperature natural gas separation unit

Рис. 2. Внешний вид коррозионных поражений в области сварного соединения теплообменных элементов аппарата  
низкотемпературной сепарации природного газа
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or major repairs. For successful application of corrosion-
resistant materials, preliminary laboratory studies must 
be conducted to recreate environmental factors to con-
firm the material’s quality and corrosion resistance under 
specific operating conditions. Effective solutions require 
close cooperation between engineers, scientists, resear-
chers, and manufacturers.

 Conclusions

A review of the causes of failures of products made 
from corrosion-resistant materials in the oil and gas 
industry has been conducted. It has been established 
that the causes of material failure can be incorrect oper-
ating conditions, poor-quality materials, and incor-
rect selection of materials for the operating conditions. 
Examples from open sources and the authors’ practice 
have been considered for each group of failure causes. 
The importance of conducting preliminary laboratory 
studies of corrosion-resistant materials and their testing 
with the simulation of environmental factors for a justi-
fied choice under specific operating conditions has been 
substantiated. The approaches used by the authors’ team 
for conducting physical modelling of environmental fac-
tors with the recreation of real conditions, including flow 
parameters, have been demonstrated.
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 Introduction

Stainless steel is an absolutely essential part of a 
mo dern economy – the annually growing volumes of its 
consumption and a wide range of applications from medi-
cal products [1] to structural materials prove this state-
ment1. Stainless steel is so popular because it is resis-
tant to corrosion in various aggressive environments 
as an oxide layer, with a high concentration of chro-
mium (12 wt. % and higher), forms on the metal sur-
face, which prevents the steel from contacting air oxy-
gen [2 – 4]. Despite the obvious advantages of stainless 
steel, the domestic production volumes are modest and 
the demand for this steel is covered by imports [5]. 

Currently, the main method of producing low-carbon 
stainless steel is the duplex process with smelting carbo-
naceous semi-product (1.5 – 2.0 wt. % C) in an arc fur-
nace followed by treatment in the argon-oxygen decarbu-
rization (AOD) unit [6; 7]. The AOD process includes two 
periods: oxidation and reduction. During the oxidation 
period, the carbonaceous semi-product of stainless steel is 
decarbonized by blowing a mixture of oxygen and argon 
through it. When the carbon concentration in the metal 
drops to 0.03 wt. % or less, the reduction period of melt-
ing begins, during which the bath of the unit is purged 
with nothing but argon, and lime, ferroalloys (ferrosilicon, 
ferrosilicochrome) and сalcium fluoride are added [8].

As a result of chromium oxidation by oxygen, the con-
centration of Cr2O3 in the slag increases, which negatively 
affects the technological processes occurring in the reduc-
tion period of melting, the intensity of their development 
being limited by the viscosity of the formed oxide system. 
According to [9], Cr2O3 usually has low solubility (5 %) 
in CaO – SiO2 – Al2O3 – MgO based slags, which increases 
their melting point and, consequently, viscosity. There-

fore, calcium fluoride (CaF2 ) is used to reduce the visco-
sity of slags in the reduction period of melting. The use 
of this flux has the following downsides: it is environ-
mentally unfriendly as volatile carcinogenic fluorine 
compounds are formed, physical properties of the formed 
slags are inconsistent and the effect of silicate decomposi-
tion of solid slags persists during storage. Therefore, it is 
reasonable to explore other liquefying additives to replace 
calcium fluoride, for example, pegmatite [10], Al2O3 [11] 
or B2O3 [12]. Although the use of Al2O3 prevents the for-
mation of volatile fluoride compounds, according to [11], 
the refining ability of the slag deteriorates. As such, its 
use is limited. Therefore, the boron-containing material is 
a reasonable choice as it is an inexpensive, available and 
environmentally friendly fluxing material.

Although B2O3 is an acidic oxide and facilitates poly-
merization [13], it helps to reduce slag viscosity by chang-
ing the structural components of the melt mesh. Adding 
B2O3 to the slag helps to improve kinetics of chromium 
reduction and metal desulfurization [14; 15]. Hardening 
characteristics of low-carbon steel are to improve and 
the aging effect is to reduce [17] due to expected partial 
reduction of boron by silicon and aluminum dissolved in 
the steel, followed by its transfer to the metal, in addition 
to the slag liquefying with boron oxide [17]. 

Practically no domestic or foreign researchers have 
explored the effectiveness of the interphase distribution 
of chromium and boron during their reduction by a comp-
lex ferroalloy containing aluminum and silicon. 

The paper presents the results of thermodynamic 
modeling of equilibrium interphase distribution of chro-
mium and boron reduced by silicon and aluminum from 
the СаО – SiO2 – В2О3 – Al2O3 – Cr2O3 – MgO oxide sys-
tem by aluminum ferrosilicon, a complex ferroalloy. 

 Materials and methods

We performed thermodynamic modeling of the equi-
librium interphase distribution of chromium and 

1 Stainless Steel in Figures 2019. URL: http://www.worldstainless.org/
Files/issf/non-image-files/PDF/ISSF_Stainless_Steel_in_Figures_2019_
English_public_version.pdf (accessed on 27.03.2023)

B2O3 на равновесное межфазное распределение хрома и бора. Установлено, что повышение основности шлака с 1,0 до 2,5 улучшает 
процесс восстановления хрома, но ухудшает восстановление бора. При увеличении содержания B2O3 в шлаке происходит незначительное 
ухудшение процесса восстановления хрома, при этом увеличивается содержание бора в металле. При одновременном повышении основ-
ности до 2,5 и снижении содержания оксида бора в шлаке с 5 до 3 % коэффициент межфазного распределения хрома снижается до 
1,5·10–3. Изменение температуры процесса с 1600 до 1700 °С не оказывает существенного влияния на процесс восстановления хрома, 
однако ухудшает условия восстановления бора. На основе анализа фаз формируемого шлака и термодинамики реакций их образования 
установлено, что восстановление хрома протекает в основном за счет алюминия с частичным развитием силикотермических реакций. 
Остаточное содержание кремния восстанавливает бор, чем объясняется его низкая концентрация в металле. Результаты проведенных 
высокотемпературных экспериментов показали высокую согласованность с результатом термодинамического моделирования. 

Ключевые слова: нержавеющая сталь, аргонокислородное рафинирование, восстановительный период, термодинамическое моделирование, 
хром, бор, межфазное распределение
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boron reduced by silicon and aluminum of the com-
plex reducing agent (aluminum ferrosilicon) from 
the СаО – SiO2 – В2О3 – Al2O3 – Cr2O3 – MgO oxide sys-
tem using the HSC Chemistry 6.12 software package. 
This software is based on the calculating equilibrium 
compositions and the amount of resulting products, using 
the Gibbs energy minimization algorithm. 

Thermodynamic modeling was performed for the tem-
peratures of 1600 and 1700 °C. The mass of the working 
medium was 115 kg (100 kg of metal and 15 kg of slag) 
with the gas phase (N2 ) volume of 2.24 m3 and the sys-
tem pressure of 0.098 MPa. The amount of the reducing 
agent is 0.89 kg. The interphase distribution coefficients 
of chromium and boron were obtained by their concen-
tration ratios in the slag and metal (LB = (B2O3)/[B] and 
LCr = (Cr2O3 )/[Cr]). 

The oxide system composition corresponds to 16 points 
of the local simplex plan and is presented in Table 1. In 
addition to calcium, silicon and boron oxides, all slags 
include chromium, magnesium and aluminum oxides in 
the amount of 12, 8 and 3 %, respectively. The metal part 
is represented by stainless steel containing, %: 16.0 Cr; 
0.03 C; 0.28 Si; 0.010 S; 1.46 Mn; 6.98 Ni; 0.01 Al; 
the rest is Fe and aluminum ferrosilicon (AFS), a complex 
alloy containing, %: 55.8 Si; 18.8 Al; 25.4 Fe.

The results of thermodynamic modeling are presented 
by approximating mathematical models in the form 

of a reduced polynomial of the third degree, which 
describe the influence of the slag composition of the stud-
ied oxide system on the interphase distribution coeffi-
cients of chromium and boron at temperatures of 1600 
and 1700 °C [18]. The adequacy of the constructed math-
ematical models was tested by three control points, not 
included in the experiment planning matrix, using t-crite-
rion at the significance level of 0.01. 

Figs. 1 and 2 graphically present the results of math-
ematical modeling in the form of composition – pro perty 
diagrams. The solid lines show isolines of the equilib-
rium interphase distribution of chromium and boron, 
while thin lines reflect the basicity of the slag (CaO/SiO2) 
with its value indicated. 

Along with thermodynamic modeling of the equilib-
rium interphase distribution of chromium and boron, we 
conducted high-temperature experimental studies using 
an electric resistance furnace in magnesia crucibles in 
an argon current at 1600 °C. The low-carbon stainless 
steel was held for 30 min under slag in the points used 
for local simplex. The temperature was measured using 
a BP5/20 tungsten thermocouple. Metal samples were 
prepared from chips of AISI 304 stainless steel and steel 
ST3SP, as well as the slag from two base points Y1 and 
Y3 (Table 1). We took the test charge of ground metal and 
slag in the quantities of 75 and 50 g to achieve the maxi-
mum phase contact surface and to exclude the influence 

Table 1. Composition of slag in 16 points of the local simplex plan

Таблица 1. Состав шлака 16 точек плана локального симплекса

Slag 
index

Slag composition
in pseudocomponent coordinates, unit fractions in coordinates of initial components, wt. %

X1 X2 X3 X4 CaO SiO2 B2O3

Y1 1.00 0 0 0 37.00 37.00 3
Y2 0 1.00 0 0 52.86 21.14 3
Y3 0 0 1.00 0 50.71 20.29 6
Y4 0 0 0 1.00 35.50 35.50 6
Y12 0.67 0.33 0 0 42.29 31.71 3
Y13 0.33 0.67 0 0 47.57 26.43 3
Y21 0 0.67 0.33 0 52.14 20.86 4
Y22 0 0.33 0.67 0 51.43 20.57 5
Y31 0 0 0.67 0.33 45.64 25.36 6
Y32 0 0 0.33 0.67 40.57 30.43 6
Y41 0.33 0 0 0.67 36.00 36.00 5
Y42 0.67 0 0 0.33 36.50 36.50 4
Y121 0.67 0 0.33 0 41.57 31.43 4
Y122 0.33 0 0.33 0.33 41.07 30.93 5
Y131 0.33 0.33 0.33 0 46.86 26.14 4
Y132 0.33 0 0.67 0 46.14 25.86 5
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Fig. 1. Dependence of the coefficient of equilibrium interphase distribution of chromium 
on the slag chemical composition at 1600 (а) and 1700 °C (b) 

Рис. 1. Зависимость коэффициента равновесного межфазного распределения хрома 
от химического состава шлака при 1600 (а) и 1700 °С (b)

Fig. 2. Dependence of the coefficient of equilibrium interphase distribution of boron 
on the slag chemical composition at 1600 (а) and 1700 °C (b) 

Рис. 2. Зависимость коэффициента равновесного межфазного распределения бора 
от химического состава шлака при 1600 (а) и 1700 °С (b)
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of the mass of metal and slag phases on the interphase 
distribution coefficients of chromium and boron [19]. 

 Results and discussion

Table 2 and Figs. 1, 2 present the results of thermody-
namic modeling of the equilibrium interphase distribu-
tion of chromium and boron depending on the basicity 
of the slags of the studied oxide system and temperature. 

With the slag basicity ranging from 1.0 to 1.5 and 
the boron oxide concentration varying from 3 to 6 wt. %, 
the interphase distribution coefficient of chromium 
dropped from 60·10–3 to 20·10–3 at 1600 °C (Fig. 1, а). 
The increase in the slags basicity to 2.5, with the boron 
oxide concentration changing from 5 to 3 %, results in 
drop of the interphase distribution coefficient of chro-
mium to 1.5·10–3, which is indicative of more effective 
chromium reduction due to growing basicity of formed 
slags. The increase in boron oxide concentration comes 
with a slight deterioration of the chromium reduction 
process. The rise in the B2O3 content in the slag from 3 
to 6 % is accompanied (for example, at basicity of 2.0) 
by an increase in the equilibrium interphase distribution 
coefficient of chromium from 3·10–3 to 5·10–3 at a tem-
perature of 1600 °C (Fig. 1, а). The temperature rise from 
1600 to 1700 °C has a slight impact on the interphase dis-
tribution coefficient of chromium (Table 2). At 1700 °C in 
the considered range of basicity and boron oxide content, 

it remains at the level ranging from 60·10–3 to 1.5·10–3 
(Fig. 1, b). 

With the basicity of formed slags ranging from 1.0 
to 2.5, as the boron oxide concentration rises from 3 
to 6 %, the equilibrium interphase distribution coef-
ficient of boron increases from 700 to 900 (Fig. 2, а). 
We can clearly observe the influence of boron oxide on 
the equilibrium interphase distribution coefficient, while 
the impact of basicity is weak. For example, in the basic-
ity range of 1.5 – 2.5, the equilibrium interphase distribu-
tion coefficient of boron is 900, its oxide concentration 
ranging from 5.7 to 6.0 %. The decrease of boron oxide 
concentration to 5.0 – 5.3 % in the considered basic-
ity range causes the drop of the equilibrium interphase 
distribution coefficient of boron to 850. The behavior 
of the equilibrium interphase distribution coefficient 
of boron follows a similar pattern when the boron oxide 
concentration reaches 3.0 – 3.4 %.

The process temperature rising to 1700 °C leads 
to a slight increase in LB by 50 units and deteriorates 
the process of boron reduction (Fig. 2, b). 

The positive impact of basicity of formed slags 
in the studied range of the chemical composition on 
the chromium and boron reduction can be qualitatively 
explained in terms of the phase composition formation 
(Table 3) and thermodynamics of reactions of chromium 
and boron reduction by aluminum and silicon (Table 4). 

Table 2. Interfacial distribution coefficient of chromium and boron

Таблица 2. Коэффициент равновесного межфазного распределения хрома и бора

Slag 
index

Basicity
(CaO/SiO2)

1600 °С 1700 °С
LCr·10–3 LB LCr·10–3 LB

Y1 1.0 60.28 619.114 56.26 642.657
Y2 2.5 0.90 654.000 0.98 724.683
Y3 2.5 2.16 887.343 2.31 983.439
Y4 1.0 69.43 796.648 64.95 845.092
Y12 1.3 27.53 677.126 25.63 710.389
Y13 1.8 6.71 685.229 7.21 733.197
Y21 2.5 1.19 745.779 1.48 802.996
Y22 2.5 1.60 822.055 1.95 845.092
Y31 1.8 12.89 922.397 12.85 976.023
Y32 1.3 36.95 885.245 33.96 921.957
Y41 1.0 66.68 751.965 60.48 777.277
Y42 1.0 63.46 694.136 57.51 719.056
Y121 1.3 31.45 762.105 29.07 797.220
Y122 1.3 34.20 830.599 31.51 866.934
Y131 1.8 8.73 780.574 9.09 831.897
Y132 1.8 11.07 858.519 11.22 911.182
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According to the results of thermodynamic model-
ing (Table 3), the composition of chromium-containing 
phases of low-base slag Y1 is represented mainly by Cr2O3 
and CaO·Cr2O3 phases, the number of which decreases 
in the process of chromium reduction from 8.1 and 
5.4 % to 0.7 and 0.4 %, respectively. At the same time, 
the process of chromium reduction by silicon mainly 
occurs following the reactions (1) and (2) (Table 4), 
which is confirmed by the increase in content of SiO2 and 
CaSiO3 in the final slag from 4.8 and 18.8 % to 5.8 and 
20.6 %, respectively (Table 3). The reduction of chro-
mium by aluminum occurs following the reactions (6) 
and (7) (Table 4), which is confirmed by the increase in 

the content of the products of these reactions Al2O3 and 
CaO·Al2O3 from 0.8 and 0.3 % to 1.2 and 0.4 % (Table 3). 

The reduction of chromium from low-base slag Y4 
(basicity of 1.0) occurs following the same reactions as 
for slag Y1 . Low-base slags are characterized by reduc-
tion of chromium mainly by aluminum as a result of reac-
tions (6) and (7) with partial development of silicother-
mic reactions (1) and (2) (Table 4), which is attributed 
to the higher negative ΔG value of aluminothermic reac-
tions compared to silicothermic ones. 

In the highly basic slag Y2 (basicity of 2.5) in the pre-
sence of a large amount of free CaO, the reduction 
of chromium by silicon is more active (reactions (2) – (4)) 

Table 3. Slag phases involved in reduction of chromium and boron at 1600 °C

Таблица 3. Фазы шлака, участвующие в процессе восстановления хрома и бора при температуре 1600 °С

Phase, %
Slag

Y1 Y2 Y3 Y4

before after before after before after before after
Cr2O3 8.1 0.7 1.0 0.002 1.6 0.007 8.7 0.9

CaO·Cr2O3 5.4 0.4 15.1 0.020 14.2 0.040 4.5 0.4
Ca2B2O5 4.4 4.2 2.8 3.4 7.5 9.0 7.9 7.6
Ca3B2O6 0.5 0.4 15.1 5.6 10.2 8.1 0.6 0.6

Al2O3 0.8 1.2 0.3 0.6 0.4 0.8 0.8 1.3
CaO·Al2O3 0.3 0.4 2.1 3.1 1.6 2.3 0.2 0.3

CaO 0.2 0.2 5.0 3.4 2.7 1.8 0.2 0.2
SiO2 4.8 5.8 0 0.1 0.1 0.2 6.0 6.9

CaSiO3 18.8 20.6 3.2 5.0 4.3 6.8 17.9 19.4
2CaO·SiO2 8.9 9.0 33.7 37.2 26.4 27.9 6.5 6.6
3CaO·2SiO2 10.0 10.8 6.1 11.0 6.9 11.9 6.7 7.2

Table 4. Change in Gibbs energy during reduction of chromium and boron from oxides at 1600 °C

Таблица 4. Изменение энергии Гиббса реакций восстановления хрома и бора из оксидов при 1600 °С

Number Chemical reactions ∆G1600 , kJ
Chromium reduction

(1) Cr2O3 + 1.5Si = 2Cr + 1.5SiO2 –210.95
(2) Cr2O3 + 1.5Si + 1.5CaO = 1.5 CaSiO3 + 2Cr –347.82
(3) 1.3Cr2O3 + 2Si + 3CaO = 3CaO·2SiO2 + 2.7Cr –542.60
(4) Cr2O3 + 1.5Si + 3CaO = 1.5·2CaO·SiO2 + 2Cr –441.64
(5) CaO·Cr2O3 + 1.5Si = 2Cr + CaO + 1.5SiO2 –141.83
(6) Cr2O3 + 2Al = Al2O3 + 2Cr –421.04
(7) CaO·Cr2O3 + 2Al = CaO·Al2O3 + 2Cr –408.11

Boron reduction
(8) Ca2B2O5 + 2Al = 2CaO·Al2O3+ 2B –50.148
(9) Ca3B2O6 + 2Al = 3CaO·Al2O3 + 2B –78.91
(10) Ca3B2O6 + 1,5Si = 1.5·2CaO·SiO2 + 2B –12.79
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(Table 4). Due to the slag high basicity, the content 
of CaO·Cr2O3 in Y2 is much higher than in low-base Y1 . 
Therefore, a considerable amount of this phase is reduced 
by aluminum following the reaction (7) (Table 4). It should 
be noted that after chromium reduction, the chromium-
containing phases are present in negligible amounts, i.е., 
the content of Cr2O3 drops from 1.0 to 0.002 % and that 
of CaO·Cr2O3 – from 15.1 to 0.02 % (Table 3). Similarly, 
chromium is reduced from the high-base slag Y3 . 

Boron is insignificantly reduced from the slag as 
the change of Gibbs free energy of its reduction by alumi-
num and silicon from calcium borates is minimal, there-
fore, the transition of boron to metal for all studied slag 
compositions following the reactions (8) – (10) is insig-
nificant (Table 4). 

We conducted high-temperature experimental stu-
dies to verify if the results of thermodynamic modeling 
of the chromium and boron interphase distribution are 
adequate. The experiment showed that the Cr2O3 content 
in the slag at 1600 °C is 0.96 wt. %, which corresponds 
to the interphase distribution coefficient of 49.8·10–3. 
The interphase distribution of boron reaches 648 with 
a residual B2O3 content in the slag of 3.89 wt. %. In 
general, the experimental results are close to the ther-
modynamic modeling, the kinetic factors accounting for 
the difference between them.

 Conclusions

The thermodynamic modeling enabled us to obtain 
new data, based on which we constructed approximating 
mathematical models of the composition – property rela-
tion with graphical representation in the form of diagrams 
showing the equilibrium interphase distribution of chro-
mium and boron depending on the process temperature, 
B2O3 content and basicity of the studied oxide system. 
Based on the plotted diagrams, we conducted quantitative 
evaluation of the impact that the above-mentioned factors 
had on the equilibrium interphase distribution of chro-
mium and boron. 

It was found that the increase in the basicity of the oxide 
system from 1.0 to 2.5, other conditions being equal, favor-
ably affects the completeness of chromium reduction. At 
the same time, the increase in boron oxide concentration is 
accompanied by a slight decrease of the chromium reduc-
tion. The process temperature rise has no significant effect 
on the chromium reduction, but negatively affects the reduc-
tion of boron. It was determined that chromium is mostly 
reduced by aluminum with partial development of silico-
thermic reactions. The performed high-temperature experi-
ment confirmed the results of thermodynamic modeling. 
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Аннотация. В работе изучены процессы азотирования ферросиликохрома в режиме горения в условиях естественной фильтрации азота 

и представлены результаты исследования влияния основных параметров синтеза (давление газообразного азота, диаметр образцов 
и размер исходных частиц) на максимальную температуру и процесс горения исходной порошковой шихты. Горение ферросиликохрома 
протекает устойчиво в стационарном режиме с образованием макрооднородной азотированной композиции, которая по результатам 
рентгенофазового анализа содержит в своём составе две нитридные фазы – нитрид хрома и нитрид кремния. Взаимодействие исход-
ного порошка с газообразным азотом в режиме фильтрационного горения протекает по следующей вероятной химической реакции: 
3CrSi2 + 3Si + 3FeSi2 + 11,5N2 = 3CrN + 5Si3N4 + 3Fe. Увеличение диаметра исходных образцов незначительно влияет на количество погло-
щеного азота и приводит к замедлению продвижения фронта волны горения. При повышении давления газообразного реагента наблюдается 
увеличение количества поглощенного азота и скорости горения. Более тонкое измельчение исходного порошка позволяет увеличить коли-
чество поглощенного азота и скорость горения. Определено, что при уплотнении исходного образца реализовать реакцию горения невоз-
можно. Максимальная температура горения в зависимости от условий азотирования изменяется в пределах от 2400 до 2650 °С и повышается 
при увеличении давления газообразного азота, диаметра исходных образцов и дисперсности порошка ферросиликохрома. Реализовать азоти-
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Abstract. In this paper, the nitriding of chromium ferrosilicon is carried out in the combustion mode under the condition of natural nitrogen filtration. 

The authors studied the effect of the key parameters (pressure of gaseous nitrogen, diameter and dispersity of starting samples) on the maximum 
temperature and combustion of the starting powder mixture based on chromium ferrosilicon. The combustion synthesis of chromium ferrosilicon 
proceeds steadily in the stationary mode with formation of a macrohomogeneous nitrided composition which, according to the results of X-ray phase 
analysis, contains two nitride phases - chromium nitride and silicon nitride. Interaction of the initial powder with gaseous nitrogen in the filtra-
tion combustion mode proceeds by the following probable chemical reaction: 3CrSi2 + 3Si + 3FeSi2 + 11.5N2 = 3CrN + 5Si3N4 + 3Fe. Increasing 
the diameter of the starting samples slightly affects the amount of absorbed nitrogen and slows the propagation of the combustion wave front. 
An increase in the pressure of gaseous nitrogen increases the amount of absorbed nitrogen and the combustion rate. Increasing the dispersity of the 
starting powder increases the amount of absorbed nitrogen and the combustion rate. It was found that the combustion reaction is not possible with 
a dense initial sample. The maximum combustion temperature, depending on the nitriding conditions, varies between 2400 and 2650 °C and increases 
with increasing gaseous nitrogen pressure, diameter of the initial samples and dispersion of chromium ferrosilicon powder. It is possible to realise 
nitriding of chrome ferrosilicon in the combustion mode at the pressure of gaseous nitrogen not less than 3 MPa, diameter of initial samples not less 
than 3.5 cm and size of initial particles not more than 100 μm. Optimal parameters of nitriding are gaseous nitrogen pressure of 5 MPa, diameter 
of samples 5 cm, size of initial particles less than 100 μm and bulk density of samples (2.23 g/cm3). 

Keywords: self-propagating high-temperature synthesis, combustion synthesis, nitriding, nitrides, ferroalloy, powder metallurgy
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 Introduction

The method of self-propagating high-temperature syn-
thesis (SHS) is based on highly exothermic reactions that 
occur in the form of a combustion wave in a self-prop-
agating mode. The SHS method has undeniable advan-
tages: energy efficiency, short synthesis time, environ-
mental friendliness, and simplicity of equipment [1 – 3].

Currently, a large number of materials, particularly 
nitrides, have been obtained by the filtration SHS method 
in a nitrogen environment [4 – 6]. Several nitride materials 
possess unique physicochemical properties [7 – 9]. They can 
be used in the production of gas turbine components [10], 
heat-dissipating radiators [11], cutting tools [12; 13], pho-
tocatalysts [14], semiconductors [15], and so on.

The most promising application in the filtration SHS 
method is the use of accessible and relatively inexpensive 
ferroalloys. Using ferroalloys in SHS processes can pro-
duce nitride material at a relatively low cost without losing 
product quality [16; 17]. Iron, which is part of the ferroal-
loys, has a catalytic effect on the nitriding process of other 
elements included in the initial mixture [18]. Thus, iron 
increases the intensity and depth of nitriding of the initial 
material. There is a considerable amount of work dedi-
cated to the filtration combustion of simple ferroalloys. 
The patterns of nitriding of ferrosilicon [19 – 21], as well 
as the filtration combustion of ferrochrome and ferrovana-
dium [22], have been thoroughly studied. The study [23] 
investigated the combustion of industrial ferrotitanium 
in nitrogen. The monograph [24] described the nitriding 
of ferroboron and ferroniobium in a combustion mode.

However, the use of complex ferroalloys in filtration 
combustion processes is interesting and little studied. 
Complex ferroalloys are alloys of iron with two or more 
elements. At present, SHS combustion of ferro-silicoal-
uminium [25] and ferro-aluminum-silicon-zirconium [2] 
has been studied.

The aim of this work was to study the combustion 
processes of chromium ferrosilicon in a self-propaga-
ting mode under conditions of natural nitrogen filtration 
to obtain a nitride-containing composite material based 
on chromium nitride and silicon nitride.

 Materials and methods

Chromium ferrosilicon (CFS) was used as the starting 
material. X-ray phase analysis showed that this ferroalloy 

is multiphase and contains CrSi2 , Si, and FeSi2 (Fig. 1). 
According to the chemical analysis, the composition 
of CFS is as follows (wt. %): 49.4 Si, 29.7 Cr, 20.7 Fe, and 
the rest are oxides. For nitriding in the self-propagating 
mode, the initial CFS was ground in a ball mill and dried in 
a vacuum drying oven at a temperature of 150 °C for 3 h.

Nitriding of the initial CFS was carried out in a constant 
pressure setup with a volume of 3 liters. For the synthesis, 
the initial powder mixture was placed in a gas-permeable 
container mounted on a non-conductive stand. An igniting 
composition was poured over the initial charge. A coil was 
connected to the igniting composition to conduct an elect-
ric pulse from a transformer. After the electric pulse was 
applied, the combustion reaction of the igniting composition 
was initiated. Then, the heat released as a result of the com-
bustion of the igniting composition initiated the combus-
tion reaction of the initial CFS powder. After the combus-
tion wave front passed and complete cooling occurred, 
the un reacted nitrogen was vented, and the nitrided samples 
were removed for further physicochemical studies.

The phase composition was studied using a Shi-
madzu XRD-6000 diffractometer. The oxygen and nitro-
gen contents were determined using a LEKO-ONH 836 
instrument. The maximum combustion temperature was 
measured using the thermocouple method with tungsten-
rhenium thermocouples (WRe5-WRe20) on an LA20USB.

 Results and discussion

Combustion of chromium ferrosilicon proceeds in 
a stationary mode. The nitrided samples obtained based 

Fig. 1. X-ray diffraction pattern of chromium ferrosilicon

Рис. 1. Рентгеновская дифрактограмма ферросиликохрома

рование ферросиликохрома в режиме горения возможно при давлении газообразного азота не менее 3 МПа, диаметре исходных образцов не 
менее 3,5 см и размере исходных частиц не более 100 мкм. Оптимальными параметрами азотирования ферросиликохрома является давление 
газообразного азота 5 МПа, диаметр образцов 5 см, размер исходных частиц менее 100 мкм и насыпная плотность порошка 2,23 г/см3. 

Ключевые слова: самораспространяющийся высокотемпературный синтез, фильтрационное горение, азотирование, нитриды, ферросплав, 
порошковая металлургия
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on CFS are macrohomogeneous. An image of the nitrided 
CFS is shown in Fig. 2.

The probable chemical reactions of the interaction 
of the initial charge based on CFS with nitrogen are given 
below:

        3CrSi2 + 5.5N2 = 3CrN + 2Si3N4 ; (1)

       3Si + 2N2 = Si3N4 ; (2)

           3FeSi2 + 4N2 = 2Si3N4 + 3Fe. (3)

The overall chemical reaction equation is as follows:

3CrSi2 + 3Si + 3FeSi2 + 11.5N2 =

               = 3CrN + 5Si3N4 + 3Fe. (4)

Reaction (4) corresponds to the complete nitriding 
of the initial CFS (with a conversion degree of 1). Due 
to the rapid processes of SHS, the initial charge is in 
the reaction zone for a relatively short time and does not 
fully react with nitrogen. It is theoretically calculated that 
the maximum amount of absorbed nitrogen by chromium 
ferrosilicon is 28.99 %.

The nitrided CFS product is a multiphase material 
containing β-Si3N4 , α-Fe, CrN, Cr and CrSi2 . The pres-
ence of Cr and CrSi2 indicates the incomplete nitriding 
reaction of the initial powder (Fig. 3).

Parameters such as the pressure of the gaseous reac-
tant, sample diameter, particle size, and density of the ini-
tial material significantly influence the maximum temper-
ature, process, and feasibility of filtration combustion in 
a self-propagating mode.

Fig. 4 shows the dependence of the amount of absorbed 
nitrogen and the combustion rate on the diameter 
of the initial samples. The influence of the diameter was 
studied in the range of 35 to 65 mm. Combustion of CFS 
can be initiated with initial sample diameters of at least 
35 mm. Increasing the diameter slightly affects the amount 
of absorbed nitrogen and leads to a decrease in the com-
bustion rate from 0.11 to 0.021 mm/s. This slight change in 
the amount of absorbed nitrogen is due to the increased dif-
ficulty of nitrogen filtration reaching the reaction zone as 
the diameter increases. At the same time, due to the slow-
down in the combustion wave front, the residence time 
of the initial CFS particles in the reaction zone increases. 
The slowdown of the combustion wave front is related 
to the increased volume of the powder mixture, which 

Fig. 2. Sample of nitrided chromium ferrosilicon

Рис. 2. Образец азотированного ферросиликохрома

Fig. 3. X-ray diffraction pattern of nitrided chromium ferrosilicon

Рис. 3. Рентгеновская дифрактограмма азотированного 
ферросиликохрома

Fig. 4. Dependence of the content of absorbed nitrogen (1) 
and combustion rate (2) on diameter of the starting samples 

(3 – theoretically calculated maximum amount of absorbed nitrogen) 
at P = 5 MPa, D > 100 µm and ρ = 2.23 g/cm3

Рис. 4. Зависимость количества поглощенного азота (1) 
и скорости горения (2) от диаметра образцов (3 – теоретически 
рассчитанное максимальное количество поглощенного азота) 

при P = 5 МПа, D > 100 мкм и ρ = 2,23 г/см3
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requires a large amount of heat for heating. When changing 
the diameter, the maximum amount of absorbed nitrogen 
was about 22 %, which is 6.99 % less than the theoretically 
calculated amount of nitrogen absorption. As the diameter 
of the initial powder mixture increases, the maximum com-
bustion temperature of CFS changes from 2400 to 2650 °C.

In a laboratory setup with a volume of 3 liters, it is 
preferable to implement combustion of samples with 
a diameter of 50 mm.

Increasing the pressure accelerates the filtration 
of gaseous nitrogen and, accordingly, increases the con-
centration of the reagent gas in the chemical reaction 
zone. Combustion of CFS at a nitrogen pressure of less 
than 3 MPa could not be achieved. Increasing the pres-
sure of gaseous nitrogen leads to an increase in the amount 
of absorbed nitrogen from 18.3 to 22.8 % and the com-
bustion rate from 0.073 to 0.092 mm/s. In the nitrogen 
pressure range from 5 to 7 MPa, the change in the amount 
of absorbed nitrogen becomes less pronounced. Increas-
ing the nitrogen pressure above 7 MPa is not advisable 
because, at 5 MPa, the influence of pressure on the com-
bustion process becomes insignificant (Fig. 5). When 
implementing CFS combustion at a pressure of 7 MPa, 
the sample contains 6.29 % less nitrogen than the theore-
tically calculated value. As the pressure of gaseous nitro-
gen increases from 3 to 7 MPa, the maximum combustion 
temperature rises from 2350 to 2600 °С.

Combustion of CFS with particle sizes greater than 
100 µm and without fine fractions (less than 63 µm) could 
not be achieved. As the particle size of the initial mate-
rial decreases, the amount of absorbed nitrogen increases 
from 21.9 to 23.5 % and the combustion rate from 0.081 
to 0.140 mm/s. The increase in the dispersity of the initial 
material leads to an increase in the specific surface area 

capable of reacting (Fig. 6). The reduction in particle size 
of CFS results in an increase in the maximum tempera-
ture from 2400 to 2490 °С.

The increase in the density of the initial powder mix-
ture was achieved by pressing the initial powder into tab-
lets with a diameter and height of 40 mm in molds. Com-
bustion of the pressed powder, which retains the shape 
of the tablet (ρ = 2.52 g/cm3), could not be achieved. 
Therefore, only samples with a bulk density (2.23 g/cm3) 
were used.

 Conclusions

The combustion of chromium ferrosilicon proceeds 
in a stationary mode, resulting in homogeneous nitrided 
samples without melt droplets or cracks.

Increasing the diameter leads to a decrease in 
the combustion rate from 0.11 to 0.021 mm/s and slightly 
affects the amount of absorbed nitrogen. Increasing 
the nitrogen pressure results in an increase in the amount 
of absorbed nitrogen (18.3 – 22.8 %) and the combus-
tion rate (0.073 – 0.092 mm/s) of chromium ferrosilicon. 
Reducing the dispersity of the initial material allows 
for an increase in the amount of absorbed nitrogen from 
21.9 to 23.5 % and the combustion rate from 0.081 
to 0.140 mm/s. A slight increase in the density of the ini-
tial powder prevents achieving the combustion reaction 
of chromium ferrosilicon in a nitrogen environment.

The maximum combustion temperature increases with 
a rise in gaseous nitrogen pressure from 3 to 7 MPa (from 
2350 to 2600 °C), the diameter of the initial samples from 

Fig. 5. Dependence of the content of absorbed nitrogen (1) 
and combustion rate (2) on pressure of gaseous nitrogen 

(3 – theoretically calculated maximum amount of absorbed nitrogen) 
at d = 50 mm, ρ = 2.23 g/cm3 and D > 100 µm

Рис. 5. Зависимость количества поглощенного азота (1) 
и скорости горения (2) ферросиликохрома от давления 
газообразного азота (3 – теоретически рассчитанное 

максимальное количество поглощенного азота) 
при d = 50 мм, ρ = 2,23 г/см3 и D > 100 мкм

Fig. 6. Dependence of the content of absorbed nitrogen (1) 
and combustion rate (2) on dispersity of the starting powder 

(3 – theoretically calculated maximum amount of absorbed nitrogen) 
at d = 50 mm, P = 5 MPa and ρ = 2.23 g/cm3

Рис. 6. Зависимость количества поглощенного азота (1) 
и скорости горения (2) от дисперсности порошка 

ферросиликохрома (3 – теоретически рассчитанное 
максимальное количество поглощенного азота) 

при d = 50, P = 5 МПа и ρ = 2,23 г/см3
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35 to 65 mm (from 2400 to 2650 °C), and a decrease in 
the particle size of the initial charge from less than 100 
to less than 40 µm (from 2400 to 2490 °С).

Stable combustion in the self-propagating mode 
of chromium ferrosilicon powder samples is possible at 
a nitrogen pressure of at least 3 MPa, a sample diame-
ter of at least 3.5 cm, a particle size of less than 100 µm 
with the presence of fine fractions (less than 63 µm), and 
a sample density not exceeding 2.23 g/cm3. It is optimal 
to carry out nitriding of the initial chromium ferrosilicon 
under conditions of natural nitrogen filtration at a pres-
sure of 5 MPa, a sample diameter of 5 cm, a particle size 
of the initial material less than 100 µm, and a bulk sample 
density of 2.23 g/cm3.

The product of chromium ferrosilicon nitriding con-
tains β-Si3N4 , CrN, α-Fe, Cr and CrSi2 . The presence 
Cr and CrSi2 indicates the incomplete nitriding reaction 
of the initial chromium ferrosilicon. The nitrogen satura-
tion is 21.9 %, which is 7.09 % less than the theoretically 
calculated maximum amount of absorbed nitrogen.
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Аннотация. В современном промышленном и гражданском строительстве в больших объемах используется различный металлопрокат, 

наибольшую долю в котором занимают арматурные профили, производимые на мелкосортных станах. Постоянно растущая потребность 
в арматурном прокате требует повышения объемов производства. Наиболее перспективна в этом плане технология прокатки – разде-
ления, которая при относительно небольших материальных затратах позволяет на действующих прокатных станах существенно повы-
сить объем производства арматурных профилей при снижении энергозатрат. Однако, несмотря на очевидные преимущества техно-
логии прокатки – разделения с использованием неприводных делительных устройств, большие затруднения вызывает правильное 
определение рациональных режимов ведения процесса с учетом особенностей производства и компоновки оборудования, что связано 
с недостаточной теоретической изученностью. Одной из основных проблем является определение допустимого расстояния в системе 
прокатная клеть – неприводное делительное устройство. Проведенные исследования позволили предложить зависимость для определения 
максимально допустимого расстояния в системе прокатная клеть – неприводное делительное устройство из соображений продольной 
устойчивости полосы с учетом размера и формы поперечного сечения разделяемого сочлененного профиля, характера защемления, 
напряжения подпора. Экспериментально установлено, что при определении допустимого расстояния между прокатной клетью и непри-
водным делительным устройством коэффициент приведения длины целесообразно принимать равным 0,7. 

Ключевые слова: арматурные профили, прокатка – разделение, условие устойчивости, допустимое расстояние, коэффициент приведения 
длины
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Abstract. In modern industrial and civil construction, various rolled metal products are used in greater volumes. The largest share of them is occupied 

by rebar profiles produced at small-grade mills. The ever-growing demand for rebar rolling requires an increase in production volumes. The most 
promising technology in this regard is rolling – separation, which, with relatively low material costs, allows operating rolling mills to significantly 
increase the production volume of rebar profiles while reducing energy consumption. However, despite the obvious advantages of rolling – separation 
technology using non-drive dividing devices, it is very difficult to correctly determine the rational modes of conducting the process taking into account 
the peculiarities of production and equipment layout, which is due to insufficient theoretical knowledge. One of the main problems is determination 
of the permissible distance in the rolling cage – non-drive dividing device system. The conducted studies allowed us to propose a dependence for 
determining the maximum permissible distance in the rolling cage – non-drive dividing device system for reasons of longitudinal stability of the 
strip, taking into account the size and shape of cross-section of the split articulated profile, the nature of pinching, and the backstretch stress. It was 
experimentally established that when determining the permissible distance between rolling cage and non-drive dividing device, it is advisable to take 
the length reduction coefficient equal to 0.7. 

Keywords: reinforcing profiles, rolling – separation, stability condition, permissible distance, length reduction coefficient
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Modern realities are characterized by the active 
growth in industrial and civil construction. Advanced 
construction technologies increasingly rely on the use 
of prefabricated structures made of reinforced concrete 
and metal products [1 – 3]. The constantly rising demand 
for construction metal products necessitates solutions 
that offer a short payback period, low costs for produc-
tion re-equipment, and a significant increase in produc-
tivity. The rolling – separation technology meets all 
these requirements [4; 5]. Currently, the rolling – separa-
tion technology is developing in two directions, distin-
guished by where the longitudinal dividing occurs: either 
within the rolls of the rolling mill, which simultaneously 
forms and divides the articulated profile, or in a sepa-
rate stand-alone non-driven dividing device. On most 
modern rolling mills, the second method is preferred, as 
separating the operations of forming the articulated pro-
file and subsequent longitudinal separation in a separate 
stand-alone non-driven device significantly simplifies 
equipment setup [6 – 9]. However, this arrangement can 
lead to a potential loss of natural longitudinal stability if 
the distance between the rolling mill and the non-driven 
dividing device is chosen incorrectly. Currently, this 
issue is addressed through trial and error, which results 
in increased defective products and unforeseen downtime 
of the primary rolling equipment. 

The use of 3D simulation methods does not allow for 
the assessment of the permissible distance that ensures 
natural longitudinal stability [10]. To evaluate the risk 
of losing longitudinal stability of the strip and to deter-
mine the critical distance between the rolling mill and 
the non-driven dividing device, a dependency obtained 
using the well-known Euler’s formula [11] is proposed: 

where lmax is the maximum permissible distance between 
the rolling mill, which forms the articulated profile, and 
the non-driven dividing device, ensuring longitudinal sta-
bility; Е is the modulus of elasticity of the first kind, MPa; 
k is the coefficient of length reduction; imin is the minimum 
radius of the section inertia; σ2 is the support stress neces-
sary for longitudinal division by the non-driven dividing 
device; σs is the resistance to deformation of the material 
being divided.

As can be seen from the presented dependency, 
the magnitude of the maximum permissible distance 
depends on the support stress necessary for longitudi-
nal separation, the shape, and the area of the cross-sec-

tion of the articulated profile, which are characterized 
by the minimum radius of inertia, the modulus of elasti city 
of the first kind, and the coefficient of length reduction. 
Among the factors considered, the coefficient of length 
reduction has a significant impact, varying from 0.5 to 2.0 
depending on the nature of the clamping [11]. 

To determine the coefficient of length reduction dur-
ing the implementation of the rolling – separation pro-
cess, labo ratory experiments were conducted. These 
experiments compared the critical force corresponding 
to the moment of loss of stability, obtained both theo-
retically using Euler’s equation and experimentally. 
The experimental and theoretical data obtained with coef-
ficients of length reduction of 0.5 and 0.7 are shown in 
the figure. 

According to the obtained data, when determining 
the natural longitudinal stability of the strip in the rolling 
mill – non-driven dividing device system, a coefficient 
of length reduction equal to 0.7 is required to achieve 
values closer to the experimental data. With a coeffi-
cient of length reduction of 0.7, the calculated data are 
10 – 15 % less than the experimental data. In practical 
use, this provides a margin of safety when determining 
the permissible distance in the rolling mill–non-driven 
dividing device system.

 Conclusions

A dependency has been derived that enables the esti-
mation of the maximum permissible distance between 
the rolling mill stand and the non-driven dividing device, 

Dependence of critical force on the distance between the source 
of deformation and the place of pinching:

1 – experimental results; 2 and 3 – calculated values according  
to the Euler formula with a length reduction coefficient of 0.5 and 0.7

Зависимость критической силы от расстояния между 
очагом деформации и местом защемления:

1 – экспериментальные результаты; 2  и 3 – расчетные значения 
по формуле Эйлера при коэффициенте приведения длины 0,5 и 0,7
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ensuring the longitudinal stability of the strip during 
the implementation of the rolling–separation technology. 
Experimentally, it has been established that the length 
conversion coefficient for the rolling–separation technol-
ogy using a non-driven dividing device should reasonably 
be taken as 0.7. 

 References / Список литературы

1. You Y.-J., Park Y.-H., Kim H.-Y., Park J.-S. Hybrid effect 
on tensile properties of FRP rods with various material com-
positions. Composite Structures. 2007;80(1):117–122.

 https://doi.org/10.1016/j.compstruct.2006.04.065
2. Liu J., Wang F., Zhou H., Wang E., Cao P. Study on shear 

strength of glass fiber-reinforced polymer (GFRP) rebar 
concrete piles with circular cross-sections. China Civil Engi-
neering Journal. 2016;(9):103–109.

3. Yazdanbakhsh A., Bank L.C., Chen C. Use of recycled FRP 
reinforcing bar in concrete as coarse aggregate and its impact 
on the mechanical properties of concrete. Construction and 
Building Materials. 2016;121(6):278–284.

 https://doi.org/10.1016/j.conbuildmat.2016.05.165
4. Danchenko V., Dyja H., Lesik L., Mashkin L., Milenin A. 

Technologia i modelowanie procesów walcowania w wyk-
rojach. In: Politechnika Częstochowska, Prace Dydaktyczne 
Wydziału Inżynierii Procesowej, Materiałowej i Fizyki Stoso-
wanej, Seria: Metalurgia. 2002;(28):326-328:417–418.

5. Michałowski M., Turczyn S., Nowakowski A. Analiza 
płynięcia metalu w wykrojach rozcinających stosowanych 

do walcowania prętów żebrowanych. Hutnik – Wiadomości 
Hutnicze. 2002;69(8-9):342–345.

6. Efimov O.Yu., Chinokalov V.Ya., Fastykovskii A.R., Kopy-
lov I.V. Use of rolling–separation technology at mill 250-1. 
Stal’. 2008;(4):78–80. 

 Ефимов О.Ю., Чинокалов В.Я., Фастыковский А.Р., 
Копылов И.В. Использование технологии прокатки – 
разделения на стане 250-1. Сталь. 2008;(4):78–80. 

7. Fastykovskii A.R. On the issue of longitudinal strip sepa-
ration by non-drive devices in the rolling mill flow. Proiz-
vodstvo prokata. 2009;(3):4–9. 

 Фастыковский А.Р. К вопросу продольного разделения 
полосы неприводными устройствами в потоке прокат-
ного стана. Производство проката. 2009;(3):4–9. 

8. Matsuo G., Suzuki M. The latest technology of multi – slit 
rolling. SEAISI Quaterly. 1995(3):49–58.

9. Slednev V.P. Paired Rolling of Section Profiles. Moscow: 
Metallurgiya; 1988;167. 

 Следнев В.П. Спаренная прокатка сортовых профилей. 
Москва: Металлургия; 1988;167. 

10. Wisselink H.H., Huetink J. 3D FEM simulation of station-
ary metal forming processes with applications to slitting 
and rolling. Journal of Materials Processing Technology. 
2004;148(3):328–341.

 https://doi.org/10.1016/j.jmatprotec.2004.02.036
11. Astanin V.G. Resistance of Materials. Moscow: Yurait;  

2023;438. 
 Атанин В.Г. Сопротивление материалов. Москва: Изд-во 

Юрайт; 2023;438.

Андрей Ростиславович Фастыковский, д.т.н., профессор кафед­
 ры «Обработка металлов давлением и материаловедения. ЕВРАЗ 
ЗСМК», Сибирский государственный индустриальный университет
ORCID: 0000-0001-9259-9038
E-mail:  omd@sibsiu.ru 

Владимир Анатольевич Вахроломеев, аспирант кафедры «Обра-
ботка металлов давлением и материаловедения. ЕВРАЗ ЗСМК», 
Сибирский государственный индустриальный универ ситет
E-mail:  wladimir170581@mail.ru 

Александр Григорьевич Никитин, д.т.н., профессор кафедры 
механики и машиностроения, Сибирский государственный ин -
дуст риальный университет
ORCID: 0000-0001-9198-6386
E-mail:  nikitin1601@yandex.ru 

Andrei R. Fastykovskii, Dr. Sci. (Eng.), Prof. of the Chair “Metal Forming 
and Metal Science. OJSC “EVRAZ ZSMK”, Siberian State Industrial Uni-
versity
ORCID: 0000-0001-9259-9038
E-mail:  omd@sibsiu.ru 

Vladimir A. Vakhrolomeev, Postgraduate of the Chair “Metal Forming 
and Metal Science. OJSC “EVRAZ ZSMK”, Siberian State Industrial Uni-
versity
E-mail:  wladimir170581@mail.ru 

Aleksandr G. Nikitin, Dr. Sci. (Tech.), Professor of the Chair of Mechanics 
and Machine Engineering, Siberian State Industrial University
ORCID: 0000-0001-9198-6386
E-mail:  nikitin1601@yandex.ru 

Information about the Authors Сведения об авторах

А. Р. Фастыковский – формирование основной концепции, фор-
мулирование выводов, научное руководство.
В. А. Вахроломеев – выполнение экспериментальной части 
работы, написание текста.
А. Г. Никитин – доработка текста, корректировка выводов, обсуж-
дение экспериментальной части.

A. R. Fastykovskii – formation of the basic concept, formulation of con-
clusions, scientific guidance.
V. A. Vakhrolomeev – performing the experiments, writing the text.

A. G. Nikitin – revision of the text, correction of conclusions, discussion 
of the experiments.

Contribution of the Authors Вклад авторов

Received 27.12.2023
Revised 15.01.2024

Accepted 16.01.2024

Поступила в редакцию 27.12.2023
После доработки 15.01.2024

Принята к публикации 16.01.2024

https://doi.org/10.1016/j.compstruct.2006.04.065
https://doi.org/10.1016/j.conbuildmat.2016.05.165
https://doi.org/10.1016/j.jmatprotec.2004.02.036
https://orcid.org/0000-0001-9259-9038
mailto:omd@sibsiu.ru
mailto:wladimir170581@mail.ru
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0001-9198-6386&authorId=57193392647&origin=AuthorProfile&orcId=0000-0001-9198-6386&category=orcidLink
mailto:nikitin1601@yandex.ru
https://orcid.org/0000-0001-9259-9038
mailto:omd@sibsiu.ru
mailto:wladimir170581@mail.ru
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0001-9198-6386&authorId=57193392647&origin=AuthorProfile&orcId=0000-0001-9198-6386&category=orcidLink
mailto:nikitin1601@yandex.ru


Izvestiya. Ferrous Metallurgy. 2024;67(3):369–376.
Vargin A.V., Levitskii I.A. Mathematical modeling of slab heating in a furnace with walking beams due to their curvature

369

  UDC 621.78.013
   DOI 10.17073/0368-0797-2024-3-369-376

  mr.vargin@yandex.ru
Аннотация. Нагрев слябов перед горячей прокаткой необходим для придания металлу требуемых пластических свойств. Наиболее эффек-

тивны для этого печи с шагающими балками, обеспечивающие подачу теплоты со всех сторон сляба. Однако области нижних поверхнос тей 
слябов, контактирующие с водоохлаждаемыми балками, экранированы от излучения нижних зон обогрева печи и отдают теплоту балкам. 
Ранее авторами была разработана и программно реализована математическая модель нагрева сляба в печи с шагающими балками, осно-
ванная на численном решении методом конечных разностей трехмерной задачи теплопроводности с кусочно-определенными гранич-
ными условиями на нижней поверхности сляба. В этой модели для открытых областей нижней поверхности сляба задавались граничные 
условия, аналогичные условиям на верхней поверхности, а для областей контакта с балками – эффективные граничные условия, учиты-
вающие продолжительность этого контакта. В данной работе модель нагрева сляба модифицирована, она позволяет учитывать кривизну 
балок и пересчитывать конфигурацию областей с различными граничными условиями на нижней поверхности сляба для каждого поло-
жения его вдоль печи. Вариантными расчетами при различных значениях интенсивности теплоотвода от нижних поверхностей сляба 
к балкам получено, что искривление одиночной балки может существенно изменить характеристику соответствующего «холодного» пятна, 
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Abstract. Slab heating before hot rolling process is necessary for obtaining required metal ductility. The most effective for this purpose are furnaces 

with walking beams that provide heat supply to all sides of the slab. However, the places of slabs lower surfaces, contacting with water-cooled 
beams, are shielded from the radiation of the furnace lower heating zones and give the heat to the beams. Previously, the authors developed and 
programmatically implemented a mathematical model of slab heating in a furnace with walking beams, based on the numerical solution by finite 
difference method of the three-dimensional heat conduction problem with piecewise defined boundary conditions on the slab bottom surface. In this 
model, for the open zones of the slab bottom surface, boundary conditions were similar to those on the top surface, and for the zones of contact with 
the beams were set effective boundary conditions assuming duration of this contact. In this paper, the model was modified to take into account the 
curvature of the beams and to recalculate the configuration of zones with different boundary conditions on the slab bottom surface for each posi-
tion of the slab along the furnace. By variant calculations at different values of heat transfer intensity from the slab bottom surfaces to the beams 
it was determined that curvature of a single beam can significantly change the characteristic of the corresponding “cold” spot, but it practically 
does not affect the general characteristic of the slab heating non-uniformity. If all fixed beams are subjected to curvature, the final temperature 
difference across the slab is significantly reduced due to an increase in its minimum temperature. It was found that the influence of beam curvature 
on the temperature field at the end of heating process is higher the more intensive the heat transfer to the beams is. 
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 Introduction

The furnaces with walking beams, which provide 
a comprehensive heat supply to the slab surfaces, are 
considered to be the most advanced units used for heating 
slabs before rolling in the hot-rolled sheet production [1]. 
Usually such a scheme of heat supply is called four-sided 
because (as confirmed by experience and calculations) 
heat supply to the end surfaces of slabs affects the tem-
perature field of nothing but small sections of slabs adja-
cent to these surfaces, and the length of slabs in sheet 
rolling is many times greater than their other dimensions. 
However, although these furnaces have a lower heating 
zone, the conditions of heat supply to the upper and lower 
surfaces of the heated slabs are different. The slab trans-
portation system includes fixed and movable beams, par-
tially shielding the zones of the slab lower surface that 
are in contact with them from the combustion products 
of the lower heating zones, and also partially transfer-
ring heat to the elements of the beam cooling system in 
the places of contact. 

As a result, “cold spots” emerge on the lower sur-
face of slabs, the effect of which reaches out to the slabs 
upper surface, not only their inner horizontal sections. 
One of the ways to reduce the described inhomogene-
ity of the temperature field is to give some curvature 
to the fixed beams of the transportation system. However, 
no comprehensive quantity-related studies of this effect 
have been conducted.

Expensive modern equipment is required to explore 
the above-mentioned factors by experiment [2], which 
is not easy in industrial conditions. Therefore, an inves-
tigational study is usually conducted at the first stage 
of the research (to obtain primary information about 
the target of research) and at its last stage (to verify 
the recommendations made). The main part of the inves-
tigation is usually conducted by mathematical modeling 
of the processes occurring in the furnace working space. 
Different models of metal heating in the reheating fur-
naces [3] can be classified into statistical [4; 5], analyti-
cal [6] and numerical ones [7 – 10]. In rare cases, inverse 
heat conduction problems are addressed, along with direct 
ones [6; 11]. Optimization problems are also solved using 
mathematical models of furnace processes [11 – 15] 
that take advantage of modern CFD simulation soft-
ware [16; 17]. 

The authors of [18] propose a two-dimensional model 
of slab heating in a pusher type furnace, the distinguish-
ing feature of which is the joint solution of the heat con-
duction problem for the slab to be heated and for the sec-
tion of the support tube (water-cooled skid). However, in 
this model, the tube is directed along the slab, so (given 
that the model is two-dimensional) the length of the “cold 
spot” can only be traced in the direction of the slab width. 

The authors of [19] propose a three-dimensional 
model of slab heating in a furnace with time-varying 
boundary conditions simulating slab passage through dif-
ferent process zones of a pusher-type furnace. The pecu-
liarity of this model is the possibility to set piecewise 
defined boundary conditions on the slab bottom surface, 
these conditions being different for the areas of this sur-
face contact with beams and open areas of the slab bot-
tom surface. 

The purpose of this work is to further develop 
the mathematical model of slab heating in a furnace with 
walking beams (taking into account the impact of these 
beams on the heating process), considering the influence 
of the possible curvature of the transportation system 
beams on the slab temperature, and the use of this model 
for numerical experiments.

 Research methods

The developed model is a three-dimensional trasient 
heat conduction problem in the Cartesian coordinate sys-
tem for a parallelepiped-shaped computational domain 
without internal heat sources, with temperature-depen-
dent thermophysical characteristics and asymmetric 
time-varying boundary conditions of the third kind [19]. 

This differential problem has no analytical solution; 
therefore, it has to be solved numerically, using the finite 
difference method (balance method) [7; 19; 20]. 

This method involves the introduction of discrete 
time tk = kΔt (k = 1, 2, ...) with a constant step Δt and 
discrete coordinates: xi = iΔx (i = 0, 1, 2, ..., nx ); yj = jΔy 
(j = 0, 1, 2, ..., ny ); zl = lΔz (l = 0, 1, 2, ..., nz ), which for 
this simple geometry also change with constant steps Δx, 
Δy and Δz. The values nx , ny and nz are called the num-
ber of workpiece divisions along each of the coordinate 
directions.

As the computational grid is introduced, the entire 
calculation domain is divided into elementary volumes, 

но оно практически не влияет на общую характеристику неравномерности нагрева сляба. Однако если искривлению подвергнуть все 
неподвижные балки, то существенно сокращается итоговый перепад по слябу вследствие увеличения его минимальной температуры. Уста-
новлено, что влияние кривизны балок на температурное поле в конце нагрева тем больше, чем интенсивнее теплоотвод к балкам. 
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the number of which is equal to (nx + 1)(ny + 1)(nz + 1). 
Each of these volumes contains one node of the spatial 
grid determined by three indexes (i, j, l). At each time 
step, the elementary heat balance equations are recorded 
for each elementary volume, forming a quasi-linear sys-
tem of equations with respect to the nodal temperature 
values at the end of the time step. The general solution 
methods are inadvisable in this case (due to the spar-
sity structure of the coefficient matrix), therefore itera-
tive methods are more effective [19; 20], as they enable 
to discard huge auxiliary matrices. 

We chose boundary conditions of the third kind in 
the model due to their stabilizing influence on the con-
vergence of the iterative algorithm used for solving 
the three-dimensional heat conduction problem. 

In accordance with these boundary conditions, the rela-
tionship between the heat flux density qw on the boundary 
surface (e.g., on the slab top surface) and its temperature 
Tw is described by the Newton-Richman formula:

          qw = α(T0 – Tw ), (1)

where T0 is the temperature of the heating medium, K; 
α is the heat transfer coefficient, W/(m2·K).

The thermal influence of the transportation system 
beams on the thermal conditions on the slab bottom sur-
face is taken into account by dividing the slab bottom sur-
face into rectangular areas and setting different boundary 
conditions for these areas. These rectangular areas can be 
of three types with respect to the problem under consid-
eration: 

– always open parts of the surface; 
– parts of the surface in contact with fixed beams; 
– parts of the surface in contact with movable beams 

(when the slab is lifted or moved). 
For always open areas of the lower surface, the bound-

ary conditions are similar to those on the slab upper sur-
face (1), the only difference is that the values of the hea-
ting medium temperature and heat transfer coefficient 
may not be the same. For the remaining areas, this condi-
tion is true only when there is no contact with the beams. 
However, during the periods of contact with the beams, 
an expression like (1) can also be formally used for 
the corresponding areas. In this case, the temperature 
of the steam-water mixture circulating in the beam cool-
ing system should be used as the medium temperature, and 
some conditional coefficient of heat transfer k, W/(m2·K), 
from the corresponding area of the slab bottom surface 
to this cooling medium, should be used as the heat trans-
fer coefficient. The value of this coefficient depends on 
the design of the transportation system, and it is an exter-
nal (set) parameter in this model [7; 19].

The slab transportation cycle consists of separate 
stages (slab lifting, forward movement, slab lowering, 
movable beams return operations). When their dura-
tion is known (as well as the time for slab removal from 
the furnace, the time for putting slabs along the furnace 
and the transportation system valve rod travel), one can 
set the boundary conditions for each zone of the slab bot-
tom surface at any given time. However, this approach 
requires calculation with a time step of no more than 1 s, 
which can significantly increase the duration of the cal-
culation procedure. In the present work, as in [19], a more 
time-saving approach is applied, according to which, for 
each contact zone, weighted average boundary conditions 
of the type (1) are set, with the effective heat transfer 
coefficient and the effective temperature of the medium. 
At the same time, the contribution to the effective values 
of the individual periods characteristics is proportional 
to their duration. 

In [19], the division of the slab bottom surface into areas 
of different types does not change during the slab heating 
process, which corresponds to straight beams. A special 
feature of the present work is that the curvature of beams 
can be set by representing their centerline as a sinusoid 
for which the amplitude (mm) and period (m) are set. 
When the amplitude value is set to zero, the beams are 
considered straight. When the amplitude (curvature) is 
set different from zero, the slab longitudinal coordinate 
relative to the furnace entrance section is calculated at 
each time step, and then the deviation of the boundaries 
of intersection with the slab relative to the initial value 
is calculated for each beam (movable and fixed). This 
modified slab-beam contact zone is still considered rect-
angular (due to the relatively small curvature and width 
of the beam), but its boundaries along the slab are shifted, 
and the algorithm proposed in this paper adjusts these 
boundaries at each computational time step. 

The created mathematical model is implemented in 
the visual development environment Builder C++ ver-
sion 6.0. Fig. 1 shows the start window of the calcula-
tion program, in which the curvature characteristics in 
the form of sinusoid amplitude and its period (default 
values shown in Fig. 1 correspond to straight beams) can 
be set for all beams (in addition to their position, width, 
coefficient of heat transfer to the cooling medium and 
temperature of this medium).

In the “Mode” tab (in Fig. 1 it is closed), the values 
of the heating medium temperature and heat transfer 
coefficients on each slab face by heating stages are set 
for the corresponding technological zones. As mentioned 
above, these values for all slab faces are used directly, 
and at the bottom face, they are applied unchanged 
to the open zones only, while for the beam contact zones, 
these values are used to calculate the effective heat trans-
fer coefficients and the effective medium temperature. 
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 Research results

Fig. 2 shows the temperature variation along the lon-
gitudinal axis of the slab bottom surface, with dimen-
sions 250×500×6000 mm, heated in a furnace equipped 
with four fixed (axes are indicated by a green line) and 
two movable (axes are indicated by a blue line) beams. 
The results are obtained for three values of intensity 
of heat transfer to the beams: 

– k = 0 W/(m2·K), corresponds to the case when 
the shielding effect of beams only is taken into account; 

– k = 100 W/(m2·K), approximately corresponds 
to the actual rider designs;

– k = 50 W/(m2·K), corresponds to intermediate va  lu es. 
For the next series of calculations, the curvature of one 

of the fixed beams was modeled according to Fig. 3. 
The curvature was described by a sinusoid with an ampli-
tude of 200 mm and a period of 5 m (the curvature param-
eters corresponded to the maximum practically feasible 
values). Fig. 4 shows the results of slab heating simula-
tion under these conditions.

In the case of zero heat transfer intensity (Fig. 4, а), 
the influence of beam curvature is practically imper-
ceptible. However, as the intensity of heat transfer 
to the beams increases, the temperature profile becomes 
noticeably asymmetrical (Fig. 4, b compared to Fig. 2, b 
and Fig. 4, c compared to Fig. 2, c).

At the same time, the overall heating characteristics 
will remain essentially the same as for heating straight 

Fig. 1. Input data for modeling

Рис. 1. Исходные данные для моделирования

Fig. 2. Temperature change along longitudinal axis of the slab 
lower surface at different intensity of heat transfer to the beams: 
а – k = 0 W/(m2·K); b – k = 50 W/(m2·K); c – k = 100 W/(m2·K) 

Рис. 2. Изменение температуры вдоль продольной оси 
нижней поверхности сляба при различной интенсивности 

теплоотвода к балкам: 
а – k = 0 Вт/(м2·К); b – k = 50 Вт/(м2·К); c – k = 100 Вт/(м2·К)
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beams (see the Table). In the Table, the “minimum” and 
“maximum” columns contain the minimum and maxi-
mum temperature values throughout the slab at the end 
of the heating cycle, the “difference” column presents 
the difference between them, and the “average” column 
indicates the slab bulk temperature at the end of the heat-
ing cycle. 

Fig. 5 shows the temperature profile along the longi-
tudinal axis of the slab bottom surface for the case when 
all fixed beams are curved. 

 Discussion of the research results

The results obtained revealed that for fixed beams 
the “spot” of impact is deeper (i.е. “cooler”) than for 
mo vable beams. This is because at given values of the slab 
width, removal period and transportation mechanism 

Extreme values of the final slab temperature for different variants

 Экстремальные значения конечной температуры сляба для различных вариантов

Variant description k, W/(m2·K)
Temperature index, °С

minimum average maximum difference
Straight beams 0 1278.1 1286.0 1292.0 14.3
Straight beams 50 1183.0 1278.8 1291.5 108.5
Straight beams 100 1107.3 1273.3 1291.0 184.0

One beam is curved 0 1277.7 1286.0 1292.0 14.3
One beam is curved 50 1183.0 1278.9 1291.5 108.5
One beam is curved 100 1107.3 1273.3 1291.3 184.0
All the fixed beams  

are curved 100 1152.6 1273.5 1291.2 138.6

Fig. 4. Temperature change along longitudinal axis of the slab 
lower surface at different intensity of heat transfer to the beams 

when one beam is curved: 
а – k = 0 W/(m2·K); b – k = 50 W/(m2·K); c – k = 100 W/(m2·K) 

Рис. 4. Изменение температуры вдоль продольной оси 
нижней поверхности сляба при различной интенсивности 
теплоотвода к балкам при искривлении одной из балок: 

а – k = 0 Вт/(м2·К); b – k = 50 Вт/(м2·К); c – k = 100 Вт/(м2·К)

Fig. 3. Layout of the slab in relation to the furnace beams when 
one fixed beam is curved:

 – fixed beams;  – movable beams;  – slab

Рис. 3. Схема расположения сляба относительно балок печи 
при искривлении одной неподвижной балки: 

 – неподвижные балки;  – подвижные балки;  – сляб
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parameters, the contact time of slab bottom surface areas 
with fixed beams is longer than with movable beams.

Fig. 2 shows that when heat is transferred from 
the slabs to the beams, the lower surface temperature is 
much more inhomogeneous than when this surface is just 
shielded from the radiation of the lower heating zones 
combustion products. The curvature of a single beam can 
significantly change the characteristic of the correspond-
ing “cold” spot, and this effect enhances as the heat trans-
fer to the beams increases (Fig. 4, b, c). However, it has 
little or no effect on the general characteristic of the slab 
heating non-uniformity (see the Table), as when the beam 
curves, the slab surface contact area does not change, but 
only takes more time. However, if all fixed beams are 
subjected to curvature, the final difference across the slab 
is significantly reduced due to an increase in its mini-
mum temperature, which leads to enhanced homogeneity 
of the slab temperature field. 

 Conclusions

The mathematical model of slab heating in a furnace 
with walking beams, earlier developed and programmati-
cally implemented by the authors, that took into account 
the impact of these beams on the slab bottom surface, was 
modified by adding the possibility of considering the cur-
vature of the beams. 

We simulated heating of a 250×500×6000 mm slab 
for a furnace equipped with four fixed and two mo vable 
beams under standard mode with different intensity of heat 
transfer to the beams (the beams being straight or curved). 

It is found that the intensity of heat transfer to the beams 
significantly affects both the level of the slab temperature 
field and its homogeneity. 

The variant calculations showed that the curva-
ture of only one beam changes the local characteristics 
of the corresponding “cold” spot, practically not affecting 
the minimum, maximum and bulk values of the slab tem-
perature, while the curvature of all beams (of at least one 
type) increases the minimum slab temperature and homo-
geneity of the slab temperature field as a whole. More-
over, the more intensive the heat transfer to the beams is, 
the higher the impact of the beam curvature on the tem-
perature field at the end of heating (in particular, on its 
homogeneity).
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