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 Introduction

From the very beginning of  the Great Patriotic War, 
the  country’s metallurgical industry was tasked with 
a strategic objective: to ensure the rapid launch of armored 
steel production. The development and transition to mass 
production of  armored steel in 1941 at the  Kuznetsk 
Metallurgical Plant (KMK) in the city of Stalinsk (now 
Novokuznetsk) was of  great significance for strengthe­
ning the country’s defense capability during the difficult 
initial defensive stage of  the  war. played a crucial role 
in strengthening the nation’s defense capabilities during 
the  initial and most challenging phase of  the  war. Due 
to  the  urgency and complexity of  mastering new tech-
nologies and restructuring the  plant’s infrastructure, 
many specific features and nuances of  this transforma-
tion were not thoroughly documented and were subse-
quently lost to  historical memory. Soviet-era scholarly 
literature addressed certain aspects of this transition but 
often reflected ideological, institutional, or other biases. 
In  the  post-Soviet period, this topic received limited 
attention; available accounts either reproduced estab-
lished narratives or remained superficial. 

As the 80th anniversary of Victory in the Great Patrio­
tic War approaches, the  need to  reassess and recog-
nize KMK’s contribution to  the  labor feat of  the Soviet 
people becomes increasingly evident. The time has come 
to address several historical blind spots.

 Studying the issue

The 1930s in the USSR were marked by a major shift 
in national policy. The Soviet leadership identified fas-
cist Germany and militarist Japan as the primary threats 
to  peace and security. In response, a course was set 

to  strengthen the  country’s defense-industrial base. As 
part of  the  accelerated industrialization program, dozens 
of  large industrial enterprises were established to provide 
the economic foundation for the anticipated confrontation 
with potential aggressors. Leadership of the newly emerging 
Soviet industry was centralized in the People’s Commis-
sariat of Heavy Industry, headed by G.K. Ordzhonikidze. 
At the  Kuznetsk Metallurgical Plant, among the  metal-
lurgists of  Stalinsk, the  People’s Commissar of  Heavy 
Industry enjoyed exceptional respect. This was evidenced 
by the fact that, in 1933, the Siberian Metallurgical Insti-
tute (SMI) was named after Sergo Ordzhonikidze (then 
known as SICHM – Siberian Institute of Ferrous Metals), 
at the initiative of local workers.

Despite the  significant achievements in the develop-
ment of  ferrous metallurgy during the  prewar decade, 
they remained insufficient: the rapidly expanding domes-
tic industry demanded ever-growing volumes of  metal. 
While ferrous metals were mainly used for the  produc-
tion of  civilian goods, defense manufacturing was con-
centrated at designated enterprises. The pace of industrial 
growth necessitated the creation of specialized commis-
sariats. From 1939 onward, KMK fell under the jurisdic-
tion of the People’s Commissariat of Ferrous Metallurgy 
of the USSR. This commissariat was responsible for pro-
ducing civilian products but was also tasked with switch-
ing to defense production in the event of war.

Between April 1932 and January 1941, KMK expe-
rienced rapid development  – from the  launch of  its 
first blast furnace to  the  commissioning of  the fifteenth 
300-ton open-hearth furnace. The rate of equipment com-
missioning was remarkable: 

• 1932: Blast furnaces No. 1 and 2, open-hearth fur-
naces No. 1, 2, and 3, and the blooming mill were com-
missioned; 

Legendary T-34 tank (active, taking part in the Victory Day celebrations) at the plant administration square

Легендарный танк Т-34 (действующий, принимает участие на праздновании Дня победы) на площади заводоуправления
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• 1933: Open-hearth furnaces No. 4, 5, 6, and 7; 
• 1934: Blast furnaces No. 3 and 4, and open-hearth 

furnaces No. 6, 8, and 9; 
• 1935: Open-hearth furnaces No. 11 and 12, and 

a sheet-rolling mill; 
• 1936: Open-hearth furnace No. 13 and rolling mill 

“500”; 
• 1937: Rolling mill “900”; 
• 1940: Open-hearth furnace No. 14; 
• 1941: Open-hearth furnace No. 15.
The final two open-hearth furnaces were designed for 

300-ton charges. The plant had to  overcome the  chal-
lenges of  a “growth crisis” in steel production  – prob-
lems that were, to a large extent, successfully resolved. 
By mid-1941, the  KMK had achieved stable operation 
and was consistently exceeding production targets across 
the full metallurgical cycle.

In 1941, KMK began considering the  possibility 
of  transitioning to  defense production. This is confirmed 
by  the  fact that on the very day of  the  fascist Germany’s 
attack, the plant’s engineering and technical personnel con-
vened to discuss the organization of defense production [1]. 

Under the  conditions of  the  Great Patriotic War, 
the entire industry – particularly ferrous metallurgy – had 

to respond swiftly to wartime demands. This required not 
only increasing output volumes but also a radical restruc-
turing of production. There was an urgent need to boost 
the  output of  high-alloy steels required for armored 
vehicles and other military applications. It is important 
to  note that, at the  time, most alloyed steel production 
was concentrated in the  southern and central regions 
of the country – territories that were soon either occupied 
or under serious threat due to the enemy’s rapid advance. 
This created enormous challenges for the  metallurgical 
industry, as many of  its leading enterprises were either 
destroyed or severely damaged by air raids.

In the  year preceding the  war, alloy steel accounted 
for only 2.2 % of KMK’s total rolled metal output. Howe­
ver, beginning on June 22, the range of steel grades pro-
duced at the  plant began to  shift  [2]. KMK reached its 
maximum pig iron output, and both open-hearth and roll-
ing mill crews met their performance targets. Already 
in July  1941, open-hearth furnace No. 11 delivered its 
first batch of armored steel. rapid and effective transition 
of the national economy to a wartime footing was made 
possible by the  mobilization-based economic model 
established during the  first Five-Year Plans. This sys-
tem demanded results from all levels of  the  production 
chain  – from government officials and plant managers 
to engineers and workers. The socioeconomic and politi-
cal structures shaped during the 1930s laid the foundation 

From an open-hearth furnace

Из мартеновской печи
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for Soviet society and gave rise to a new type of Soviet 
engineer-specialist: a skilled technician who was also 
a member of the working class.

On June 22, 1941, KMK director R.V. Belan was in 
Moscow. He had been on vacation and was planning 
a  trip to  Sochi. Upon learning of  Germany’s invasion 
of  the  USSR, he immediately traveled that same Sun-
day to  meet with the  People’s Commissar of  Ferrous 
Metallurgy, I.F. Tevosyan. At that point, it appears that 
the issue of organizing defense steel production at KMK 
had not yet been discussed with the plant’s leadership. 

The following day, reports of the rapid advance of Ger-
man forces into Soviet territory prompted the Commis-
sar to make a strategic decision: to involve the industrial 
capacities of  the  eastern regions  – the  Urals and Sibe-
ria  – in defense production. Upon reviewing KMK’s 
operational capabilities, it became clear that the existing 
equipment was not suited for producing armored steel. 
The plant would either need new open-hearth furnaces or 
significant upgrades to  the  current ones. Equally press-
ing was the question of whether the plant could handle 
the rolling of armor plate. Late in the evening of June 23, 
Tevosyan called chief engineer L.  Vaisberg in Stalinsk 
and posed a key question: did KMK have the  technical 
capacity to roll armor plate? Vaisberg requested a few 
hours to provide a definitive answer and, that same night, 
urgently organized a rolling test [3]. 

Chief engineer L. Vaisberg, blooming mill head 
V.D.  Smirnov, along with the  senior operator and roller, 
carried out a trial run: the ingots were first passed through 
the blooming mill and then through the sheet-rolling mill. 
Within a few hours, the  team successfully rolled a steel 
ingot into a maximum-width plate. The test revealed 
that rolling armored steel  – due to  its greater mass and 
increased strength – would require technical modifications 
to the equipment. Specifically, it was necessary to reinforce 
the  lifting tables for heavier blooms, implement autoge-
nous cutting, and introduce other improvements. With this 
knowledge, a definitive answer was ready. Five hours after 
the last call from Moscow, Vaisberg contacted the People’s 
Commissariat of  Ferrous Metallurgy with the  positive 
result. At that moment, Tevosyan attending a meeting with 
the head of state and the Defense Committee, I.V. Stalin. 
In his absence, Deputy commissar P.I. Korobov received 
the update and was satisfied with the result. 

As a consequence, the People’s Commissariat of Fer-
rous Metallurgy issued an order for KMK to begin pro-
ducing armored steel for tanks. At that time, however, 
KMK had neither the necessary technology nor the proper 
equipment. Previously, armored steel had only been pro-
duced at specialized defense facilities using small-capac-
ity open-hearth furnaces with acid linings. The  large 
open-hearth furnaces at KMK were not technically 
suitable for smelting alloyed steel grades, and the  roll-

ing mills lacked the capacity for processing armor plate. 
Commissariat decided to transfer heat treatment furnaces 
from the Izhora Plant to Stalinsk, and a dedicated work-
shop section had to be built to house them.

The People’s Commissar of  Ferrous Metallurgy 
instructed the  implementation of  large-scale changes 
to  the  steel production process, particularly involving 
the open-hearth furnaces. The top priority was to recon-
struct and convert the  furnaces to  basic linings, which 
would improve both the  quality and mechanical pro­
perties of  the  steel. This required major technological 
revisions, including reducing the  volume of  the  metal 
charge. A fundamentally new smelting technology for 
armored steel had been developed at the Izhora Plant in 
June 1941, but there was no time for extensive testing. 
Complicating matters further, both the  relevant classi-
fied documents and experienced personnel had already 
been redirected to the Magnitogorsk Metallurgical Plant. 
On June 26, 1941, an official order was issued instructing 
KMK to begin producing tank armor by August 1 of that 
year  [4]. This urgent decision was a direct response 
to  the  intensifying war and the critical need to  increase 
production of high-quality armored metal for tank manu-
facturing. 

In June 1941, a group of engineers from the Izhora Plant – 
including M.N. Popov, A.F. Yakimovich, D.Ya. Badyagin, 
I.A. Frumkin, P.A. Romanov, and Ya.I. Mashchuk – collab-
orated with specialists from the Central Research Institute 
of Structural Materials (TsNII-48, the “Armor Institute”), 
such as A.S. Zav’yalov, S.I. Sakhin, E.E. Levin, and 
A.Ya. Vergazov, to develop a new technology for smelting 
armored steel in basic-lined open-hearth furnaces. As pre-
viously mentioned, armored steel had traditionally been 
produced in acid-lined furnaces at specialized defense 
facilities. The new process was first tested at the  Izhora 
Plant on Furnace No. 8 – the largest of its kind there – which 
allowed engineers to replicate, to some extent, the opera­
ting conditions of the high-capacity furnaces used at KMK. 
This innovative technology was formalized into a  set 
of  technical guidelines just as enemy forces approached 
the outskirts of Leningrad [5]. Due to its novelty and com-
plexity, the technology could not be adopted immediately 
on a wide scale. However, as the blockade of Leningrad 
tightened, a crucial decision was made. On September 8, 
1941, with the city under full siege, engineer I.A. Frumkin 
transported the technical documentation out of Leningrad 
via a special air mission. The availability of these instruc-
tions, developed at  the  Izhora Plant, enabled Soviet fer-
rous metallurgy facilities to promptly initiate large-scale 
production of tank armor in the early stages of the Great 
Patriotic War.

A special “armor bureau” was established, composed 
not only of  metallurgical scientists from TsNII-48 but 
also of  KMK plant personnel. This bureau developed 
a  fundamentally new technology for smelting armored 
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steel in large-capacity open-hearth fur-
naces with basic lining. On July 23, 1941, 
the  first heat of  armored steel using this 
new method was successfully carried out 
at the  Magnitogorsk Metallurgical Plant. 
As a result, between September  1941 
and January 1942, the output of armored 
steel increased almost one hundredfold. 
Following Magnitogorsk, the  production 
of alloyed and armored steels using simi-
lar technologies  – adapted with the  sup-
port of TsNII-48 experts – was launched at 
both the Nizhny Tagil Metallurgical Plant 
and KMK [6].

On June 27, 1941, open-hearth furnace 
No. 11 in KMK’s second open-hearth 
shop was shut down for scheduled repairs. 
The design department promptly finalized 
and submitted the full technical documen-
tation for the furnace’s reconstruction and 
modernization. Repair crews  – compris-
ing refractory specialists, boilermakers, 
and assemblers – worked around the clock 
to meet the urgent deadlines. First, the out-
dated equipment was dismantled; then 
the installation of new components began. 
These upgrades were intended to  boost 
the  furnace’s efficiency and enhance its 
production performance. The entire plant 
was gripped by a sense of shared respon-
sibility, as every worker understood 
the  strategic importance of  their efforts. 
On July 4, the furnace was fired up again. 
Its successful adaptation to the new smelt-
ing technology was essential for maintain-
ing the operational capacity of  the entire 
shop. This achievement became not only 
a technical milestone but also a symbol 
of hope – marking a decisive step toward 
large-scale production of  armored steel 
and, ultimately, toward victory.

Simultaneously with the  furnace re­
construction, work was underway to  es­
tablish a heat treatment section within 
the  sheet-rolling mill. On the  eve 
of the Great Patriotic War had no furnaces 
for the  heat treatment of  rolled metal  – 
creating a major obstacle to  fulfilling its 
new production tasks, particularly in light 
of the decision to launch armor plate pro-
duction. Recognizing the strategic signifi-
cance of  the  project, the  People’s Com-
missariat of  Ferrous Metallurgy ordered 
the  dismantling of  six heat treatment 
furnaces at the  Izhora Plant in Kolpino, 

Rolling mill. KMK. 1930s

Прокатный стан. КМК. 1930-е годы
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near Leningrad. These furnaces were to be shipped over 
3,000 kilometers to  KMK. On the  same day the  order 
was received, dismantling began at the  Izhora Plant, 
while construction work commenced simultaneously 
at KMK. The deadlines set by the  Commissariat were 
extremely strict: the heat treatment furnaces were to be 
fully operational by September 1,  1941. It was decided 
to  install them in the  fourth span of  the blanking shop, 
which was still under construction  – requiring addi-
tional effort from builders and designers. Foundations for 
the  first two furnace blocks were laid in the  completed 
portion of the span, while the rest of the space had to be 
expanded  – necessitating design changes and a signifi-
cantly faster pace of construction.

On July 3, 1941, KMK director R.M. Belan and 
N.G.  Kratenko, head of  the  Stalinskpromstroi trust, 
signed an order establishing a strict project schedule. 
It defined the deadlines for issuing design documentation, 
which were subject to tight oversight. The final set of con-
struction drawings had to be delivered to the site no later 
than 8:00 p.m. on July 7. The urgency of  the  task crea­
ted a highly charged atmosphere at the construction site. 
Chief Mechanic I.S. Lyulenkov committed to delivering 
all required equipment by 10:00 a.m. on July 16. To sup-
port uninterrupted work, temporary lighting had to  be 
installed at the  site by 10:00 p.m. on the  day the  order 
was issued, and the  power supply was to  be connected 
by 8:00 p.m. on July 4. 

Work continued around the  clock. Both workers 
and engineers invested enormous effort and displayed 
remarkable enthusiasm throughout the construction pro-
cess. Among those involved were renowned assemb­
lers from Kuznetskstroi: V.E.  Kashkarov, I.A.  Dubo-
vik, M.M.  Kalyuzhnyi, S.V. Yudakov, N.I.  Osipov, and 
G.I.  Podoroga. Their professionalism and experience 
played a crucial role in the  project’s successful execu-
tion. Engineers G.F. Rybochkin and S.Ya. Selyukov also 
deserve recognition for their technical supervision and 
quality control during the entire construction phase. 

Furnace masonry foreman I.A. Klenov, actively coor-
dinated work crews and closely monitored adherence 
to the construction timeline. Daily on-site meetings were 
held to  review progress, address emerging issues, and 
propose practical solutions. The workers clearly under-
stood the importance of their task: the successful comple-
tion of the heat treatment section would not only enable 
the  plant to  meet its production targets but also make 
a vital contribution to the country’s defense capabilities. 
With each passing day, the construction pace accelerated. 
Despite growing fatigue, the  construction teams main-
tained high morale and unwavering commitment. 

In the third ten-day period of July, smelting operations 
resumed in open-hearth furnace No. 11. Initially, standard 
heats of the plant’s existing steel grades were produced. 

Soon thereafter, armored steel was added to the produc-
tion schedule [7]. Smelting armored steel in an acid-
lined open-hearth furnace requires a specific approach. 
One of  the key conditions was the use of  exceptionally 
clean charge materials with reduced phosphorus and sul-
fur content. Unfortunately, the pig iron produced at KMK 
contained elevated levels of these impurities, rendering it 
unsuitable for smelting in acid-lined furnaces. To address 
this, the duplex process – a two-stage smelting method – 
was employed. In the first stage, a semi-finished melt was 
produced in a basic-lined furnace and refined to remove 
sulfur and phosphorus. This was followed by a transfer 
of  the  molten metal into an acid-lined furnace for final 
refining. However, the  process necessitated a reduction 
in charge volume in the  main 185-ton furnace, which 
led to  decreased production capacity and significantly 
increased the workload on plant personnel.

Highly qualified foremen A.N. Tomilin, A.A. Akridin, 
and V.A. Matyushkin were assigned to open-hearth furnace 
No. 11, while steelmakers D.V. Merzlyakov, F.A. Ryabov, 
and D.P. Sinenko were appointed to conduct the melting 
operations. As noted in the records, “the primary role in 
the technical oversight and organization of armored steel 
production belonged to chief engineer L.E. Vaisberg” [8]. 
At the time, KMK steelmakers had no previous experience 
working with acid-lined open-hearth furnaces. During 
the initial heats, they received expert guidance from spe-
cialists dispatched from the Izhora Plant. This knowledge 
transfer played a critical role in preparing and adapting 
the  local workforce to  the  new process requirements. 
The learning curve proved to  be relatively short. The 
first heats were carried out by A.N. Tomilin, in collabora-
tion with G.V. Gurskii, head of Open-Hearth Shop No. 2, 
a widely respected expert in the field. Gurskii, known for 
his technical competence and strong theoretical founda-
tion, took a creative and systematic approach to  solving 
emerging process challenges. His experience, combined 
with the  determination of  shift foreman A.N.  Tomilin, 
led to rapid progress. By the third ten-day period of July, 
the first successful heats of armored steel had been com-
pleted – a major achievement for the plant. 

The process of  mastering armor plate production 
presented a serious challenge for KMK’s rolling mill 
operators. On June  26, 1941, the  plant issued an  inter-
nal order outlining the  urgent measures required 
to  prepare the  blooming mill and the  sheet-rolling 
mill  – both of  which would be adapted for armor plate 
production – for their new roles. This involved modify-
ing the equipment to meet the technical demands of roll-
ing heavy, high-strength steel, and called for intense 
effort across the plant’s workforce. By the time the first 
heats of armored steel were ready, a team of specialists 
had already begun developing new roll pass designs for 
the breakdown stand – an essential step toward launch-
ing full-scale production. Under the  leadership of  chief 



Известия вузов. Черная металлургия. 2025;68(2):114–123.
Тресвятский Л.А., Протопопов Е.В. и др. Кузнецкая броня: первые рубежи победы

120

electrician V.G.  Prokoshin, chief mechanic I.S.  Lyulen-
kov, and plate mill head S.I.  Pavlovskii, a moderniza-
tion plan was prepared within just one month. The plan 
called for reinforcing several key mechanical and electri-
cal components of the rolling equipment. Its implementa-
tion demanded not only deep technical expertise but also 
close coordination between departments.

In parallel, the  plant’s technical department, work-
ing with alongside specialists from the Central Research 
Institute of  Structural Materials (TsNII-48), who had 
arrived to  assist with the  transition, began developing 
technical guidelines for armor plate rolling. A key advan-
tage at this stage was the prior experience accumulated at 
the Izhora Plant, which served as a practical foundation 
for creating process standards [9]. 

Close collaboration with faculty members from 
the  Siberian Metallurgical Institute (SMI) also made it 
possible to incorporate advanced approaches and modern 
methods in organizing the  production of  this new type 
of  defense product  – armor plate  – significantly impro­
ving the prospects for success [10]. Major contributions 
to  the  development of  armor steel production techno­
logy were made by professor Yu.V. Grdina and Associate 
Professors I.S. Nazarov and E.Ya. Zarvin. SMI research-
ers and instructors  – N.N.  Shubina, D.L.  Polyakova, 
and A.A. Govorov – worked almost continuously under 
real production conditions to  optimize the  parameters 
of  the heat treatment process for armor plate. Associate 
professors E.Kh. Shamovskii and N.I. Kunitsyn designed 
a highly efficient gas torch specifically for cutting thick 
slabs of armor steel.

Finally, the long-anticipated moment arrived: the first 
ingot of  armored steel was placed onto the  blooming 
mill’s roller table. This ingot differed significantly from 
standard ones  – both in mass and dimensions  – creat-
ing additional challenges during rolling. It required 25 
to  28  passes to  achieve the  desired reduction, and by 
the end of  the process, the slab had cooled significantly, 
complicating further handling. It was no longer possible 
to cut the slab with standard shears, so a crane was used 
to transfer it to the plate rolling mill’s storage area, where 
it was cut with an oxy-fuel torch. Unfortunately, the heat-
ing and rolling temperature modes developed at the Izhora 
Plant proved incompatible with KMK’s equipment. As a 
result, the  steel from this first heat exhibited surface 
defects that required immediate correction. The mill scale 
had to  be removed manually using pneumatic chisels  – 
a time-consuming and labor-intensive process. Surface 
defects were smoothed using handheld electric grinders, 
which also demanded significant time and physical effort. 
In this way, the  introduction of  armor plate production 
became a true test for the  entire KMK workforce. Ulti-
mately, the transition to this new production line not only 
expanded the  workers’ knowledge and skills, but also 
marked a turning point in the broader evolution of Soviet 

steelmaking. The successful implementation of new pro-
cessing methods for armored steel paved the way for con-
tinued innovation and industrial advancement. 

Thanks to  the  extraordinary efforts of  the  workforce 
and the  full mobilization of  available resources, KMK 
surpassed the  government’s August production tar-
get for armored steel  – achieving an impressive 190 % 
of  the  planned volume. This accomplishment marked 
the  plant’s first major wartime success and became 
a source of pride and inspiration not only for KMK emp­
loyees but for the entire city of Stalinsk. The achievements 
of the Kuznetsk steelmakers were of national significance – 
especially considering that, by autumn 1941, over 48 % 
of rolling mills across the Soviet Union had been rendered 
inoperable due to bombing and destruction. Despite mate-
rial shortages and mounting fatigue, KMK’s metallurgists 
continued to  optimize production processes and increase 
output to meet the urgent needs of the war effort. 

On August 16, 1941, the Central Committee of the All-
Union Communist Party (Bolsheviks) and the  Council 
of  People’s Commissars of  the  USSR approved a mili-
tary-economic plan for industry covering the fourth quar-
ter of 1941 and the entirety of 1942 [11]. The plan aimed 
to  mobilize key industrial regions  – such as the  Volga 
region, the Urals, Western Siberia, Kazakhstan, and Cent­
ral Asia – for defense production. One of  its top priori-
ties was to expand the output of specialty metals critical 
to the war effort, particularly in response to the growing 
intensity of military operations. At that point, the nation-
wide demand for high-quality armored steel had reached 
an unprecedented level. However, the available technolo-
gies could not ensure the  required production volumes. 
The widespread use of the duplex process – based on melt-
ing in separate furnaces  – remained common at  many 
facilities, but it entailed significant production losses 
and became increasingly inefficient under the  pressure 
of wartime requirements. As a result of the reconstruction 
of open-hearth furnace No. 11, the average heat mass had 
to be reduced by about 65 tons – a critical limitation dur-
ing wartime. Furthermore, the charge for this furnace was 
prepared separately in a unit with a basic hearth, which fur-
ther compromised both the quality and quantity of the steel 
produced. Daily losses from operating a single acid-lined 
furnace reached approximately 450 – 460 tons of metal – 
an unacceptable figure, particularly under government 
pressure to meet armored steel production targets. Meeting 
those targets would have required converting several more 
furnaces to acid lining, which would have drastically lowe­
red the plant’s overall steelmaking capacity – an undesi­
rable outcome in wartime. This situation created an urgent 
need to optimize production processes and reduce losses 
wherever possible. 

One of the key solutions was to use the plant’s high-
capacity 185-ton open-hearth furnaces with basic lining 
for the production of armored steel. This strategy offered 
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the potential to significantly increase output while mini-
mizing material losses. In addition to increasing the mass 
of each heat, there was also a strong focus on improving 
product quality. Another critical goal was the  introduc-
tion of  a fundamentally new rolling technology that 
could enhance both productivity and the quality of fini­
shed armor plate. As a result, the steelmaking and rolling 
shops became the central fronts in the broader industrial 
campaign to  supply urgently needed armored steel for 
tanks and military vehicles. 

At KMK, alongside the  conventional production 
of  armored steel in acid-lined furnaces, experimental 
trials were launched to develop new melting techniques 
using basic-lined open-hearth furnaces. Unlike acid 
linings, basic linings provided more stable smelting con-
ditions and enabled more effective removal of  harmful 
impurities, resulting in higher-quality steel. A key ele-
ment of  this transition was the  study of  prior develop-
ments at the Izhora Plant, where metallurgists had already 
achieved success in this area. Their experience had been 
adopted at the  Magnitogorsk Metallurgical Plant and 
served to  significantly accelerate KMK’s shift toward 
large-scale production of alloyed steels. 

The first experimental heats of  armored steel in 
the  newly retrofitted furnace were entrusted to  master 
steelmaker P.D. Nikitin, an experienced specialist in new 
steel grades. However, the  task before him was excep-

tionally demanding. Producing armored steel required 
not only technical knowledge and skill but also effec-
tive desulfurization and dephosphorization pig iron. 
It was necessary to  completely drain the  slag and form 
a new slag layer during the melting process, which com-
plicated operations and extended the  overall smelting 
time. By  September 1941, both of  KMK’s open-hearth 
shops had begun mass production of armored steel using 
185-ton basic-lined furnaces. This milestone was made 
possible by successful trials and the  operational expe-
rience accumulated in previous months. By that time, 
newly developed technologies had significantly improved 
both the quality and output of the steel. 

The Office of the Chief Steelmaker became the center 
for developing and implementing these new technolo-
gies and making critical production decisions. The team 
shared a deep sense of urgency and responsibility. Engi-
neers and workers not only handled everyday challenges 
but also actively sought ways to  optimize technologi-
cal processes. Thanks to  their combined efforts, KMK 
achieved major advances in armored steel production. 
Under wartime conditions, these results were nothing 
short of heroic – attained through unity and the growing 
expertise of the workforce.

Beginning in October 1941, KMK achieved a major 
breakthrough in both armored steel and plate produc-
tion, marking a significant milestone in the plant’s war-

Conquering metal

Покорение металла
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time history. In the third quarter, the plant fulfilled 112 % 
of its armor plate production plan – a testament to orga-
nizational effectiveness and operational discipline. In 
the fourth quarter, despite a nearly fivefold increase in tar-
gets, the plant exceeded the plan by reaching 125 % [7]. 

As production volumes increased, rolling mill specia­
lists actively explored new ways to enhance process effi-
ciency. Leading engineers played a central role in deve­
loping and implementing improved rolling technologies. 
Chief engineer L.E. Vaisberg, whose technical know­
ledge and experience were widely recognized, became 
a driving force behind these efforts. Significant contribu-
tions were also made by plate mill head S.I. Pavlovskii 
and blooming mill head V.D.  Smirnov, both of  whom 
played key roles in streamlining operations and achieving 
high-performance outcomes. Senior foreman of the plate 
rolling shop M.I. Korchemnyi, deputy head of the Tech-
nical Department G.V.  Sharov, blooming mill operators 
P.A. Zavarykin and M.I. Merkulov, and plate mill rollers 
P.A. Novokreshchin and I.P. Maksimov ll demonstrated 
exceptional dedication – an essential factor in the plant’s 
overall success. Within a remarkably short time, a funda-
mentally new armor plate rolling technology was deve­
loped. It featured advanced processing techniques and 
improved quality control measures. Specialists identified 
optimal heat treatment temperature regimes, significantly 
improving the strength and durability of the final product. 
As a result of  these innovations, productivity at both 
the  blooming and plate rolling mills increased several-
fold, while surface defects were reduced to a minimum. 

 Conclusions

The Kuznetsk Metallurgical Plant (KMK) played a cri­
tical role in supplying armored steel to the Soviet Union 
during the Great Patriotic War. The scale of the challenges 
faced by KMK was unprecedented. It was not simply 
a matter of  increasing output  – it required a complete 
restructuring of  production to  manufacture high-quality 
armored steel that met the extreme demands of wartime. 
This effort entailed solving a wide range of technical and 
organizational problems, many of which had previously 
seemed insurmountable. The launch of armored steel pro-
duction at KMK in the second half of 1941 represented 
a major industrial breakthrough and demanded extraor-
dinary dedication from the  residents of  Stalinsk. Wor­
kers often remained at the plant around the clock, fully 
committed to  the  production effort. The rapid technical 
re-equipment of  the  plant posed a particular challenge. 
New production technologies for armored steel had to be 
developed and implemented within an extremely short 
timeframe, including improvements under severe time 
constraints. This included improvements in the mechani-
cal properties of the steel – such as hardness and strength – 
as well as new processes for smelting, rolling, and heat 

treating armor plate. The successful transition to  mass 
production of  armored steel at KMK in Stalinsk (now 
Novokuznetsk) in 1941 became a strategically important 
contribution to  the  defense capabilities of  the  country 
during the critical initial phase of the war.
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Аннотация. Эксплуатационная стойкость железнодорожных рельсов определяется в основном сопротивлением возникновению дефектов 

контактной усталости и износостойкостью, и зависит, помимо характеристик воздействия колес подвижного состава, от химического 
состава, структуры и механических свойств рельсовой стали. В настоящее время пути повышения эксплуатационных свойств тради-
ционных перлитных рельсов за счет увеличения дисперсности микроструктуры практически исчерпаны. Одним из решений для повы-
шения срока службы рельсов может стать переход на производство их из сталей бейнитного класса, отличающихся более высокими меха-
ническими свойствами, стойкостью к образованию поверхностных контактно-усталостных дефектов и повышенной хладостойкостью. 
Проведенные в начале 2000-х годов за рубежом эксплуатационные испытания показали, что рельсы из бейнитной стали действительно 
обладают повышенной по сравнению с рельсами из стали перлитного класса сопротивляемостью к зарождению контактно-усталостных 
дефектов, однако подвержены более интенсивному износу. Был сделан вывод, что стойкость бейнитных рельсов к повреждениям головки 
поверхностными контактно-усталостными дефектами является следствием удаления поврежденного слоя поверхности катания в резуль-
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Abstract. The operational resistance of railway rails is mainly determined by the resistance to contact fatigue defects and wear resistance, and, in addi-

tion to the impact characteristics of rolling stock wheels, depends on the chemical composition, structure and mechanical properties of rail steel. 
Currently, the ways to improve the operational properties of traditional pearlitic rails by increasing the microstructure dispersion are almost exhausted. 
One of the solutions to increase the service life of rails may be the transition to their production from bainitic steels, characterized by higher mecha­
nical properties, resistance to the formation of surface contact and fatigue defects and increased cold resistance. Operational tests conducted abroad 
in the early 2000s showed that rails made of bainitic steel do indeed have increased resistance to formation of contact fatigue defects compared to rails 
made of pearlitic steel, but they are subject to more intensive wear. It was concluded that the resistance of bainitic rails to head damage by surface 
contact and fatigue defects is a consequence of the removal of the damaged rolling surface layer as a result of wear. In 2004 – 2006, JSC EVRAZ 
United West Siberian Metallurgical Plant conducted research and produced an experimental batch of bainitic rails, which showed the promise of 
using such steel and the possibility of simultaneously providing increased wear resistance and low-temperature reliability. However, at that time, the 
plant did not have the full capabilities to ensure the high metallurgical quality of steel: the identified shortcomings are related to the insufficient purity 
of the metal for non-metallic inclusions. As part of the resumption of work on the development of bainitic rails, two experimental medium-carbon 
steels B1 and B2, differing in alloying schemes, were smelted, rolled onto rails of type P65 and cooled in calm air. The presented results of mechanical 
tests showed the positive effect of increased chromium and nickel alloying on mechanical properties and structure. 
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 Introduction

As is well known [1 – 3], the  service life of  railway 
rails is influenced by numerous technological and opera-
tional factors. Among the latter, the most critical – judg-
ing by the  number of  rails removed due to  defects or 
severe damage – are the resistance of rail steel to contact 
fatigue defects and its wear resistance. These proper-
ties, in turn, depend largely on technological parameters 
such as chemical composition, microstructure, mechani-
cal properties, the  level of  non-metallic inclusions, and 
the magnitude and distribution of residual stresses. 

Traditionally [4], rail steels have a high carbon content 
(0.6 – 0.8 wt. %) and a pearlitic microstructure. Improve-
ments in the wear resistance of pearlitic steels have been 
achieved by optimizing both chemical composition and 
heat treatment parameters, which allow for a reduction 
in the  interlamellar spacing of  cementite plates within 
pearlite colonies. This refinement enhances the strength, 
ductility, and hardness of the steel. 

In modern pearlitic rail steels, the  interlamellar spa­
cing has reached its theoretical lower limit [5], estimated 
at 0.06 – 0.07 μm. Therefore, further improvements in 
the  performance of  pearlitic rails appear to  be nearly 
exhausted. A promising alternative is the  production 
of rails from bainitic steels, which feature a finer micro-
structure and, as a result, offer superior mechanical pro­
perties and increased resistance to contact fatigue defect 
(CFD) formation.

In the late 1990s and early 2000s, with support from 
railways in Western Europe and the United States, several 
experimental bainitic steel grades suitable for manufac-
turing heat-treated rails were developed by metallurgical 
institutes and industrial enterprises [6 – 10]. 

Initial field trials of hot-rolled rails made from B360 
bainitic steel, conducted near Frick Station in Switzer-
land in 1999, confirmed that this material offers signifi-
cantly improved resistance to  the  initiation and growth 
of contact fatigue defects [8]. 

However, some bainitic rail grades have shown 
more intensive wear compared to  the widely used heat-

treated pearlitic rails. According to  studies conducted 
by the Materials and Processing Research Center (NKK 
Corporation, Japan), the wear resistance of pearlitic steels 
is primarily determined by their hardness and microstruc-
tural characteristics. It has been concluded in  [10; 11] 
that the high resistance of bainitic rails to contact fatigue 
damage is due to the gradual removal of the surface layer 
affected by rolling contact – a phenomenon referred to as 
the so-called “magic grinding effect”. 

These findings suggest that bainitic rails require fur-
ther investigation before they can be considered a reliable 
alternative to heat-treated pearlitic rails [7].

 Materials and research results

Studies conducted at EVRAZ United West Siberian 
Metallurgical Plant (EVRAZ ZSMK) between 2004 
and 2006 demonstrated that a lower bainite microstruc-
ture  – typically used in critical structural applications 
requiring high strength – can be obtained in rails made 
from medium-carbon steel alloyed with chromium, 
molybdenum, nickel, and vanadium [12; 13]. Test results 
for experimental rails after rolling, normalizing, and 
tempering confirmed the  potential of  using such steel 
to  simultaneously achieve enhanced wear resistance 
and improved low-temperature reliability. Field testing 
of  an experimental batch of  bainitic rails produced in 
2005 by the EVRAZ Novokuznetsk Metallurgical Plant 
using E30KhG2SAFM steel showed promising results, 
provided that further improvements in steel purity – spe-
cifically with respect to non-metallic inclusions – could 
be achieved. At the time, however, the plant did not yet 
have the  full technical capabilities to  ensure consis-
tently high metallurgical quality and precision rolling 
using modern equipment. In light of  increasingly strin-
gent performance requirements for rails operating under 
the  extremely harsh conditions of  the  Eastern Railway 
Network – characterized by prolonged exposure to very 
low temperatures – it has become necessary to develop 
a new bainitic steel composition and define a suitable pro-
duction route, taking into account the current capabilities 
of the modernized rail manufacturing facilities.

тате износа. В 2004 – 2006 гг. на АО «ЕВРАЗ Объединенный Западно-Сибирский металлургический комбинат» проведены исследования 
и выпуск опытной партии бейнитных рельсов, которые показали перспективность применения такой стали и возможность обеспечения 
одновременно повышенной износостойкости и низкотемпературной надежности. Однако в тот период комбинат не располагал в полной 
мере возможностями обеспечения высокого металлургического качества стали: выявленные недостатки связаны с недостаточной 
чистотой металла по неметаллическим включениям. В рамках возобновления работ по освоению рельсов бейнитного класса проведена 
выплавка, прокатка рельсов типа Р65 и охлаждение на спокойном воздухе двух опытных среднеуглеродистых сталей Б1 и Б2, отличаю­
щихся схемами легирования. Представленные результаты механических испытаний показали положительное влияние повышенного 
легирования хромом и никелем на механические свойства и структуру. 

Ключевые слова: прокатка рельсов, бейнитная сталь, отпуск, микроструктура, ударная вязкость, стойкость к образованию контактно-уста-
лостных дефектов, сканирующая электронная микроскопия
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In 2022, EVRAZ ZSMK resumed the  develop-
ment of  bainitic rail steel production technology aimed 
at meeting modern operational demands. Two pilot heats 
with improved chemical compositions were produced. 
Rolling was carried out in the rail and beam shop using 
the plant’s standard process flow, with the use of a tandem 
universal mill and a separate finishing stand. Complete 
cooling of  the experimental rolled products was carried 
out in bundles on a cooling bed, in still air, without forced 
convection.

Two medium-carbon steels, provisionally designated 
B1 and B2, were tested. Steel B1 featured a higher con-
tent of  molybdenum and silicon, while steel B2 was 
characterized by increased levels of chromium and nickel 
(Table 1). For comparison, the  chemical composition 
of  the  E30KhG2SAFM bainitic steel grade produced 
in 2004 is also provided [13].

The chemical compositions of the experimental grades 
differ considerably in their silicon, chromium, nickel, and 
molybdenum content. Compared to  E30KhG2SAFM, 
steel B1 has a higher silicon content and slightly elevated 
levels of chromium and molybdenum. 

To determine the  mechanical properties of  the  rails, 
tensile tests were carried out using cylindrical specimens 
with a diameter of 6 mm and a gauge length of 30 mm 
(Type  III, GOST  1497–84). Impact bending tests were 
performed at +20 °C and –60 °C using U-notch speci-
mens (Type I, GOST 9454–78), in accordance with GOST 
standards for impact strength. Hardness was measured 
both on the running surface and across the cross-section 
of the rail head.

The results of  the  mechanical tests (Table 2) show 
that, compared to  rails made from B1 steel, rails made 
from B2 steel exhibit higher strength properties: yield 
strength is 20 % higher, and ultimate tensile strength is 
9.2 % higher. However, B2 steel has a 27 % lower elon-
gation at fracture, while the values of area reduction are 
similar for both steels. 

At +20 °C, the  impact strength values of  the  two 
steels are fairly close. However, at –60 °C, the B2 steel 
demonstrates a significantly higher impact strength  – 
48 % higher than that of B1 steel. These results indicate 
a positive effect of nickel on impact strength at sub-zero 
temperatures.

Compared to rails made from E30KhG2SAFM steel, 
the B1 steel rails show higher strength properties (yield 
strength is 9.6 % higher, and tensile strength is 10.1 % 
higher), although their elongation is somewhat lower 
(by 9.4 %) at comparable values of area reduction. It  is 
worth noting that the impact strength of B1 steel rails is 
significantly higher than that of  E30KhG2SAFM rails. 
This improvement is attributed to  the  higher purity 
of  the steel in terms of  trace elements and non-metallic 
inclusions, as well as better structural refinement achieved 
through processing in the universal rail rolling mill.

The hardness distribution across the  cross-sections 
of the experimental rails is presented in Table 3. 

Rails made from B2 steel generally exhibit higher 
hardness compared to  those made from B1 steel, which 
is attributed to differences in the overall level of alloying. 
Notably high hardness was also recorded in the foot fil-
let regions of  both steel grades. This is primarily due 

Table 1. Chemical composition of the studied steels

Таблица 1. Химический состав исследуемых сталей

Steel
Chemical composition, wt. %

C Mn Si Cr Mo Ni
B1 0.30 – 0.35 1.40 – 1.60 1.30 – 1.50 1.00 – 1.10 0.20 – 0.30 –
B2 0.30 – 0.35 1.40 – 1.60 0.80 – 1.10 1.30 – 1.50 – 1.00 – 1.10

E30KhG2SAFM 0.32 1.48 1.21 1.00 0.20 0.07

Table 2. Mechanical properties of bainitic steel rails

Таблица 2. Механические свойства рельсов из бейнитной стали

Steel
Tensile properties Impact strength, KCU, J/cm2

σy , N/mm2 σt , N/mm2 δ, % ψ, % at +20 °С at –60 °С
B1 960 – 980 1390 – 1430 14.0 – 15.0 27 – 32 50 – 65 24 – 34
B2 1150 –1180 1510 – 1570 10.0 – 11.5 27 – 30  58 – 64 36 – 47

E30KhG2SAFM 880 – 890 1270 – 1290 15.0 – 17.0 25 – 33 32 – 37 11 – 17
N o t e . σy – yield strength; σt  – tensile strength; δ – elongation at fracture; ψ – reduction of area; KCU – impact 

strength.
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to the increased cooling rate in these areas, resulting from 
the  thinner cross-sections of  the  rail profile. A similar 
hardness pattern was observed previously in rails made 
from E30KhG2SAFM steel. 

Microstructural analysis conducted using an Olympus 
GX71 optical microscope revealed zones of  structural 
heterogeneity in the  rail head of  B2 steel. These inho-
mogeneities were caused by uneven plastic deformation 
during rolling and appeared as alternating carbon-enriched 
and carbon-depleted regions. Upon cooling from rolling 
heat, martensitic transformation occurred in the  carbon-
rich zones, while bainitic structures formed in the carbon-
depleted ones (Fig. 1). The combination of high strength, 
ductility, and toughness observed in the material is a result 
of this mixed microstructure. As the distance from the fil-
let surface increases, the proportion of bainite in the struc-
ture also grows, which is consistent with variations 
in the cooling rate across the rail head section.

The microstructure at the base of the B2 rail foot and 
in its fillets consists predominantly of martensite (Fig. 2). 
The formation of martensite in this region is associated 

with the relatively high cooling rate under still air condi-
tions, which is intensified by the smaller cross-sectional 
area compared to the head.

The microstructure of  the  B1 rail head is shown in 
Fig. 3. Near the  fillet surface, a partially decarburized 
layer is visible, along with fine polygonal ferrite grains. 
The microstructure is predominantly composed of lower 
bainite exhibiting a needle-like morphology. As the depth 
increases, upper bainite begins to appear. This phase has 
a feathery morphology, comprising alternating fragmented 
ferrite and cementite plates. Beyond a depth of 20 mm, 
the structure transitions almost entirely to upper bainite.

The microstructures of the rail foot and fillet regions 
are shown in Fig. 4. In the  foot, both lower and upper 
bainite are present (Fig. 4, a), while the fillet areas con-
sist mainly of lower bainite with isolated regions of mar-
tensite (Fig. 4, b).

According to  published studies  [14 – 17], the  most 
favorable microstructure for bainitic rail steels is a com-
bination of  lower bainite and lath martensite. This is 
because, during the  transformation of  austenite into 

Table 3. Hardness on the head rolling surface and on the cross section of the experimental rails

Таблица 3. Твердость на поверхности катания головки и по сечению опытных рельсов

Steel

Hardness, НВ
rail head

web

rail foot

running 
surface

10 mm from 
running 
surface

left fillet right fillet
22 mm from 

running 
surface

fillet 1 fillet 2

B1 394 – 399 392 – 398 380 – 395 392 – 396 380 – 384 376 – 387 414 – 426 418 – 422
B2 444 – 462 440 – 448 454 – 458 446 – 450 418 – 421 410 – 420 508 – 520 510 – 516

E30KhG2SAFM 375 375  –  – 363 363 388 388

Fig. 1. Microstructure of B2 steel rail head: 
a – structural heterogeneity at a depth of about 2 mm (sections of lower bainite (dark), sections of martensite (light)); 

b – microstructure at a depth of up to 10 mm from the head rolling surface

Рис. 1. Микроструктура головки рельса из стали Б2: 
а – структурная неоднородность на глубине около 2 мм (участки бейнита нижнего (темные), участки мартенсита (светлые)); 

b – микроструктура на глубине до 10 мм от поверхности катания головки
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lower bainite, retained austenite becomes segmented into 
thin regions by the  bainitic laths. Subsequent martensi­
tic transformation within these confined regions leads 
to the formation of an extremely fine lath martensite struc-
ture. The finer the microstructure, the greater the strength 
and toughness of the steel. Steels with this type of mixed 
structure exhibit both high ductility and fracture tough-
ness. Moreover, as contact stress increases, the wear rate 
of such steels rises more slowly than that of pearlitic rail 
steels [10; 17 – 19].

The results of  the study suggest that B2 steel is sui­
table for the  production of  rails cooled in still air after 
rolling. To improve processability – specifically, to faci­
litate straightening and reduce internal microstresses  – 
it is recommended to  test a reduced carbon content 

of 0.28 – 0.30 %, while maintaining the levels of the other 
alloying elements.

 Conclusions

A comparative evaluation of  the  hot-rolled rail steel 
produced from experimental compositions B1 and B2 
demonstrated that increased alloying with chromium 
(1.2 – 1.5 %) and nickel (1.0 – 1.1 %) leads to  a 20 % 
increase in yield strength, a 9.2 % increase in ultimate 
tensile strength, and a 48 % increase in impact strength 
at  –60 °C compared to  the  alloying scheme based on 
molybdenum at 0.20 – 0.30 %. 

Microstructural analysis of  the  rails made from both 
experimental steel grades revealed the formation of nee-

Fig. 3. Microstructure of B1 steel rail head: 
a – lower bainite and small grains of polygonal ferrite near the fillet surface;  

b – microstructure at a depth of about 20 mm (mainly upper bainite) 

Рис. 3. Микроструктура головки рельса из стали марки Б1:
а – нижний бейнит и мелкие зерна полигонального феррита вблизи поверхности выкружки; 

b – микроструктура на глубине около 20 мм (преимущественно верхний бейнит)

Fig. 2. Microstructure of B2 steel rail foot: 
a – martensite at foot base; b – martensite in foot fillets

Рис. 2. Микроструктура подошвы рельса из стали Б2: 
а – мартенсит в основании подошвы; b – мартенсит в перьях
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dle-like upper and lower bainite during continuous cool-
ing in still air. In the  B2 steel rails, a higher fraction 
of  martensite was observed in the  head, which contri­
buted to increased strength and hardness. 

To further develop the technology and achieve a more 
stable structure consisting predominantly of lower bainite, 
it is recommended to use B2 steel as a base composition, 
while reducing the carbon content to 0.25 – 0.30 %.
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Аннотация. Для многих стран проблема утилизации отходов производства и быта стоит особенно остро, поскольку ежегодное нако-

пление всех видов отходов достаточно велико (около 7 млрд т), а их повторное использование не превышает 30 %. При этом отходы 
производства отрицательно влияют на живые организмы и окружающую среду, поэтому необходимо расширение их переработки. 
В  данной работе рассмотрены проблемы утилизации, переработки (рециклинга) промышленных и бытовых отходов и  перспективы 
их применения в различных отраслях. Рассмотрено влияние различных рецептур исходных компонентов (микросилики, доменного 
шлака, гашеной извести) и их фракций на физико-механические свойства полученных новых композиционных материалов. Прове-
дены исследования полученных материалов с целью определения значений предела прочности на сжатие и процент водопоглощения. 
Так, все образцы имеют низкий процент водопоглощения (0 – 13,12 %), кроме образца 7 (41,34 %), состоящего из двух частей микро-
силики, одной части шлака и одной части извести. Выявлено, что в образцах, в состав которых входит микросилика, наблюдаются 
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Abstract. For many countries the problem of industrial and household waste disposal is particularly acute, since the annual accumulation of all types 

of waste is quite large (about 7 billion tons), and their reuse does not exceed 30 %. At the same time, industrial waste has a negative impact on living 
organisms and the environment. Therefore, ways of recycling household and production wastes are necessary. This article considers the problems 
of utilization, processing (recycling) of industrial and household waste and the prospects of their application in various industries. The influence 
of different formulations of initial components (microsilica, blast furnace slag, slaked lime), their fractions on physical and mechanical properties 
of the obtained new composite materials is considered. The obtained materials were investigated in order to determine the values of compres-
sive strength and percentage of water absorption. Thus, all samples have low water absorption percentage (0 – 13.12 %), except for Sample 7 
(41.34 %), consisting of 2 parts of microsilica, 1 part of slag and 1 part of lime. It was found that high values of compressive strength are observed 
in the samples which include microsilica. Samples 3 and 4, composed of microsilica and slag jointly, have the lowest compressive strength of 14.74 
and 17.18 kgf/cm2, respectively. However, Sample 8, which is composed of 2 parts of microsilica, slag and lime simultaneously, is characterized 
by the highest compressive strength value of 51.16 kgf/cm2. Microsilica has a greater influence on the increase of strength properties. At the same 
time, the use of industrial waste in the creation of new secondary materials leads to a reduction in the cost of production, expansion of the raw mate-
rial base of the country, as well as reducing the environmental load of the region. 

Keywords: industrial waste, production waste, domestic waste, silicon production waste, microsilica, brick scrap, ash, blast furnace slag, environmental 
protection
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 Introduction

In recent years, the fields of metallurgy, engineering 
and materials science have been rapidly evolving [1 – 4]. 
However, the  problem of  solid and household waste 
remains unresolved in every country worldwide1,  2. For 
example, in the  CIS countries, this issue is particularly 
severe, as the annual accumulation of all types of waste 
reaches approximately 7 billion tons, with the reuse rate 
of  less than 30 %. A major concern is the direct impact 
of waste on human life as it is concentrated in residential 
and recreational areas. To address this issue, waste must 
be integrated into natural cycles, removed and utilized. 
The most viable solution is to develop efficient recycling 
methods and establish a new industry sector  [5 – 8]. 
However, many challenges along must be overcome, 
some of which are complex but solvable [9].

Currently, industrial waste in Kazakhstan amounts 
to 31.6 billion tons, with an annual increase of approxi-
mately 1 million tons in recent years3.

However, according to  the  2022 report On the  state 
of  the  environment and use of  natural resources 
of  the  Republic of  Kazakhstan, the  volume of  indus-
trial waste exceeds 895 million tons. Kostanai, Pavlo-
dar, and Karaganda regions are the leaders in generating 
this waste. Approximately half of  the  waste from these 
regions is recycled. However, regions such as Turkestan 
(0.76 %), Almaty (9.32 %), and Zhambyl (7.38 %) have 
low recycling rates. In 2022, the percentage of recycled 
and disposed industrial waste reached 40.03 %, which is 
higher than the 38.2 % recorded in 20214.

Forced storage of  huge amounts of  waste and their 
disposal in dumps cause significant losses to the national 
economy due to unused opportunities for utilizing secon­
dary raw materials, while industrial waste production 
results in damage amounting to tens of millions [10 – 12]. 
Another equally important aspect of the issue is the nega­
tive impact of  industrial waste on the  environment. 
The atmosphere is being severely polluted at an alarming 
rate by a variety of industrial emissions2 [12].

Scientists from both domestic and foreign institutions 
are engaged in addressing the problem of industrial and 
household waste disposal [13 – 15]. One known method 
involves processing dusty silicon waste by remelting it in 
a solid-liquid aluminum medium  [13; 16]. This method 
allows the use of pulverized silicon waste in the smelting 
of aluminum alloys. However, it is not suitable for recyc­
ling other silicon-containing powdered materials.

It is known that crystalline silicon in the 20 – 50 mm 
fraction is used for the  production of  aluminum-sili-
con alloys, while dust-like and fine fractions resulting 
from crushing and screening are sent to  dumps, lead-
ing to a decrease in silicon utilization in the production 
of  the  these alloys. Papers [17 – 19] proposed a method 
for processing waste silicon, which includes introdu­
cing silicon into the  aluminum melt with stirring. This 
method is distinguished by the  fact that silicon frac-
tions of  0.1 – 20.0 mm are introduced onto the  sur-
face of  the  melt at 670 – 680 °C, followed by heating 
to 720 – 750 °C at a rate of 2.5 – 4.0 °С/mm to improve 
silicon assimilation and reduce metal losses from oxida-
tion by shortening the melting duration.

Technologists and scientists in Kazakhstan are deve­
loping methods to recover captured dust in order to obtain 
high-quality technical silicon. This will not only reduce 
production cost but also lessed the environmental impact 
by decreasing emissions. Microsilica processing tech-
nologies are also being developed to  produce briquette 
mono-blends.

The paper  [20] presents a technology for obtaining 
silica filler intended for use in the production of  rubber 
materials at the  Karaganda Rubber Technical Plant, as 
well as other industries.
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высокие значения предела прочности на сжатие. Образцы 3 и 4, состоящие из микросилики и шлака, обладают самым низким пределом 
прочности – 14,74 и 17,18 кгс/см2 соответственно. Однако образец 8, в состав которого одновременно входят две части микросилики, 
шлак и известь, характеризуется самым высоким значением предела прочности на сжатие – 51,16 кгс/см2. Таким образом, микросилика 
оказывает большее влияние на увеличение прочностных свойств. При этом применение отходов производства при создании новых 
вторичных материалов приводит к снижению себестоимости продукции, расширению сырьевой базы страны, а также снижению эколо-
гической нагрузки региона. 

Ключевые слова: отходы производства, промышленные отходы, бытовые отходы, отходы кремниевого производства, микросилика, 
кирпичный лом, зола, доменный шлак, защита окружающей среды
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Existing technologies for the disposal of silicon-con-
taining powdery waste, despite their diversity, have one 
common feature: the  silicon remains present in silicon-
containing waste even after recycling. In other words, its 
chemical state does not change [21; 22].

Thus, based on the given literature review, the authors 
of  this article present a technology for the  disposal 
of industrial and domestic waste, specifically microsilica, 
to obtain secondary composite materials [23].

 Material and methods

The ratio of  initial components was 1:1 (Samples 1, 
3, 5), 2:1 (Samples 2, 4, 6), 1:1:1 (Sample 7), and 2:1:1 
(Sample 8). Table 1 shows the composition of the obtained 
samples.

All materials were sieved through a sieve with a frac-
tion of 1 – 2 mm, followed by weighing. The initial com-
ponents were then combined in a dry state and mixed 
until evenly distributed. After thorough mixing, 5 – 7 g 
of water was gradually added and mixed to form a homo-
geneous mixture. The resulting composition was trans-
ferred into molds, shaken, and tamped down. The comp­
lete drying time of  the  molds was 14 days (see  Fig. 1). 
After drying, the  samples were removed, inspected for 
integrity, and weighed. At the same time, all dried samp­
les produced a metallic sound when tapped. 

The study of  the physical and mechanical properties 
of  the  obtained secondary materials was carried out in 
three stages:

– Stage 1  – study of  samples for water absorption 
without coating;

– Stage 2 – study of coated samples for water absorp-
tion;

– Stage 3 – compression testing of samples.
The samples were then tested for water absorp-

tion according to  GOST 12730.3–2020. In this process, 
the samples were completely immersed in water. Bubb­
les were released during soaking, which may indicate 
the presence of internal pores. The samples remained in 
water until bubble release was complete. After soaking, 
the  samples were weighed. Then, they were placed in 
a SNOL-type furnace heated to  150 – 200 ℃ and dried 
until their mass became constant, with re-weighing.

The calculation of water absorption Wm of the samp­
les was performed according to  the  formula (GOST 
12730.3–2020)

where md is dried sample weight, g, and mw is water-satu-
rated sample weight, g.

Table 1. Ratio of initial components

Таблица 1. Соотношение исходных компонентов

Material
Quantity of material in sample, g

1 2 3 4 5 6 7 8
Microsilica 25 50 25 50 – – 25 50

Lime 25 25 – – 25 25 25 25
Slag – – 25 25 25 50 25 25

Fig. 1. Samples obtained after drying

Рис. 1. Полученные образцы после высыхания
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For optimal water absorption performance, the authors 
suggest applying a protective varnish to  the  samples 
and re-testing them for water absorption. After coating, 

the samples were dried at room conditions for 24 h. After 
drying, they were checked and weighed. 

When the  samples were kept in water, no bubbles 
were released, unlike in the  first water absorption test, 
because all pores were completely blocked by the  var-
nish. However, some samples floated to the surface, sug-
gesting the presence of internal pores. 

After soaking in water, the samples were weighed and 
left to dry for 24 h under room conditions. Re-weighing 
was performed every 24 h until the  samples reached 
a constant mass, and the percentage of water absorption 
was re-determined (Table 2).

Then, the  samples were subjected to  compression 
testing on a 40KU testing machine according to  GOST 
10180–2012. The behavior of the samples during comp­
ression testing corresponded to GOST 10180–2012.

Prior to testing, each sample underwent side grinding 
to ensure parallelism of the sample sides (Fig. 2).

 Results

The water absorption results are presented in Table 2, 
and the  compression test results are summarized in 
Table 3.

Table 3 shows that Samples 3 and 4 have the  lowest 
compressive strength, at 14.74 and 17.18 kgf/cm2, respec-
tively. The composition of these samples includes micro-
silica and slag, with slag having a greater weakening 
effect. It should be noted that in Sample 4 the microsilica 
content was doubled, which resulted in an increase in 
the strength index. However, when comparing Samples 5 
and 6, which contain slag and lime, the combination and 
interaction of  these components enhance compressive 
strength, especially as the slag content increases. 

Samples  1 and 2, containing microsilica and lime, 
have moderate compressive strength values of 28.20 and 
24.64 kgf/cm2, respectively.

Table 2. Water absorption percentage after two stages

Таблица 2. Процент водопоглощения после двух этапов

Sample 
No.

Water absorption Wm , %
stage 1 stage 2

1 44.70 1.93
2 53.30 2.64
3 16.60 2.33
4 15.70 13.12
5 27.60 0
6 24.30 12.50
7 58.30 41.34
8 62.20 4.66

Fig. 2. Sample on the testing machine before and after fracture

Рис. 2. Образец на испытательной машине до и поле разрушения
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It is also worth noting that samples with a three-com-
ponent composition of microsilica, slag, and lime exhibit 
the highest compressive strength, particularly Sample 8 
(51.16 kgf/cm2). In this sample, the  microsilica content 
is doubled compared to  Sample 7, which contributes 
to the material’s hardening.

Thus, the  properties of  the  material vary depending 
on the  composition. For example, microsilica has been 
shown to  enhance strength, as seen in Sample  4. Simi-
larly, slag contributes to increase strength, as observed in 
Sample 6, where lime is the second component.

The compression diagrams of  the  tested samples are 
shown in Fig. 3.

Fractures of Samples 3 and 8 (samples with the lowest 
and the  highest compressive strength value) were stu­
died using a scanning electron microscope EVO18 
(Qarmet JSC) (Fig. 4). 

 Discussion

Stage 1. Samples  1 and  2 show unsatisfactory 
result according to  Table 2. Their composition consists 
of microsilica and lime in a 1:1 and 2:1 ratio, with water 
absorption values of 44.7 and 53.3 %. The negative effect 
is probably due to  the  second component, hygroscopic 
lime.

Samples 3 and 4, composed of microsilica and slag in 
a 1:1 and 2:1 ratio, demonstrate good water absorption 
values of  16.6 and 15.7 %, respectively. This suggests 
that these initial components reduce hydrophilicity.

Similarly, Samples  5 and 6, with slag-to-lime ratios 
of  1:1 and 2:1, also showed favorable results: water 
absorption decreased from 27.6 to  24.32 % as the  slag 
content increased from 25 to 50 g.

Samples 7 and 8, composed of microsilica, slag, and 
lime in a 1:1:1 and 2:1:1 ratio, exhibited unsatisfactory 
results, with water absorption values of 58.3 and 62.2 %, 
respectively. Notably, higher microsilica content corre-
lates with higher water absorption.

Stage 2. It is evident that water absorption results 
improved significantly in samples coated with protective 
varnish. Specifically, Samples 1, 2, 3, and 8 demonstrated 

Table 3. Compression test results

Таблица 3. Результаты испытания на сжатие

Sample 
No.

Loading 
P, kgf

Cross-sectional area, 
F, cm2

Compressive 
strength, σst ,  

kgf/cm2
Behavior of samples in compression testing

1 509.90 18.08 28.20 A crack appeared on the lateral surface of the sample, 
accompanied by a small fracture

2 445.60 18.08 24.64 Several cracks appeared on the sample,  
but no fracture occurred

3 234.50 15.90 14.74 Cracks appeared at the edges of the sample  
without fracture as the load was applied

4 273.30 15.90 17.18 Cracks appeared at the edges with slight fracture

5 416.04 21.22 19.60 Gradual cracking and slight fracture  
at the edges of the sample

6 662.80 18.84 35.18 Cracking across the entire cross-section  
without fracture

7 705.60 18.08 39.02 Cracking and slight fracture  
at the edges of the sample

8 887.20 17.34 51.16 Cracking along the edges  
of the sample without fracture

Fig. 3. Compression test diagrams
(numbers on curves indicate sample number) 

Рис. 3. Диаграммы сжатия при испытании
(цифры у кривых – номер образца)
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the  lowest water absorption values of  1.93, 2.64, 2.33, 
and 4.66 % respectively. Sample 5 achieved an excellent 
water absorption rate of 0 %. 

Samples 4 and 7 exhibited moderate water absorption 
values of 13.12 and 12.5 %, respectively.

However, Sample  7 has the  worst water absorption 
performance (41.34 %). This may be due to the presence 
of macropores and the unpredictable behavior of the ori­
ginal components in a 1:1:1 ratio with the protective var-
nish.

Thus, different compositions and ratios lead to vary-
ing final properties. Each component interacts differently, 
allowing for the selection of optimal properties through 
proper material composition. It is also worth noting that 
Sample 5, with a slag-lime composition in a 1:1 ratio, has 
the best water absorption performance, while Sample 7, 
with a microsilica-slag-lime composition in a 1:1:1 ratio, 
showed the worst results.

The structure of Sample 3, which exhibited the lowest 
value of compressive strength, is characterized by a loose 
structure and uneven distribution of microsilica and slag 
throughout its volume. The sample is friable.

The experimental data comply with GOST 
12730.3–2020 “Water absorption”, GOST  10180–2012 
“Compressive strength”.

 Conclusion

This study demonstrates the feasibility of using indust­
rial and household waste to produce secondary materials 
with a functional set of physical and mechanical proper-
ties. The developed samples with high water absorption 
values can be used as interior cladding material. However, 
when coated with a protective layer, these materials can 
also serve as exterior cladding . At the same time, mate-
rials based on microsilica and blast furnace slag exhibit 
satisfactory strength properties (17.18 – 51.16 kgf/cm2), 
expanding their potential applications. 

The development of  waste disposal and recycling 
methods remains a major economic challenge. Addressing 
this issue will change the perception of  industrial waste 
as an end product, promoting more active use of  recyc­
ling methods while shifting the focus toward generating 
economic benefits from this process.
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Аннотация. С помощью молекулярно-динамического моделирования проведено исследование влияния угла разориентации и энергии 

границ зерен наклона с осями разориентации 100 , 110  и 111  на температуру плавления и характер начальной инициации плавления 
на границе зерен в аустените. Показано, что при постепенном нагревании плавление начинается от границ зерен, там, где имеются 
нарушения кристаллической структуры и, соответственно, атомы находятся в менее глубоких потенциальных ямах. В случае больше­
угловых границ плавление начинается одновременно вдоль всей границы, в случае малоугловых ‒ в ядрах зернограничных дислокаций. 
Получены зависимости температуры плавления моделируемых расчетных ячеек от угла разориентации зерен и избыточной энергии. Для 
осей разориентации 100 , 110  и 111  результаты оказались аналогичными. В области малых углов разориентации (менее 15°) темпе-

  zorya.i@mail.ru
Abstract. Using molecular dynamics simulation, the authors studied the influence of misorientation angle and energy of tilt grain boundaries with 

the misorientation axes 100 , 110  and 111  on the melting temperature and nature of early initiation of melting at grain boundaries in austenite. 
It is shown that with gradual heating, melting begins from the grain boundaries, where there is a violation of the crystal structure and, accordingly, 
the atoms are located in less deep potential wells. In the case of large‒angle boundaries, melting begins simultaneously along the entire boundary, 
in the case of small-angle boundaries – in the cores of grain-boundary dislocations. Dependences of the melting temperature of the simulated calcula-
tion cells on the angle of grain misorientation and excess energy were obtained. For the misorientation axes 100 , 110  and 111 , the results were 
similar. In the region of small misorientation angles (less than 15°), the melting point decreases almost linearly with increasing angle, then, for large-
angle boundaries, the decrease becomes less intense. These dependences correlate with the energy of grain boundary formation or with the associated 
excess energy of the calculation cell. The main quantitative criterion determining the effect of defects on a decrease in melting temperature is excess 
energy, that is, the energy difference between the considered structure and the ideal crystal, which can also be interpreted as the energy of the consi­
dered structure formation. The melting point decreases linearly with increasing excess energy. Obviously, the effect of grain boundaries on the melting 
point becomes significant only for materials with a very high content of grain boundaries, for example, for materials with a nanocrystalline structure. 

Keywords: molecular dynamics, melting, grain boundary, misorientation angle, austenite
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 Introduction

In recent decades, considerable attention has been paid 
to nanocrystalline materials, which include polycrystals 
with an average grain size of  less than 100 nm. These 
materials exhibit size-dependent physical and mechani-
cal properties, primarily due to  a significantly higher 
volume fraction of grain boundaries, triple junctions, and 
other defects compared to  conventional coarse-grained 
counterparts  [1 ‒ 3]. Ultrafine grain sizes are achieved 
using various methods, which typically include severe 
plastic deformation. Such materials can also be  pro-
duced by sintering nanopowders, vapor-phase condensa-
tion, or other nanostructuring methods. A characteristic 
feature of  nanocrystalline materials is their highly non-
equilibrium structure, associated with a significant level 
of excess (or stored) energy [1 ‒ 3]. Excess energy, i.e., 
the difference between the free energy of the material and 
that of  an ideal crystal at the  same temperature (or, in 
other words, the energy that can potentially be released 
during structural transformations such as recrystalliza-
tion), in nanocrystalline materials arises from the  high 
density of  defects: grain boundaries, triple junctions, 
dislocations, disclinations, and others. The specific set 
and types of defects largely depend on the method used 
to  produce the  nanocrystalline structure and the  sub­
sequent treatment [1 ‒ 4]. 

The unique properties of  nanomaterials are largely 
determined by the high volume fraction of  surface area 
and other interfaces (interphase or intergranular boun­
daries). One of  these properties, which is important 
from both an application and manufacturing standpoint, 
is the  dependence of  melting temperature on effective 
size: grain size, film thickness, or nanoparticle diameter. 
The dependence of the melting point of nanoparticles on 
their size is the most thoroughly studied. It is currently 
well established that the melting temperature of spherical 
nanoparticles is inversely proportional to their diameter, 
a finding demonstrated both experimentally  [5 – 9] and 
through molecular dynamics (MD) simulations [10 – 14], 
as well as supported by theoretical models [15 ‒ 20]. 

 As for materials with a nanocrystalline structure, stu­
dies  [21 – 25] employing MD simulations have shown 
that melting in such materials is not a homogeneous 
process: it usually starts from free surfaces and grain 
boundaries. A reduction in the  average grain size leads 
to a decrease in the melting temperature of nanocrystal-
line silver  [22; 23] and aluminum  [24; 25]. Similar fin­
dings were reported in  [14; 26], where nanocrystalline 
nickel particles exhibited a lower melting point compared 
to monocrystalline counterparts. 

The phenomenon of melting point reduction as a func-
tion of average grain size in nanocrystalline materials, in 
comparison with monocrystalline nanoparticles, is more 
complex and less thoroughly understood. This complexity 
arises from the  presence of  not a single type of  defect 
(such as particle surfaces), but rather a broad spectrum 
of  grain boundaries with varying energies, along with 
other structural defects. This study investigates the influ-
ence of  the  misorientation angle and the  corresponding 
energy of tilt grain boundaries on the melting temperature 
and the mechanism of melting initiation at the boundary. 
Tilt boundaries with misorientation axes 100 , 110  and 
111  are examined. Austenite is chosen as the  model 

material due to its widespread practical applications. 

 Model description

To describe interatomic interactions in the  molecu-
lar dynamics model, an embedded atom method (EAM) 
potential was employed  [27]. This potential was deve­
loped based on comparisons with experimental data and 
ab initio calculations of various properties of  austenite. 
It reliably reproduces a wide range of  mechanical and 
structural-energetic properties and has been successfully 
validated in simulations of various processes, including 
melting [27 ‒ 29].

The calculation cells had a parallelepiped shape with 
approximate dimensions of  9.9×10.8×13.5 nm and con-
tained about 118,000 atoms (Fig. 1). A tilt grain boun­
dary was introduced at the center of the calculation cell 
by rotating two crystals, i.e., the two halves of the cell, by 

ратура плавления с ростом угла падает почти линейно, затем, для большеугловых границ, снижение становится менее интенсивным. 
Эти зависимости коррелируют c энергией образования границ зерен или со связанной с ней величиной избыточной энергии расчетной 
ячейки. Главным количественным критерием, определяющим влияние дефектов на снижение температуры плавления, является избы-
точная энергия, то есть разность энергий рассматриваемой структуры и идеального кристалла, которую еще можно интерпретировать 
как энергию образования рассматриваемой структуры. Температура плавления линейно уменьшается с ростом избыточной энергии. 
Очевидно, что данный эффект, то есть влияние границ зерен на температуру плавления, становится существенным только для материалов 
с очень высоким содержанием границ зерен, например, для материалов с нанокристаллической структурой. 

Ключевые слова: молекулярная динамика, плавление, граница зерен, угол разориентации, аустенит
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a misorientation angle θ around the  100 , 110  or 111  
axis, which coincided with the x-axis in Fig. 1. To keep 
the grain boundary positioned at the center of the calcula-
tion cell throughout the simulation, fixed boundary condi-
tions were applied along the z-axis (at the top and bottom 
of  the  calculation cell in Fig. 1): atoms shown in dark 
gray remained stationary during the simulation. Periodic 
boundary conditions were applied along the other direc-
tions. As a result, two parallel, identical grain boundaries 
were present in the calculation cell. Fig. 1 shows an exam-
ple of  the calculation cell visualized using the Common 
Neighbor Analysis (CNA) method [30], highlighting 
the presence of  two boundaries – one in the  center and 
one at the  edge of  the  cell  – with a misorientation axis 
of  111  and a misorientation angle of  30° (hereafter 
referred to as 111  30°). After the rotation of the crystals 
and the removal of overlapping atoms, the structure was 
relaxed for 20 ps at a constant temperature of  1000 K. 
During relaxation, atoms shifted into positions cor-

responding to  the  local energy minimum. Fig. 1 shows 
the calculation cell after structural relaxation.

The misorientation angle θ for the  100 , 110  and 
111   grain boundaries was varied from 0° to 30°. Thus, 

half of  the  boundaries considered (up to  15°) corres­
ponded to  small-angle grain boundaries, i.e., bounda­
ries with clearly distinguishable geometrically neces-
sary grain-boundary dislocations, while the  other half 
(above  15°) represented large-angle grain boundar-
ies. As  will  be shown below, the  main characteristic 
influencing the  melting process is the  grain boundary 
energy, which is typically nearly constant for large-
angle boundaries. This is why, for example, most angles 
between boundaries at  triple junctions tend to  be close 
to 120° [31; 32]. For this reason, the misorientation angle 
was limited to 30° for all types of tilt boundaries consi­
dered in the present study.

The model employed an NPT ensemble in combination 
with a Nosé–Hoover thermostat. During melting, the spe-
cific volume increases due to the destruction of the crys-
tal lattice; therefore, it was important to maintain constant 
pressure at zero. Thermal expansion with increasing tem-
perature was taken into account, including for the fixed 
regions at the boundaries of the calculation cell (the dark 
gray regions in Fig. 1). A time integration step of 2 fs was 
used in the molecular dynamics simulations. 

To determine the  melting temperature, the  gradual 
heating method was applied, involving the  construction 
of  dependence of  the  average atomic potential energy 
on temperature  – a commonly used approach in simi-
lar studies [10 ‒ 14; 26; 33 ‒ 35]. The temperature was 
increased linearly at a rate of 1012 K/s by correspondingly 
scaling the  magnitudes of  atomic velocities at regular 
time intervals (5 ps in this case).

 Results and discussion

Fig. 2 shows examples of the dependencies of the ave­
rage atomic potential energy on temperature for calcula-
tion cells with 111  6° (curve 3) and 111  30° (curve 4) 
grain boundaries, as well as for monocrystalline aus-
tenite (curves 1 and 2), during gradual heating at a rate 
of 1012 K/s in the range from 1500 to 2300 K. As the tem-
perature increases, the  average atomic energy within 
the same phase increases almost linearly due to enhanced 
thermal vibrations of  the  atoms and thermal expansion. 
A  sharp rise in the  average atomic energy on the  plots 
corresponds to a phase transition, i.e., melting. 

As previously noted, the structure in the fixed boun­
dary regions (Fig. 1) remained crystalline even after 
melting, which clearly affects the melting behavior and 
temperature of  the  entire calculation cell. Neverthe-
less, the  use of  fixed boundaries was necessary to  pre-
serve the  grain boundaries with the  initially assigned 

Fig. 1. Example of a calculation cell containing 
two tilt boundaries  111  30° 

(blue – atoms whose immediate environment corresponds  
to the FCC crystal lattice of austenite;  

white – crystal lattice was not identified;  
dark gray – atoms remained stationary during the simulation) 

Рис. 1. Пример расчетной ячейки, содержащей 
две границы наклона 111  30° 

(голубым цветом показаны атомы, ближайшее окружение которых 
соответствует ГЦК кристаллической решетке аустенита;  
белым – кристаллическая решетка не идентифицирована;  
темно-серым ‒ атомы, которые оставались неподвижными  

в течение моделирования)
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characteristics within the  cell throughout the  simula-
tion. For monocrystalline austenite, i.e., a calculation 
cell without any defects, an additional analysis was car-
ried out to evaluate the influence of fixed boundaries on 
the melting temperature. Fig. 2 presents the temperature 
dependence of the average atomic energy for the mono-
crystal: with fixed boundaries (curve 1) and with periodic 
boundaries on all sides (curve 2). As can be seen, melt-
ing in the presence of fixed boundaries indeed occurred 
at a higher temperature compared to  the case with fully 
periodic boundary conditions. However, this difference 
was minor and had little effect on the qualitative results 
of the study.

In the presence of grain boundaries within the calcu-
lation cell, melting proceeded heterogeneously, meaning 
that it was initiated at the  grain boundary, after which 
the solid–liquid front advanced from the boundary toward 
the center of the grains at a finite velocity, which is known 
to depend on temperature. The velocity was on the order 
of several tens of meters per second [36; 37]. Static two-
phase coexistence, i.e., the simultaneous presence of part 
of the calculation cell in the liquid state and another part 
in the crystalline state for a relatively long period, was not 
observed: the solid–liquid front consistently advanced in 
one direction or another. Therefore, the melting tempera-
ture was determined based on the onset of the phase tran-

sition (indicated by arrows in Fig. 2), which in turn was 
identified as the intersection point of the linear approxi-
mations before and after the start of melting.

Fig. 2 clearly shows that the calculation cell contain-
ing a large-angle 111  30° grain boundary melts at a sig-
nificantly lower temperature (1835 K) than the one with 
the  small-angle 111  6° boundary (2013 K), confirming 
the influence of grain boundary type on melting behavior. 
The grain boundary energy, and consequently the degree 
of  disruption of  the  crystalline structure, is higher 
in the case of the large-angle boundary.

Fig. 3 shows a calculation cell in the  yz-plane con-
taining two large-angle 111  30° boundaries at different 
stages of melting, visualized using a structure identifica-
tion tool based on the Common Neighbor Analysis (CNA) 
method  [30]. This method allows each atom to be clas-
sified according to  its local crystalline environment 
by analyzing the arrangement of its neighboring atoms. In 
the present case, an atom was considered to belong to an 
FCC lattice if more than 75 % of  its nearest neighbors 
were located near the lattice sites of an ideal FCC crystal 
(taking into account thermal expansion), within a  tole­
rance of  25 % of  the  first coordination sphere radius. 
Atoms that did not satisfy these conditions, or the condi-
tions for classification as HCP, were considered to be part 
of an amorphous structure (shown in white in Fig. 3).

Fig. 3, a shows the relaxed initial structure of the cal-
culation cell with two parallel 111   30° boundaries. 
In the case of a large-angle boundary, the defect appears 
almost continuous: disruption of the crystalline structure 
is observed along the  entire boundary. As the  tempera-
ture increased, melting began almost uniformly along 
the boundary (Fig. 3, b), except near the fixed boundaries 
(at the  top and bottom of  the calculation cell), which is 
expected, as the  influence of  the constrained crystalline 
structure at those boundaries becomes significant in those 
regions. 

With further temperature increase, the  solid–liquid 
front propagated from the grain boundaries into the bulk 
of  the  material (Fig. 3, c). The number of  atoms in 
the  amorphous phase (shown in white) increased 
accordingly. It can be observed that melting initiation 
at the boundary occurred even at a lower temperature than 
the melting point determined from the energy – tempera-
ture plot for the  entire calculation cell (Fig. 2). This is 
due to the fact that the melting temperature of the entire 
calculation cell is influenced by the grain boundary den-
sity. A similar dependence was observed in [22 ‒ 25] as 
the average grain size in nanocrystalline silver or alumi-
num decreased, the melting temperature also decreased. 
In the  present case, this implies that, for example, an 
increase in the  size of  the  cell along the  y-axis would 
reduce the influence of the grain boundary on the overall 
melting temperature.

Fig. 2. Dependences of the average potential energy of an atom 
on temperature when heated at a rate of 1012 K/s: 

1 ‒ for monocrystalline austenite with boundaries fixed along z axis; 
2 ‒ with periodic boundary conditions on all sides; 

3 ‒ for a computational cell with two tilt boundaries 111  6°; 
4 ‒ with two tilt boundaries 111  30° at corresponding melting 

temperatures T1 , T2 , T3 and T4 

Рис. 2. Зависимости средней потенциальной энергии атома 
от температуры при нагревании со скоростью 1012 К/с:

1 ‒ для монокристаллического аустенита с зафиксированными 
вдоль оси z границами; 2 ‒ с периодическими граничными 

условиями со всех сторон; 3 ‒ для расчетной ячейки с двумя 
границами наклона 111  6°; 4 ‒ с двумя границами наклона 111  30° 

при соответствующих температурах плавления T1 , T2 , T3 и T4
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Melting initiates at grain boundaries because the crys-
talline structure is more easily disrupted in their vicinity. 
This occurs because atoms located in defect regions are 
situated in shallower potential wells compared to those in 
a perfect crystal, and can escape more easily due to ther-
mal vibrations. Atoms located near the solid–liquid inter-
face on the  crystalline side are also found in relatively 
shallow potential wells, as the  atomic arrangement on 
the molten side is more disordered. In addition, the melt 
exhibits more intense self-diffusion and a greater amount 
of free volume compared to the crystal. These factors also 

contribute to easier disruption of the crystal structure near 
the interface than within the bulk of the crystal, and thus 
drive the motion of the solid–liquid front.

Fig. 4 shows a calculation cell containing two small-
angle 111  6° grain boundaries at different time points-
during the heating process. The structure of small-angle 
tilt boundaries is known to  consist of  an array of  geo-
metrically necessary grain-boundary dislocations, pro-
vided that no additional defects are introduced. Fig. 4, a 
displays the initial structure of the calculation cell, where 
the  cores of  the  grain-boundary dislocations are clearly 

Fig. 3. Melting from large–angle grain boundaries 111  30° during heating at a rate of 1012 K/s:
a – initial structure of the calculation cell at yz plane; b and c – structure of the calculation cell when temperature reaches 1810 and 1830 K

Рис. 3. Плавление от большеугловых границ зерен 111  30° в процессе нагревания со скоростью 1012 К/с: 
a – начальная структура расчетной ячейки в плоскости yz; b и c – структура расчетной ячейки при достижении температуры 1810 и 1830 К

Fig. 4. Melting from small–angle grain boundaries 111  6° during heating at a rate of 1012 K/s: 
a – initial structure of the calculation cell at yz plane; b and c – structure of the calculation cell when temperature reaches 1980 and 2000 K

Рис. 4. Плавление от малоугловых границ зерен 111  6° в процессе нагревания со скоростью 1012 К/с: 
а – начальная структура расчетной ячейки в плоскости yz; b и c – структура расчетной ячейки при достижении температуры 1980 и 2000 К
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visible. These appear as small regions of disrupted crys-
talline order (white atoms) periodically arranged along 
the boundaries. For a misorientation angle of 6°, the dis-
tance between dislocations is sufficiently large, and it 
is clearly seen that the  structure between them remains 
fully crystalline, with no visible disorder. Melting initia­
ted from the dislocation cores (Fig. 4, b) as the  crystal-
line structure began to break down. In this case, melting 
began at a higher temperature compared to that observed 
for the  large-angle grain boundary. As the  temperature 
continued to  increase, some amorphous regions grew 
more rapidly, merged, and eventually spread throughout 
the entire volume.

Fig. 5, a shows the dependences of the melting point Tm 
of  the  calculation cell on the  misorientation angle θ for 
all grain boundaries considered in the study. The resulting 
dependences were identical for all three grain boundary 
misorientation axes 100 , 110  and  111 . It should be 
noted that special misorientation angles, i.e., those charac­
terized by a high degree of atomic coincidence between 
adjacent grains, were not considered in this study.  

As the  misorientation angle θ increases in the  low-
angle range (less than 15°), the melting point decreases 
almost linearly. For large-angle grain boundaries, 
the decrease becomes less pronounced. The obtained Tm (θ) 
dependences correlate with the grain boundary energy or 
with the associated value of excess energy of the calcula-
tion cell. Fig. 5, b shows the dependences of  the excess 
energy per atom Δ  , on the misorientation angle θ. This 
excess energy was calculated as the  difference between 
the average potential energy per atom in a calculation cell 
containing a pair of the studied grain boundaries, and that 
in an ideal crystal containing the same number of atoms. 

The obtained Δ  (θ) dependences are typical of  the 
angular dependences of grain boundary energy [38 – 40]. 
Initially, up to approximately θ = 15° (i.e., for small-angle 
grain boundaries), the  excess energy increases almost 
linearly, which is due to the linear increase in the density 
of grain-boundary dislocations. At larger misorientation 
angles (above ~15°), the  dislocation cores merge into 
a single extended defect, and the energy increases more 
slowly with increasing θ.

The obtained dependencies   indicate a correlation 
between Tm and Δ  . To verify this, the Tm (Δ ) depen-
dence was plotted (Fig. 6). Within the studied range of Δ

 , values, the  relationship is approximately linear and 
follows the equation Tm = –49,828Δ  + 2,135 (shown as 
a dashed line).

Thus, it can be concluded that the  main quantita-
tive criterion determining the  influence of  defects on 
the reduction of the melting point is the excess energy – 
that is, the difference between the energy of the structure 
under consideration and that of  an ideal crystal. This 

Fig. 5. Dependences of the melting point of the calculation cell Tm (а) 
and the excess energy per atom, Δ   (b) on misorientation angle:

1 – 100 ; 2 – 110 ; 3 – 111

Рис. 5. Зависимости температуры плавления расчетной  
ячейки Tm (а) и избыточной энергии Δ  , приходящейся  

на один атом (b), от угла разориентации θ:
1 – 100 ; 2 – 110 ; 3 – 111

Fig. 6. Dependence of the melting point 
on the excess energy per atom: 

, ,  – results of the model for misorientation axes 100 , 110  
and 111 , dashed line – linear approximation

Рис. 6. Зависимость температуры плавления 
от избыточной энергии, приходящейся на один атом:

, ,  – результаты модели для осей разориентации 100 , 110  
и 111 , штриховая линия – линейная аппроксимация
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quantity can also be interpreted as the formation energy 
of the given structure or as the energy potentially released 
during structural transformation, such as recrystallization. 
The observed linear dependence is likely due to the fact 
that the  excess energy reflects the  reduction in work 
required to break the crystal lattice during melting – or, 
put differently, the  corresponding decrease in  the  mate-
rial’s heat of fusion.

 Conclusions

Molecular dynamics simulations were used to  inves-
tigate the  effect of  the  misorientation angle and grain 
boundary energy of  tilt boundaries with misorientation 
axes 100 , 110  and 111  on the  melting temperature 
and the  nature of  melting initiation at grain bounda­
ries in austenite. The results show that during gradual 
heating, melting begins at the  grain boundaries, where 
the  crystal structure is disrupted and atoms are located 
in shallower potential wells. For large-angle bounda­
ries, melting is initiated simultaneously along the entire 
boundary, whereas for small-angle boundaries, it starts 
at the cores of grain-boundary dislocations. Dependences 
of  the  melting temperature of  the  simulated calculation 
cells on the grain misorientation angle and excess energy 
were obtained. Similar results were observed for the 
100 , 110  and 111  misorientation axes. In the  range 

of low misorientation angles (less than 15°), the melting 
point decreases almost linearly as the  angle increases. 
For large-angle boundaries, the  decrease becomes less 
pronounced. These dependences correlate with the grain 
boundary energy or the  corresponding excess energy 
of  the  calculation cell. The key quantitative parameter 
determining the  influence of  defects on the  reduction 
of the melting point is the excess energy – that is, the dif-
ference between the energy of the structure under consi­
deration and that of an ideal crystal. This value can also 
be interpreted as the formation energy of the given struc-
ture. A linear decrease in melting point with increasing 
excess energy was observed. It is clear that this effect – 
the influence of grain boundaries on the melting point – 
becomes significant only in materials with a very high 
content of grain boundaries, such as those with a nano-
crystalline structure.
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Abstract. Metallographic studies showed that the use of rare-earth oxide (REO) additives during liquid electrolysis-free boriding increases the borated 

layers depth, with these additives not interacting with the treated product material. Addition of lanthanum and yttrium oxides increases the borated 
layer depth by 30 – 40 %, while addition of scandium oxide either has no effect or decreases the layer depth. X-ray phase analysis of boriding alloys 
with REO additives was conducted in this study. It was shown that REO additions to the melt result in formation of low-melting rare-earth borates 
(LaBO3 , YBO3 , ScBO3 ), which enhance grain boundary diffusion and significantly intensify the boriding process. Estimated values of bulk and 
grain boundary diffusion coefficients were obtained. The addition of yttrium oxide increased the bulk diffusion coefficient in VKS-5 steel by 280 %. 
In Kh12MF steel, addition of lanthanum oxide resulted in an 83 % increase in the bulk diffusion coefficient. For 40Kh steel, no increase in the bulk 
diffusion coefficient was recorded in any of the investigated cases. The grain boundary diffusion coefficient increased in VKS-5 and Kh12MF steels 
by 1000 % with addition of lanthanum oxide. Addition of yttrium oxide increased the grain boundary diffusion coefficient by 1000 % in VKS-5 steel, 
by 135 % in Kh12MF steel, and by 87 % in 40Kh steel. Addition of scandium oxide increased the grain boundary diffusion coefficient by 160 % 
in VKS-5 steel. The diffusion coefficient values at grain boundaries obtained through modeling calculations agree well with the experimental data. 
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Аннотация. Проведены металлографические исследования, показывающие, что применение добавок оксидов редкоземельных 

элементов (РЗЭ) при жидкостном безэлектролизном борировании приводит к увеличению глубины борированных слоев, причем данные 
добавки не взаимодействуют с материалом обрабатываемого изделия. Добавка оксидов лантана и иттрия увеличивает глубину бориро-
ванного слоя на 30 – 40 %, добавка оксида скандия не влияет или приводит к снижению глубины борированного слоя. В данной работе 
проведен рентгенофазовый анализ сплавов для борирования с добавками оксидов РЗЭ. Показано, что при добавке оксида РЗЭ в расплаве 
образуется легкоплавкий борат РЗЭ (LaBO3 , YBO3 , ScBO3 ), который способствует зернограничной диффузии, что приводит к значи-
тельной интенсификации процессов борирования. Получены оценочные значения коэффициентов объемной и зернограничной диффузии. 
Добавка оксида иттрия увеличивает коэффициент объемной диффузии в стали ВКС-5 на 280 %. В стали Х12МФ добавка оксида лантана 
привела к увеличению коэффициента объемной диффузии на 83 %. На стали 40Х во всех исследуемых случаях увеличение коэффици-
ента объемной диффузии не зафиксировано. Коэффициент зернограничной диффузии увеличился в сталях ВКС-5 и Х12МФ на 1000 % 
при добавке оксида лантана. Добавка оксида иттрия привела к увеличению коэффициенту зернограничной диффузии на 1000 % в стали 
ВКС-5, на 135 % в стали Х12МФ и на 87 % в стали 40Х. Добавка оксида скандия позволила увеличить коэффициент зернограничной 
диффузии на  160 % в стали ВКС-5. Значения коэффициентов диффузии по границам зерен, полученные путем модельных расчетов, 
хорошо согласуются с экспериментальными данными. 

Ключевые слова: борирование, борированные слои, редкоземельный элемент, оксид лантана, оксид иттрия, оксид скандия, жидкостное 
борирование, модифицирование, морфология борированных слоев, диффузия
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К вопросу о влиянии добавок 
оксидов редкоземельных элементов 

на кинетику образования борированных слоев 
и диффузию бора по границам зерен 

при борировании сталей
Д. А. Ишмаметов1, 2 , А. С. Помельникова1, А. Л. Петелин1, 3

 Introduction

Although the  use of  rare-earth metal (REM) addi-
tives in liquid boriding increases the  depth of  borated 
layers, promotes the  formation of complex borides, and 
improves mechanical properties  [1; 2], their applica-
tion has not become widespread in boriding technolo-
gies due to  the high cost of  such additives. Recent stu­
dies on the  use of  rare-earth oxide (REO) additives in 
powder boriding  [3 – 5] have shown that they produce 
similar effects. Research into REO additives in liquid 
electrolysis-free boriding has demonstrated an increase 
in the depth of borated layers and, in some cases, changes 
in their morphology  [6; 7]. It has been noted that REO 
additives do not interact with the material being treated 
and instead act as catalysts in the boriding process [8; 9]. 

A key factor in controlling the boriding process when 
using REO additives is understanding the mechanism by 
which they influence the kinetics of borated layer forma-
tion and boron diffusion into the metal [10 – 12].

Although no traces of rare-earth elements are detected in 
the structure of the treated steels, their presence in the melt 
can affect the boriding process in several ways [13 – 14].

• Rare-earth oxides may act as catalysts that accele­
rate chemical reactions in the melt. This can lead to an 
increased rate of formation of active boron atoms, which 
diffuse into the  steel and ultimately result in deeper 
borated layers.

• The presence of  REO additives alters the  physico-
chemical properties of the melt, such as viscosity, surface 
tension, and ion distribution. These changes may promote 
more uniform and active interaction between boron and 
the steel surface, enhancing boron penetration depth.

• REO additives may influence the structure and defec-
tiveness of  the oxide layer on the steel surface, facilita­
ting more active diffusion of boron atoms into the metal.

• Rare-earth oxides can affect the formation of  inter-
mediate phases in the melt or at the steel–melt interface, 
thereby intensifying the boriding process.
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A study reported in the  international literature [15] 
describes the positive effect of cerium oxide addition on 
the depth of borated layers produced on a Ti6Al4V tita-
nium alloy. The beneficial effect is attributed to the for-
mation of low-melting rare-earth borates, which enhance 
the  transport capacity of  the  boriding agent. However, 
that study focuses solely on powder boriding and does 
not consider the  contribution of  low-melting RE borate 
phases to grain boundary diffusion of boron into the mate-
rial.

The aim of this study is to analyze the effect of rare-
earth oxide additives on boron diffusion during the  for-
mation of borated layers in steels with different composi-
tions.

 Materials and methods

The steel samples were subjected to liquid electroly-
sis-free boriding in a melt composed of sodium tetrabo-
rate and boron carbide, with lanthanum, yttrium, or scan-
dium oxides added in amounts of 1, 5, 10, and 20 wt. %. 
The boriding process was conducted at 1000 °C for 8 h, 
followed by air cooling of the samples. 

This study investigated VKS-5, Kh12MF, and 40Kh 
steels, selected for their varying carbon content and 
alloying element composition. Their chemical composi-
tions are listed in Table 1.

The microstructure of  the  samples was examined 
using a Jeol JXA-iSP100 electron probe microanalyzer. 
Microstructure images were obtained with a backscat-
tered electron detector. 

X-ray phase analysis of  the  boriding alloy was per-
formed using a BRUKER D2 PHASER X-ray diffracto­
meter. 

 Results and discussion

As previously shown, the addition of rare-earth oxides 
has a significant impact on the  depth, properties, and, 
in some cases, the  morphology of  the  resulting borated 
layers. All steel samples treated in the  various melts 
described in this study were examined using an  elect­
ron microscope. Fig. 1 presents the  microstructures 

of  borated layers formed on VKS-5 steel in a standard 
melt and in melts containing 1, 5, 10, and 20 wt. % lan-
thanum oxide. These images were selected as they clearly 
illustrate the characteristic features of borated layer for-
mation during liquid boriding with REO additives. 

As seen in Fig. 1, the addition of 1 wt. % lanthanum 
oxide promotes the formation of higher-quality borated 
layers. With 5 wt. % lanthanum oxide, the  penetra-
tion depth of  the dark, boron-rich FeB phase increases, 
although this phase forms unevenly. Increasing the addi-
tive content to 10 wt. % leads to even deeper FeB penet­
ration, with the  dark phase displaying greater conti­
nuity. Notably, the deepening zone of  the borated layer 
consists of  light, acicular regions that appear as a con-
tinuation of the dark layer. This zone reflects the initial 
accelerated diffusion of  boron along the  grain boun­
daries of the matrix, followed by boron penetration into 
the  grain volume from the  boundaries, which act as 
diffusion sources. However, as the  diffusant concentra-
tion at the boundaries decreases beyond a certain depth, 
the grains are no longer fully saturated with boron, resul­
ting in a jagged interface at  the  bottom of  the  borated 
layer. Boron partially decorates the  grain boundaries, 
which become visible in the transition to the underlying 
structure. A network of  boride phases along the  grain 
boundaries in the  transition zone is observed in all 
the presented microstructures. 

Table 2 presents the data on the depth of borated layers 
formed in melts with various additives for the steels stu­
died.

Analysis of  the  data in Table 2 indicates that rare-
earth oxide additives influence the depth of  the borated 
layers. However, there appears to be a critical concent­
ration of  these additives, beyond which the  boriding 
process slows down and the  layer depth decreases. 
Notably, the addition of scandium oxide does not result 
in any increase in layer depth. The chemical composi-
tion of the steel also plays a significant role in determin-
ing the depth of borated layers formed in melts without 
additives. While previous studies [6; 18] have identified 
carbon content as the  primary factor influencing layer 
depth, the data in Table 1 show no clear correlation. For 
example, the  low-carbon VKS-5 steel exhibited a layer 

Table 1. Chemical composition of the studied steels

Таблица 1. Химический состав исследуемых сталей

Alloy
Element content, wt. % 

Fe C Si Mn Cr Ni W V Mo Nb Ce
VKS-5 base 0.15 0.68 0.41 2.80 1.30 1.20 0.41 0.58 0.10 0.03

Kh12MF base 1.62 0.33 0.30 12.20 0.36 – 0.26 0.41 – –
40Kh base 0.41 0.24 0.62 1.10 0.21 – – – – –
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depth of  120 – 130 µm; the  medium-carbon 40Kh steel 
reached 240 – 250 µm; whereas the high-carbon Kh12MF 
steel showed a depth of only 95 – 105 µm. 

Given that the  addition of  5 wt. % rare-earth oxide 
(REO) consistently resulted in increased borated layer 
depth, the compositions of melts containing 5 wt. % REO 
were analyzed in detail.

Figs. 2 – 4 show the X-ray diffraction patterns of bori­
ding melts with various REO additives.

These diffraction patterns reveal the  formation of 
a  new phase in all melts  – rare-earth borates (LaBO3 , 
YBO3 , ScBO3 ). According to previous studies [14 – 16], 
these compounds are low-melting. It was also observed 
during melt preparation that adding up to 10 wt. % REO 
improved melt fluidity.

X-ray phase analysis suggests that the  presence 
of a  low-melting phase in the melt increases its fluidity 
and likely promotes faster diffusion of boron atoms into 
the steel. Given that the boriding temperature is 1000 °C – 
within the  range where grain boundary diffusion domi-
nates over bulk diffusion (Т < 0.7Тm [17])  – it  can be 
assumed that boron initially diffuses rapidly along grain 
boundaries (GB), followed by penetration into the grain 
interiors from these boundaries, which serve as diffu-
sion sources. This is due to  the  fact that the  activation 
energy for grain boundary diffusion is considerably lower 
than for bulk diffusion, making it the preferred pathway 
under these conditions. This assumption is supported 
by the observed morphology of the borated layers – spe-
cifically, the  presence of  light acicular regions within 

Table 2. Depth data of borated layers in melts  
with various additives on steels

Таблица 2. Данные по глубинам борированных слоев, 
полученных в расплавах с разными добавками на сталях

Composition
Depth of borated layers, µm

VKS-5 Kh12MF 40Kh
No additive 120 – 130 95 – 105 240 – 250
1 % La2O3 120 – 130 100 – 105 240 – 250
5 % La2O3 150 – 160 140 – 145 260 – 270
10 % La2O3 160 – 170 118 – 124 270 – 275
20 % La2O3 150 – 160 100 – 105 268 – 274
1 % Y2O3 100 – 105 95 – 105 200 – 220
5 % Y2O3 235 – 245 120 – 130 140 – 150
10 % Y2O3 165 – 170 95 – 100 210 – 230
20 % Y2O3 105 – 115 100 – 105 160 – 170
1 % Sc2O3 122 – 126 95 – 110 235 – 245
5 % Sc2O3 128 – 134 76 – 82 155 – 162
10 % Sc2O3 127 – 133 87 – 96 158 – 164
20 % Sc2O3 64 – 79 0 103 – 113

Fig. 1. Microstructure of borated layers on VKS-5 steel: 
а – without lanthanum oxide addition, b – with 1 wt. % lanthanum oxide addition, c – with 5 wt. % lanthanum oxide addition, 

d – with 10 wt. % lanthanum oxide addition, e – with 20 wt. % lanthanum oxide addition

Рис. 1. Микроструктура борированных слоев, полученных на стали ВКС-5: 
а – без добавления оксида лантана; b – с добавлением 1 мас. % оксида лантана; c – с добавлением 5 мас. % оксида лантана; 

d – с добавлением 10 мас. % оксида лантана; e – с добавлением 20 мас. % оксида лантана
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Fig. 2. Diffraction pattern of the melt with 5 wt. % lanthanum oxide addition 

Рис. 2. Дифрактограмма расплава с добавкой 5 мас. % оксида лантана

Fig. 3. Diffraction pattern of the melt with 5 wt. % yttrium oxide addition 

Рис. 3. Дифрактограмма расплава с добавкой 5 мас. % оксида иттрия

Fig. 4. Diffraction pattern of the melt with 5 wt. % scandium oxide addition 

Рис. 4. Дифрактограмма расплава с добавкой 5 мас. % оксида скандия
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the  layer and a boride network along grain boundaries 
in the transition zone. 

It is also reasonable to  hypothesize that the  low-
melting RE borate phase acts as a transport medium, 
enhancing the delivery of boron atoms to grain boundary 
outlets at the  matrix surface. Grain boundary diffusion, 
being faster than bulk diffusion, creates leading boron 
fluxes into the  steel. This results in a higher concentra-
tion of  boron in the  reaction zone, thereby accelerating 
the boriding process. 

In light of the presumed substantial role of REO addi-
tives in promoting grain boundary diffusion, it is approp­
riate to  assess the  depth of  boron penetration for diffe­
rent melt compositions and to estimate the bulk and grain 
boundary diffusion coefficients of  boron in the  studied 
steels.

Based on the  metallographic analysis, the  following 
characteristic depths were determined.

• h  – the  depth of  the  borated layer where bulk dif-
fusion is the  dominant mechanism. In this zone, boron 
enrichment occurs primarily through lattice diffusion, as 
the supply of boron atoms to the grain boundaries (GBs) 
is limited and no low-melting transport medium is pre­
sent. The contribution of grain boundary diffusion in this 
region is minimal or absent, and the boron distribution is 
governed solely by bulk diffusion.

• Lb  – the  grain boundary diffusion path, defined as 
the distance from the sample surface to the depth where 
boron enrichment along grain boundaries significantly 
decreases (approximately by a factor of e). 

• Lv – the bulk diffusion path of boron during the satu-
ration of grain interiors from the grain boundaries, which 
act as sources of boron atoms – that is, in the presence 
of grain boundary diffusion fluxes.

Fig. 5 illustrates the  zones within the  borated layer 
corresponding to these parameters.

The bulk diffusion coefficient of  boron in the  steels 
was estimated using the equation provided in [18]:

		                	 (1)

where h  is the  layer depth, µm; D  is the bulk diffusion 
coefficient of boron, m2/s; τ is the boriding time, s.

Table 3 summarizes the  average values of  h,  Lb , Lv 
obtained from metallographic observations.

Analysis of  the data in Table 3 shows that rare-earth 
oxide (REO) additives significantly affect the  depth 
of  the borated layers. In VKS-5 steel, which has a fine-
grained structure (approximately 5 – 8 µm), grain boun­
dary diffusion contributes most prominently  – par-
ticularly with the  addition of  yttrium and lanthanum 
oxides  – reflected in the  increased Lb values. Kh12MF 
steel, with a  slightly larger grain size (8 – 12 µm), 

demonstrates similar trends, though the  effect is less 
pronounced. In contrast, 40Kh steel, with coarser grains 
(12 – 18 µm), shows the weakest response to REO addi-
tions. These findings confirm that fine-grained structures 
enhance grain boundary diffusion, while in steels with 
larger grains, bulk diffusion plays a more dominant role 
in borated layer formation.

To predict the  kinetics of  borated layer formation 
during liquid boriding with REO additions, estimated cal-
culations of the grain boundary diffusion coefficient (Db ) 
can be performed. The Lb values can also be estimated 
using the  formulas proposed in  [19; 20] and compared 
with experimental values obtained through microstruc-
tural analysis. This comparison helps validate the reliabi­
lity of  the grain boundary diffusion coefficients derived 
from the experimental data.

 An estimated calculation of Lb was performed using 
Equation (2), as proposed in  [19; 20], with Lv and D 
values taken from Table 2. The average grain sizes were 
5 – 8 µm for VKS-5 steel, 8 – 12 µm for Kh12MF steel, 
and 12 – 18 µm for 40Kh steel:

	            	 (2)

where l is the grain size, µm.
Table 4 presents the Lb values obtained through esti-

mated calculations using Equation (2) (Lb. calc  ), along-
side those determined through microstructural analy-
sis (Lb. exp ).

The comparison shows that the  calculated diffusion 
lengths closely match the experimental data, with devia-
tions not exceeding 12 %. This consistency supports 

Fig. 5. Structure of the borated layer with marked depths h, Lb , Lv 

Рис. 5. Структура борированного слоя 
с отмеченными глубинами h, Lb , Lv
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Table 3. Average values of h, Lb , Lv , D for all studied borated layers

Таблица 3. Средние значения h, Lb , Lv , D для всех исследуемых борированных слоев
 

Composition
VKS-5 Kh12MF 40Kh

h, 
µm

Lb , 
µm

Lv , 
µm D, m2/s h, 

µm
Lb , 
µm

Lv , 
µm D, m2/s h, 

µm
Lb , 
µm

Lv , 
µm D, m2/s

No additive 39 140 91 0.05ꞏ10–12 42 105 73 0.06ꞏ10–12 100 250 150 0.34ꞏ10–12

1 % La2O3 52 144 91 0.09ꞏ10–12 42 105 61 0.06ꞏ10–12 75 273 125 0.19ꞏ10–12

5 % La2O3 64 176 96 0.14ꞏ10–12 58 145 102 0.12ꞏ10–12 54 270 162 0.10ꞏ10–12

10 % La2O3 68 187 119 0.16ꞏ10–12 50 124 87 0.09ꞏ10–12 83 303 165 0.24ꞏ10–12

20 % La2O3 62 180 112 0.13ꞏ10–12 42 104 73 0.06ꞏ10–12 81 274 164 0.23ꞏ10–12

1 % Y2O3 31 116 78 0.03ꞏ10–12 31 105 42 0.03ꞏ10–12 66 220 132 0.15ꞏ10–12

5 % Y2O3 74 269 171 0.19ꞏ10–12 52 130 78 0.09ꞏ10–12 45 150 75 0.07ꞏ10–12

10 % Y2O3 68 189 136 0.16ꞏ10–12 30 100 70 0.03ꞏ10–12 69 230 138 0.17ꞏ10–12

20 % Y2O3 46 127 80 0.07ꞏ10–12 51 100 63 0.09ꞏ10–12 51 170 102 0.09ꞏ10–12

1 % Sc2O3 38 139 76 0.05ꞏ10–12 44 110 66 0.07ꞏ10–12 73 245 171 0.18ꞏ10–12

5 % Sc2O3 40 147 94 0.05ꞏ10–12 24 82 57 0.02ꞏ10–12 48 162 113 0.08ꞏ10–12

10 % Sc2O3 53 146 93 0.09ꞏ10–12 29 96 54 0.03ꞏ10–12 49 164 98 0.08ꞏ10–12

20 % Sc2O3 23 87 55 0.02ꞏ10–12 0 0 0 0 34 113 68 0.04ꞏ10–12

the  reliability of  the  calculation method and validates 
the experimental findings. 

Using Equation (3), proposed in [19; 20], and the Lb 
values from Table 3, the grain boundary diffusion coef-
ficient (Db ) can be estimated:

		       	 (3)

where δ is the interatomic spacing, nm, used to estimate 
the average grain boundary thickness.

The estimated grain boundary diffusion coefficients 
are summarized in Table 5.

Analysis of the data in Table 5 shows that the calcu-
lated grain boundary diffusion coefficients are generally in 
good agreement with the experimental values, confirming 
the  adequacy of  the  chosen calculation approach. In  all 

Table 4. Lb.calc and Lb.exp values

Таблица 4. Значения Lb.расч и Lb.эксп

Composition
VKS-5 Kh12MF 40Kh

Lb.calc Lb.exp Lb.calc Lb.exp Lb.calc Lb.exp

No additive 137.9 140 95.7 105 213.3 250
1 % La2O3 138.8 144 103.9 105 268.1 273
5 % La2O3 164.8 176 138.5 145 274.4 270
10 % La2O3 164.1 187 136.9 124 306.2 303
20 % La2O3 196.7 180 100.4 104 260.2 274
1 % Y2O3 112.9 116 102.1 105 214.1 220
5 % Y2O3 271.6 269 118.9 130 157.1 150
10 % Y2O3 195.7 189 94.9 100 223.6 230
20 % Y2O3 123.8 127 105.9 100 171.6 170
1 % Sc2O3 127.9 139 104.9 110 249.5 245
5 % Sc2O3 135.4 147 85.2 82 169.1 162
10 % Sc2O3 130.4 146 106.2 96 168.9 164
20 % Sc2O3 81.8 87 0 0 117.3 113
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Table 5. Estimated values of grain boundary diffusion coefficients

Таблица 5. Оценочные значения коэффициентов диффузии по ГЗ

Composition
Diffusion coefficients, m2/s

VKS-5 Kh12MF 40Kh
Db.calc Db.exp Db.calc Db.exp Db.calc Db.exp

No additive 0.6ꞏ10–9 0.6ꞏ10–9 0.3ꞏ10–9 0.4ꞏ10–9 0.9ꞏ10–8 0.1ꞏ10–7

La2O3 1 % 0.1ꞏ10–8 0.1ꞏ10–8 0.4ꞏ10–9 0.4ꞏ10–9 0.8ꞏ10–8 0.9ꞏ10–8

La2O3 5 % 0.2ꞏ10–8 0.3ꞏ10–8 0.1ꞏ10–8 0.2ꞏ10–8 0.5ꞏ10–8 0.4ꞏ10–8

La2O3 10 % 0.3ꞏ10–8 0.3ꞏ10–8 0.9ꞏ10–9 0.8ꞏ10–9 0.1ꞏ10–7 0.1ꞏ10–7

La2O3 20 % 0.3ꞏ10–8 0.3ꞏ10–8 0.4ꞏ10–9 0.4ꞏ10–9 0.9ꞏ10–8 0.1ꞏ10–7

Y2O3 1 % 0.3ꞏ10–9 0.3ꞏ10–9 0.2ꞏ10–9 0.2ꞏ10–9 0.4ꞏ10–8 0.4ꞏ10–8

Y2O3 5 % 0.8ꞏ10–8 0.8ꞏ10–8 0.8ꞏ10–9 0.9ꞏ10–9 0.1ꞏ10–8 0.9ꞏ10–9

Y2O3 10 % 0.4ꞏ10–8 0.3ꞏ10–8 0.2ꞏ10–9 0.2ꞏ10–9 0.5ꞏ10–8 0.5ꞏ10–8

Y2O3 20 % 0.7ꞏ10–9 0.7ꞏ10–9 0.6ꞏ10–9 0.5ꞏ10–9 0.2ꞏ10–8 0.1ꞏ10–8

Sc2O3 1 % 0.5ꞏ10–9 0.6ꞏ10–9 0.4ꞏ10–9 0.5ꞏ10–9 0.7ꞏ10–8 0.6ꞏ10–8

Sc2O3 5 % 0.6ꞏ10–9 0.7ꞏ10–9 0.1ꞏ10–9 0.1ꞏ10–9 0.1ꞏ10–8 0.1ꞏ10–8

Sc2O3 10 % 0.9ꞏ10–9 0.1ꞏ10–9 0.2ꞏ10–9 0.2ꞏ10–9 0.1ꞏ10–8 0.1ꞏ10–8

Sc2O3 20 % 0.1ꞏ10–9 0.1ꞏ10–9 0 0 0.3ꞏ10–9 0.3ꞏ10–9

the steels studied – particularly in VKS-5 – an increase 
in boron penetration into the matrix was observed with 
the addition of lanthanum and yttrium oxides. 

 Conclusions

The structure of  borated layers formed in melts 
containing 5, 10, and 20 wt. % of  lanthanum, yttrium, 
and scandium oxides was investigated. The depth 
of  the  resulting layers was measured. It was found that 
additions of  lanthanum and yttrium oxides significantly 
increase the  depth of  the  borated layers, whereas scan-
dium oxide either has no effect or reduces the layer depth.

X-ray phase analysis revealed the  formation of  low-
melting rare-earth borates (LaBO3 , YBO3 , ScBO3 ) in 
the  boriding melts. These phases improve the  fluidity 
of the melt, facilitating more efficient transport of boron 
atoms to  the grain boundaries and enhancing their deli­
very into the steel. This leads to higher boron concentra-
tions within the  grains and plays a key role in forming 
deeper and more uniform borated layers.

Estimated values of both bulk and grain boundary dif-
fusion coefficients were obtained. The addition of yttrium 
oxide increased the  bulk diffusion coefficient in VKS-5 
steel by 280 %. In Kh12MF steel, lanthanum oxide led 
to an 83 % increase. In 40Kh steel, no increase in the bulk 
diffusion coefficient was recorded in any of  the  stu­
died cases. The addition of  lanthanum oxide resulted 
in a  1000 % increase in the  grain boundary diffusion 
coefficient in VKS-5 and Kh12MF steels. The addition 

of  yttrium oxide resulted in a 1000 % increase in grain 
boundary diffusion in VKS-5 steel, 135 % in Kh12MF, 
and 87 % in 40Kh. The addition of  scandium oxide led 
to a 160 % increase in grain boundary diffusion in VKS-5.

VKS-5 steel exhibited the strongest response to REO 
additions, attributed to  its fine-grained structure and 
the dominant role of grain boundary diffusion. In Kh12MF 
steel, which has a medium grain size, the  effect was 
noticeable but less pronounced. In 40Kh steel, which has 
a coarser grain structure, REO additions in some cases 
contribute to an increase in boriding depth, although bulk 
diffusion remains significant.

The grain boundary diffusion coefficients obtained 
through modeling were in good agreement with experi-
mental values, confirming the  reliability of  the  calcula-
tion methods and their suitability for modeling diffusion 
processes in steels.
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Аннотация. Предложена простая теория термодинамических свойств жидких растворов азота в бинарных сплавах систем Fe – Ni и Fe – Cr, 

которая аналогична теории, предложенной авторами ранее (2019 – 2021). Данная теория основана на решеточной модели растворов 
Fe – Ni и Fe – Cr. Предполагается модельная решетка типа ГЦК, в узлах которой располагаются атомы железа, никеля и хрома. Атомы 
азота располагаются в октаэдрических междоузлиях. Атом азота взаимодействует лишь с атомами металлов, находящимися в соседних 
с этим атомом узлах решетки, и это взаимодействие парное. Предполагается, что энергия этого взаимодействия не зависит ни от состава 
сплава, ни от температуры, и жидкие растворы систем Fe – Ni и Fe – Cr являются совершенными. Для бесконечно разбавленного по 
азоту раствора этого элемента в сплаве Fe – j (j = Ni, Cr) рассматривается рациональный коэффициент активности азота  . Далее анали-
зируется разложение функции ln   при постоянной температуре в ряд по степеням аргумента cj , где cj – концентрация компонента j, 
выраженная в мольных долях. Коэффициент Jn в члене n-й степени этого разложения называется термодинамическим параметром взаи-
модействия n-го порядка азота с элементом j в жидкой стали. При этом J1 =   называется вагнеровским параметром взаимодействия, 
а J2 =   – параметром взаимодействия второго порядка. В рамках представленной теории найдена простая связь между параметрами  
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Abstract. The authors propose a simple theory of thermodynamic properties of liquid nitrogen solutions in alloys of the Fe – Ni and Fe – Cr systems. 

The theory is analogous to the theory of these systems proposed previously by the authors in 2019 and 2021. It is based on lattice model of the Fe – Ni 
and Fe – Cr solutions. The model assumes a FCC lattice. At the sites of this lattice are the atoms of iron, nickel and chromium. Nitrogen atoms are 
located in octahedral interstices. Nitrogen atom interacts only with the metal atoms located in the lattice sites neighboring to it. This interaction is 
pairwise. It is assumed that the energy of this interaction depends neither on composition nor on temperature and the liquid solutions of Fe – Ni and 
Fe – Cr systems are perfect. For an infinitely nitrogen-diluted solution of this element in the Fe – j alloy (j = Ni, Cr), a rational nitrogen activity coeffi­
cient  is determined. Next, we considered the expansion of the function ln   at a constant temperature in a series in powers of the argument cj  , 
where cj is the concentration of the j component, expressed in mole fractions. The coefficient Jn in the term of the nth degree of this expansion is 
called the thermodynamic nth order interaction coefficient of nitrogen with j element in liquid steel. In this case, J1 =   is called Wagner interac-
tion coefficient, J2 =   – the second order interaction coefficient. Within the framework of the presented theory the simplest relationship between  
the interaction coefficients  and   was found. The formula looks like:  To verify this formula, experimental data on the solubility  
 

of nitrogen in liquid alloys of the Fe – Ni and Fe – Cr systems at a temperature of 1873 K, obtained by Satir-Kolorz and Feichtinger (1991) were 
used. From these data follows:  = 2.6;  = –10.2;  = 0.8;  = 6.3. The theoretical values calculated using the above formula are as follows: 

 = 0.56;  = 8.67. Bearing in mind the significant uncertainty in the experimental determination of the second order interaction coefficient 
of  nitrogen with alloying elements in iron-based binary alloys, the correspondence between the theoretical and experimental results should be 
considered satisfactory. 

Keywords: thermodynamics, solution, nitrogen, iron, nickel, chromium, activity coefficient, nth order interaction coefficient, Wagner interaction coefficient, 
Langenberg interaction coefficient
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Nitrogen is an element that plays a significant role 
in steel production [1]. In recent decades, special atten-
tion has been given to the production and application 
of high-nitrogen steels [2; 3], as well as to the behavior 
of  nitrogen in various manufacturing processes  [4 – 6]. 
The  solubility of nitrogen in liquid steel is of primary 
importance [7 – 10]. Research in this area aims to improve 
the accuracy of solubility predictions and the potential for 
nitride formation.

Let us consider the thermodynamics of nitrogen solu-
tions in liquid binary Fe – j alloys, where j represents 
nickel and chromium. The concentrations of elements in 
the Fe – j – N solution, expressed in mole fractions, will 
be denoted as cFe , cj and cN , respectively. In practical 
metallurgy, these concentrations are typically expressed 
as mass percentages and designated as [% Fe], [% j] and 
[% N]. 

We will proceed from the concept of the abso-
lute  [11] activity of nitrogen in the solution, denoted 
as aN . The rational activity coefficient will be represented 
as γN (γN = aN /cN ). The mass-percent activity coeffi-
cient of nitrogen will be denoted as fN (fN = aN /[% N]). 
The activity coefficients in an infinitely nitrogen-diluted 
solution (cN → 0; [% N] → 0) will be denoted as  and 

 , respectively. These coefficients will be normalized 
based on the condition:  → 1 as cFe → 1;  → 1 as 
[% Fe] → 100.

The fundamental concept of the phenomenological 
thermodynamics of multicomponent dilute alloys was 
introduced by Wagner  [12]. Wagner’s idea was applied 
to the calculation of nitrogen solubility in steel by Lan-
genberg  [13]. A significant development of Wagner’s 
approach was presented in [14]. According to this study, 
within a certain convergence interval, the following 
expansion holds

		         	 (1)

where  Jn is the rational n-th order interaction coefficient.
A similar expansion can be written.  

		      	 (2)

where   is the mass-percent n-th order interaction coef-
ficient.

For first- and second-order interaction coefficients, 
there exist more specific notations  [12 – 14]: J1 =   ; 
J2 =   ;  =   ;   =   , where  and   are the Wagner 
and Langenberg interaction coefficients, respectively.

Next, we will limit our consideration to the condition 
of constant temperature T = const.

Under this condition, from the invariance of the diffe­
rential of the logarithm of the activity coefficient, the fol-
lowing relationship was obtained [15]

	           	 (3)

where AFe is the atomic mass of iron, and  Aj is the atomic 
mass of the alloying element j. Similarly, the following 
relationship was derived [14]

	 	 (4)

To measure the thermodynamic parameters of nitro-
gen interaction with element j in liquid steel, it is, in prin­
ciple, sufficient to experimentally study the dependence 
of nitrogen solubility in a binary Fe – j alloy on the con-
centration of element j. The solubility of nitrogen in 
liquid iron was first measured in 1938 [16]. Shortly there-
after, research on nitrogen solubility in liquid binary iron 
alloys began [17]. The first-order thermodynamic interac-
tion parameters of nitrogen with alloying elements were 
thoroughly investigated in studies [18 – 21]. The results 
of  the main stage of experimental research on these 
parameters were summarized in a review article  [22]. 
Such studies continue to this day [23]. 

Truncating the power series expansions (1) and (2) 
while retaining only the linear terms does not allow for 
an adequate description of the concentration dependence 
of  nitrogen solubility in liquid binary iron alloys for 
a number of systems. Therefore, it is necessary to account 
for at least the quadratic terms as well. The technical 

взаимодействия    и   . Формула имеет вид  , для ее проверки были использованы экспериментальные данные по  
 

растворимости азота в жидких сплавах систем Fe – Ni и Fe – Cr при температуре 1873 К, полученные в работе Затир-Колорц и Файхтин-
гера (1991 г.). Из этих данных следует:  = 2,6;  = –10,2;  = 0,8;  = 6,3. Теоретические значения, рассчитанные по приведенной 
формуле, получились следующими:  = 0,56;  = 8,67. Имея ввиду значительную экспериментальную неопределенность для пара-
метров взаимодействия  и  , согласие теоретических результатов с экспериментальными следует признать удовлетворительным. 

Ключевые слова: термодинамика, раствор, азот, железо, никель, хром, коэффициент активности, параметр взаимодействия n-го порядка, 
вагнеровский параметр взаимодействия, лангенберговский параметр взаимодействия

Для цитирования: Большов Л.А., Корнейчук С.К., Большова Э.Л. Термодинамические параметры взаимодействия второго порядка азота 
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capabilities of experimental methods allow for the reliable 
determination of second-order thermodynamic interac-
tion parameters of nitrogen with an alloying metal only in 
specific cases. Therefore, a theoretical approach capable 
of predicting these values would be useful for assessing 
the reliability of the obtained experimental results.

In this study, we propose a simple model of nitrogen 
solutions in liquid Fe – j (j = Ni, Cr) alloys that allows 
expressing the second-order thermodynamic interaction 
coefficient  in terms of the Wagner interaction coeffi-
cient   . The theory is based on a lattice model of Fe – j 
solution. The model assumes a face-centered cubic (FCC) 
lattice, where the lattice sites are occupied by iron atoms 
and atoms of element j. Nitrogen atoms are located in 
octahedral interstices. A nitrogen atom interacts only with 
metal atoms occupying the neighboring lattice sites, and 
this interaction is pairwise. It is assumed that the energy 
of this interaction is independent of the alloy composition 
and temperature. The liquid solutions in the Fe – j system 
are considered ideal. Within the framework of the pro-
posed theory, we express the logarithm of the nitrogen 
activity coefficient, ln   , in an infinitely nitrogen-diluted 
solution as a function of the concentration cj . In doing so, 
we use the result obtained in studies [24; 25]:

		  	 (5)

where δ is the number of FCC lattice sites surrounding 
an octahedral interstice (δ = 6). 

Next, we use the logarithmic expansion 

It follows that 

		       	 (6)

The radius of convergence for these expansions is 
equal to 1. 

From expressions (5) and (6), we obtain 

		     	 (7)

Thus, for the n-th order interaction coefficient of nitro-
gen with element j, we have

or 

The radius of convergence of expansion (7) is 

For the second-order interaction coefficient  = J2 we 
obtain

		          	 (8)

As an experimental validation of equation (8), this 
study utilizes the results of nitrogen solubility measure-
ments in liquid binary Fe – Ni and Fe – Cr alloys at a tem-
perature of 1873 K and partial nitrogen pressures   
up  to  100 bar  [26]. A comparison between the  theo-
retical predictions and experimental data is presented 
in  the  Table. The results obtained in  [26] appear to  be 
more reliable than the data reported in [7 – 10].

From the Table, it follows that the theoretical calcula-
tions based on equation (8) show satisfactory agreement 
with the experimental data from [26].

 Conclusions

A model-based theory of structure and interatomic inter-
action has been applied to nitrogen solutions in liquid alloys 
of the Fe – Ni and Fe – Cr systems.

Equation (8) has been derived, expressing the second-
order thermodynamic interaction coefficients  and  in 
liquid steel in terms of the Wagner interaction coefficients 

 and  in liquid iron-based alloys. The equation is given  
 

by  , where j = Ni, Cr.

Theoretical values of the second-order interaction 
coefficients in liquid steel at T = 1873 K were obtained: 

 = 0.56 and  = 8.67, which show satisfactory agree-
ment with the  experimental estimates:  = 0.8 and 

 = 6.3, as reported in [26].  

Thermodynamic interaction coefficients of nitrogen with nickel and chromium in liquid steel

Термодинамические параметры взаимодействия азота с никелем и хромом в жидкой стали

j
Experiment [26] Theory

 , equation (3) ·105
 , equation (4)  , equation (8)

Ni 0.110 2.6 3.5 0.8 0.56
Cr –0.048 –10.2 35.0 6.3 8.67
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Аннотация. В статье представлены результаты исследования процессов восстановления железорудных титаномагнетитовых окатышей 

синтез-газом с помощью термодинамического моделирования с использованием программного комплекса «Терра». Его применение 
позволило смоделировать и спрогнозировать химические и фазовые превращения в железорудных титаномагнетитовых окатышах при 
восстановлении с использованием водородсодержащего синтез-газа, учитывая влияние температуры, концентрации водорода и других 
параметров. Расчеты проводились с различным содержанием газовой смеси для оценки эффективности модели. Содержание газовой 
смеси CO – N2 – H2 – СН4 для расчетов изменялось с увеличением CO и H2 , уменьшением N2 и постоянным СН4 . Термодинамическое 
моделирование показало, что при достижении баланса основных фаз в высокотемпературных системах при восстановлении различными 
газовыми смесями концентрация распределения кремния, алюминия, титана, магния и кальция остается постоянной. Значительные изме-
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Abstract. The article presents the results of studying the processes of reduction of iron ore titanomagnetite pellets with synthesis gas by means 

of  thermodynamic modeling using the Terra software package. Its use made it possible to model and predict chemical and phase transforma-
tions in iron ore titanomagnetite pellets during reduction using hydrogen-containing synthesis gas, taking into account the effect of temperature, 
hydrogen concentration and other parameters on reduction. Calculations were performed with different gas mixture contents to evaluate the model 
efficiency. Content of the CO – N2 – H2 – CH4 gas mixture for calculations varied with an increase in CO and H2 , decrease in N2 and constant CH4 . 
Thermodynamic modeling showed that when balance of the main phases in high-temperature systems is achieved during reduction with various gas 
mixtures, the concentration of distribution of silicon, aluminum, titanium, magnesium, and calcium elements remains constant. Significant changes 
are observed in the concentration of iron, vanadium, and manganese, which is associated with the features of reduction process and composition 
of the gases used. Dependences of the system equilibrium composition on temperature at various element contents were obtained. The constructed 
thermodynamic model describes the reduction process and can be used to optimize it under various production conditions. 
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 Introduction

Currently, considerable attention is being paid 
to  the development of various approaches to decarboni­
zing metallurgical production. The conventional blast fur-
nace process for metal production involves the emission 
of large volumes of carbon dioxide into the atmosphere. 
One of the possible solutions is to move toward decarboni­
zation without radical changes to the production process 
by capturing CO2 emissions followed by their utilization 
or storage. A more fundamental approach involves repla­
cing carbon monoxide with pure hydrogen or, more fea-
sibly, using synthesis gas  – a combination of  hydrogen 
and carbon monoxide  – which can substitute a signifi-
cant portion of  solid carbon-based fuel in the blast fur-
nace process and offers the potential for progress toward 
decarbonization while meeting high environmental stan-
dards [1 – 3].

One approach to  reducing CO2 emissions during pig 
iron production is the injection of coke oven gas and blast 
furnace gas into the  blast furnace in order to  decrease 
the  specific coke consumption. For the  effective injec-
tion of blast furnace gas, the CO2 and H2O content must 
be minimized as much as possible [4 – 5]. In this regard, 
coke oven gas is far more suitable from a process stand-
point  – its CO2 content is approximately 3 vol. %. For 
instance, ArcelorMittal has announced the  implementa-
tion of a coke oven gas injection technology at its plant 
in Spain1. The companies Dillinger and Saarstahl have 
invested €14 million in a new coke oven gas conversion 
plant for blast furnace injection at the  Rogesa plant2. 
According to various estimates, injecting 100 m3 of coke 
oven gas per ton of pig iron can reduce the carbon con-
sumption from coke by 30 kg per ton of pig iron.

Due to technical limitations, the use of hydrogen alone 
in a blast furnace is not feasible; therefore, its applica-
tion within the  blast furnace–converter route may only 

be regarded as an interim step toward the transition to direct 
reduced iron production3 [6 – 8]. 

Many studies have focused on the production of hyd­
rogen-enriched gas through the gasification of various types 
of biomass [9 – 13], including charcoal, tar, hydrocarbons, 
wood, and synthetic natural gas. At small-scale enterprises, 
this approach is becoming one of  the  measures aimed 
at reducing CO2 emissions.

The reduction of  iron ore materials by hydrogen-con-
taining gases during pig iron production is associated with 
certain challenges  [14 – 17]. Computational experiments 
make it possible to  analyze the  state of  the  system and 
the  physicochemical processes involved, and, based on 
the resulting models, draw conclusions about the behavior 
of the substances under study.

The depletion of traditional iron ore reserves in the Urals, 
which have been exploited for over 300 years, poses a chal-
lenge for the ferrous metallurgy industry, prompting a tran-
sition to alternative types of iron ore. One such alternative 
is titanium-bearing ore, which contains, in addition to iron, 
vanadium and titanium. Its integrated processing – inclu­
ding the production of steel, vanadium pentoxide, pigment-
grade titanium dioxide, and titanium sponge  – represents 
a technologically and economically complex task that 
requires the optimization of  the  recovery processes for all 
valuable components. As demonstrated by the  experience 
of the Institute of Metallurgy of the Ural Branch of the Rus-
sian Academy of  Sciences, a promising solution lies in 
the  use of  information systems that describe the  physi-
cochemical and thermophysical processes occurring in 
metallurgical units. These systems enable the optimization 
of process parameters and enhance the recovery efficiency 
of target components – both of which are critical for the eco-
nomic viability of titanium-bearing ore processing. 

The aim of this study is to examine the thermodynamics 
of the reduction of iron ore titanomagnetite pellets in atmo-
spheres of various gas mixtures, including those similar in 
composition to synthesis gas, blast furnace gas, coke oven 
gas, and other hydrogen-containing process gases viewed 
as promising for recycling applications.

 Research methodology

This study employed the  method of  thermodynamic 
modeling based on the  analysis of  the  equilibrium state 

1 Gas in Metal Production [Electronic resource]. URL: https://stal-
kom.ru/gaz-pri-proizvodstve-metalla/ (accessed 07 March 2025).

2 Germany launches first hydrogen-based steel production [Electronic 
resource]. URL: https://gmk.center/news/v-germanii-zapustili-pervoe-
proizvodstvo-stali-na-vodorode/ (accessed 07 March 2025)

3 Thyssenkrupp Converts One of Its Blast Furnaces to Hydro-
gen [Electronic resource]. URL: https://metallurgprom.org/articles/
analytics/877-thyssenkrupp-perevodit-odnu-iz-domennyh-pechej-na-
vodorod.html (accessed 07 March 2025)

нения наблюдаются в концентрации содержания железа, ванадия и марганца, что связано с особенностями процесса восстановления 
и составом используемых газов. Получены зависимости равновесного состава системы от температуры при различных содержаниях 
элементов. Построенная термодинамическая модель описывает процесс восстановления и может быть использована для оптимизации 
данного процесса в различных условиях производства. 

Ключевые слова: термодинамическое моделирование, восстановление, водород, синтез-газ, окатыши, титаномагнетит, железо
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of  systems. The research was conducted using the Terra 
software package developed at Bauman Moscow State 
Technical University [18 – 20]. The advantages of  this 
software include:

– the ability to define equilibrium conditions of a ther-
modynamic system with the environment using any pair 
of thermodynamic parameters (P – pressure, V – specific 
volume, T – temperature, S – entropy, H – enthalpy, and 
U – internal energy); 

– the ability to  perform equilibrium calculations for 
thermodynamic systems of arbitrary elemental composi-
tion; 

– the inclusion of  any individual substances in the 
expected composition of the system by adjusting the input 
data, and the determination of the equilibrium phase com-
position without the need to predefine thermodynamically 
permissible states; 

– the option to exclude any substances from the equi-
librium composition;

– the assignment of  specific concentrations for sub-
stances, with the  remaining composition calculated 
accordingly; 

– the ability to  account for the  volume occupied by 
condensed phases, and more.

The material used in the study consisted of  titanium-
bearing iron ore pellets. The initial chemical composi-
tion of  the pellets is presented in Table 1. The reduction 
modeling was carried out for atmospheres composed 
of  CO – N2 – H2 – СН4 gas mixtures. The compositions 
of the reducing gases are shown in Table 2.

The thermodynamic database used for the calculations 
was compiled based on data from IVTANTHERMO and 
HSC, and includes thermodynamic property sets for both 
the initial components of the gas phase (CO, СН4 , H2 , N2 ) 
and the expected products of their interactions (CO2 , H2O 
and many others), as well as condensed carbon (graphite).

Two independent parameters were used: temperature 
(in the range of 493 – 1793 K, in 100 K increments) and 
pressure (0.1 MPa).

 Results and discussion

The initial system for the  reduction of  pellets in 
an atmosphere of  hydrogen-containing gases consists 
of  a  gas phase and condensed phases. The gas phase 

includes CO, N2 , H2 , and CH4 . The condensed phase con-
sists of a metallic solution (s1) and an oxide solution (s2).

The composition of  the  condensed oxide phase is 
shown in Fig. 1. 

According to  the graphical data, the most significant 
components are Fe(s1), FeO(s2), and Fe3O4(s2), each 
with a concentration exceeding 10–1 mol. fraction. In 
the temperature range of 1100 – 1793 K (Fig. 1, a), Fe(s1) 
becomes the dominant component, with a concentration 
of 0.88 mol. fraction. Under reduction in gas mixtures 2 
and 3, Fe(s1) also becomes the predominant component 
in the temperature range of 1193 – 1793 K (Fig. 1, b, c).

Changes in the composition of the gas phase are shown 
in Fig. 2. At temperatures above 900 K, the main compo-
nents of the gas phase are H2 , N2 (p ~ 0.58 atm), and CO.

The phase distribution of iron, vanadium, and manga-
nese as a function of  temperature is presented in Fig. 3. 
In the  temperature range of  500 – 893 K, the  domi-
nant iron phase is Fe3O4(s2) with a concentration 
of up to 86 mol. %. In the 593 – 993 K range, FeO(s2) in 
appears in concentrations ranging from 11 to 40 mol. %. 
At 993 K, the formation of iron carbide Fe3C(s2) occurs, 
reaching concentrations of  88, 94, and 95 mol. %, 
respectively. The formation of  Fe3C(s2) is attributed 
to an increase in carbon content in the gas phase, which 
is confirmed by the  rise in CO and CO2 concentrations. 
A further temperature increase to  1000 – 1793 K leads 
to the appearance of metallic iron Fe(s1), with concentra-
tions ranging from 89 to 98 mol. %.

At 500 K, condensed manganese silicate Mn2SiO4(s2) 
dominates, accounting for approximately 85 mol. %. 
Between 593 and 1093 K, the  concentration of 
Mn2SiO4(s2) decreases to 15, 13, and 12 mol. %, respec-
tively, accompanied by an increase in condensed manga-
nese oxide MnO(s2) from 34 to 86 mol. %. Further hea­
ting to 1700 K results in an increase in the concentration 
of gaseous manganese hydride MnH, reaching 9, 34, and 
55 mol. %, respectively.

In the  temperature range of  500 – 793 K, the  domi-
nant vanadium phase is condensed V2O3(s2), accounting 
for about 96 mol. %. As the temperature rises to 1700 K, 
the share of V2O3(s2) gradually decreases to 26, 22, and 
19 mol. %. At the same time, an increase in the concent­
ration of condensed vanadium oxide VO(s2) is observed 
above 893 K. Additionally, the  concentration of  con-

Table 1. Initial composition of the gas reducing system

Таблица 1. Исходный состав системы  
для восстановления газами

Composition, wt. %
Fe2O3 FeO CaO SiO2 V2O5 TiO2 MgO MnO Al2O3

82.83 3.00 1.19 4.20 0.54 2.75 2.85 0.24 2.40

Table 2. Compositions of reducing gases

Таблица 2. Составы восстановительных газов

Mixture 
No.

Composition, wt. %
СО N2 H2 СН4

1 20 65 10 5
2 35 35 25 5
3 50 5 40 5
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Fig 1. Composition of the condensed oxide phase during gas reduction: 
Mi – concentration of the i-th component in the system of mole fractions (1.00 mol. fr. = 100 mol. %):

a – gas mixture 1; b – gas mixture 2; c – gas mixture 3

Рис. 1. Состав конденсированной оксидной фазы при восстановлении газом: 
Mi – концентрация i-го компонента в системе мольных долей (1,00 мол. дол. = 100 мол. %): 

а – смесь газов 1; b – смесь газов 2; c – смесь газов 3
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densed V3O5(s2) increases with temperature, reaching 29, 
16, and 10 mol. % at 1700 K. 

In the temperature range of 500 – 1493 K, the majority 
of silicon is present in the form of condensed magnesium 
silicate MgSiO3(s2), with a concentration ranging from 
27 to  43 mol. %. The concentrations of  calcium silicate 
CaSiO3(s2) (approximately 16 mol. %) and magnesium 
silicate Mg2SiO4(s2) (22 to  26 mol. %) remain nearly 
constant throughout the 500 – 1700 K range. A  tempera-
ture increase to 1500 – 1700 K leads to a rise in the con-
tent of condensed silicon dioxide SiO2(s2) to 34 mol. %.

The investigation of  the  sample’s phase composi-
tion over the  500 – 1793 K temperature range revealed 
the  following patterns. In the  initial state (500 K), 
Al2O3(s2) is the  dominant mineral phase of  aluminum, 
accounting for 70 mol. %. Upon heating to  1700 K, 
the Al2O3(s2) content decreases to 58 mol. %, indicating 
the occurrence of phase transformations. Simultaneously, 
the  concentration of MgAl2O4(s2) increases from 30 
to 42 mol. %, pointing to the formation of a new phase. In 
the 500 – 1700 K range, the primary mineral phase of tita-

nium is TiO2(s2). Between 993 and 1700 K, the  con-
centration of  TiO2(s2) decreases from 70 to  43 mol. %. 
The CaTiO3(s2) content remains stable at approximately 
28 mol. % throughout the  entire temperature inter-
val. At temperatures above 1093 K, the  concentrations 
of  MgTi2O5(s2) and Mg2TiO4(s2) increase to  12 and 
6 mol. %, respectively, indicating the  formation of  new 
mineral phases. The predominant magnesium phase 
throughout the 500 – 1793 K range is Mg2SiO4(s2), with a 
molar fraction of 43 – 54 mol. %. Heating to 1793 K leads 
to a decrease in MgSiO3(s2) content from 43 to 27 mol. %. 
A slight increase in the  Mg2TiO4(s2) concentration 
to 6 mol. % is also observed. Between 500 and 1793 K, 
most of  the  calcium remains in the  form of  condensed 
CaSiO3(s2) (~49 – 55 mol. %), while the CaTiO3(s2) con-
tent (~45 mol. %) remains unchanged in all three cases.

Thus, increasing the temperature to 1793 K results in 
significant restructuring of  the  mineral composition due 
to reactions between various phases. Changes in the CO, 
N2 , and H2 content of the gas mixture do not affect the ele-
mental distribution of silicon, aluminum, titanium, mag-

Fig. 2. Gas phase composition during reduction with different mixtures of gases (I, II, III) 

Рис. 2. Состав газовой фазы при восстановлении различными смесями газов (I, II, III)
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Fig 3. Iron (a), manganese (b), vanadium (c) 
balance by phase during gas reduction:

 – gas mixture 1;  – gas mixture 2;  – gas mixture 3

Рис. 3. Баланс железа (а), марганца (b), ванадия (c) 
по фазам при восстановлении газом:

 – смесь газов 1;  – смесь газов 2;  – смесь газов 3

nesium, and calcium. However, substantial changes are 
observed for iron, vanadium, and manganese. 

 In the  temperature range of 500 – 893 K, the  amount 
of  condensed Fe3O4(s2) phase decreases, with gas mix-
ture 3 showing a lower Fe3O4(s2) content than mixture 1. 
The maximum concentration of  FeO(s2) in the  system is 
approximately 40 mol. % at 793 K for gas mixtures 1 and 2, 
and 34 mol. % at 693 K for mixture 1. The maximum con-
tent of iron carbide Fe3C(s2) is about 96 mol. % at 1093 K 
in gas mixture  3, approximately 94 mol. % at  993 K in 
mixture  2, and ~88 mol. % in mixture  1. The  formation 
of Fe(s1) begins at 993 K in mixtures 1 and 2, and at 1193 K 
in mixture 3. The amount of Fe(s1) formed in reducing gas 
mixture 1 is higher than in mixtures 2 and 3.

When the  temperature exceeds 1093 K, the  contents 
of condensed V2O3(s2) and V3O5(s2) are lower compared 
to those in gas mixture 1. The concentration of VO(s2) is 
highest in gas mixture 3.

The amounts of MnO(s2) and Mn2SiO4(s2) are greater 
between 1093 and 1393 K in mixture 3 compared to mix-
ture 1; however, in the 1393 – 1793 K range, their concen-
trations increase in mixture 1. In addition, an increase in 
hydrogen content in the gas phase leads to a higher con-
centration of MnH.

 Conclusions

The study of  thermodynamic processes involved in 
the indirect reduction of titanomagnetite iron ore pellets 
using various gas atmospheres made it possible to iden-
tify patterns in the phase composition changes of the sys-
tem depending on temperature and the  composition 
of the reducing gas mixture. 

Experimental results confirmed that in the  tempera-
ture range of  500 – 1793 K, the  equilibrium concentra-
tions of  silicon, aluminum, titanium, magnesium, and 
calcium remain virtually unchanged when different gas 
mixtures containing CO, N2 , H2 , and CH4 in varying pro-
portions are used. 

At the  same time, significant changes in the  con-
centrations of  iron, vanadium, and manganese 
were observed depending on the  composition 
of  the  gas mixture. For instance, in gas mixture  1 
(20 % CO – 65 % N2 – 10 % H2 – 5 % СН4 ) a decrease 
in Fe3C(s2) content and an increase in Fe(s1), Fe3O4(s2), 
V2O3(s2), V3O5(s2), MnO(s2), and Mn2SiO4(s2) contents 
were observed in the 1393 – 1793 K temperature range. 

In gas mixture  3 (50 % CO – 5 % N2 – 40 % H2 – 
– 5 % СН4 ) a reduction in Fe3O4(s2) content and an 
increase in FeO(s2), Fe3C(s2), VO(s2), MnO(s2), and 
Mn2SiO4(s2) contents were noted in the  1093 – 1393 K 
temperature range. 

The obtained results demonstrate the significant influ-
ence of the reducing gas mixture composition – particu-
larly hydrogen content – on the phase equilibrium during 
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the indirect reduction of iron ore pellets. This has impor-
tant implications for the  optimization of  technological 
processes in iron production.
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Аннотация. Методом термодинамического моделирования определены значения температуры начала восстановления железа, ванадия, 

кремния и титана ильменитового концентрата углеродом или водородом при разном количестве восстановителя в системе. Количество 
избыточного углерода по отношению к стехиометрии реакции восстановления железа не влияет на температуру начала восстановления 
элементов, но определяет степень их восстановления и количество образующихся карбидов. Количество водорода в системе сущест-
венно влияет на температуру начала восстановления: с увеличением количества водорода температура начала восстановления каждого из 
элементов снижается, но в разной степени. Более широкий температурный интервал начала восстановления элементов водородом и коли-
чественно неодинаковое влияние температуры создают больше возможностей для управления твердофазным селективным восстанов-
лением элементов водородом в сравнении с углеродом. В отличие от карботермического процесса твердофазное восстановление титана 
водородом ничтожно мало при относительно низких температурах, при которых титан восстанавливается углеродом и образует карбиды. 

  roshchinve@susu.ru
Abstract. The thermodynamic modeling method was used to determine the temperature of beginning of reduction of iron, vanadium, silicon, and tita-

nium in ilmenite concentrate by carbon or hydrogen at different amounts of reducing agent in the system. The amount of excess carbon relative 
to the stoichiometry of the iron reduction reaction does not affect the temperature of reduction beginning, but determines their reduction degree and 
the amount of carbides formed. The amount of hydrogen in the system significantly affects the temperature of reduction beginning: with an increase 
in water amount, this temperature of each element decreases, but to a different extent. The wider temperature range of beginning of reduction 
by hydrogen and the quantitatively unequal effect of temperature create more opportunities for controlling the solid-phase selective reduction by 
hydrogen in comparison with carbon. In contrast to the carbothermic process, the solid-phase reduction of titanium by hydrogen is negligible at rela-
tively low temperatures, at which titanium is reduced by carbon and forms carbides. The low solubility of hydrogen in solid iron excludes its influ-
ence on the behavior of elements at the stage of separation melting of solid-phase reduction products. This makes it possible to carry out reduction 
in hydrogen flow by changing the temperature and amount of hydrogen in the reducing gas mixture, and to control the processes of selective solid-
phase reduction of elements. The use of hydrogen at the stage of solid-phase reduction makes it possible to selectively reduce iron with the storage 
of titanium oxides in the oxide phase in form of TiO2 , and after separation of the reduction products by melting, to obtain the products in demand 
(carbon-free iron and TiO2 concentrate). 

Keywords: ilmenite, titanium dioxide, solid-phase selective reduction, carbon reduction, hydrogen reduction, production of carbon-free iron
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 Introduction

Russia faces a shortage of raw materials for the pro-
duction of  pigment-grade titanium dioxide (TiO2 ) and 
metallic titanium. In 2019, the  import of pigment-grade 
titanium dioxide amounted to 53.6 thousand tons, cove­
ring 67.5 % of  domestic consumption  [1]. Pigment-
grade TiO2 is produced at the  “Crimean Titan” plant 
(Armiansk) using the sulfuric acid process, while metal-
lic titanium is manufactured using chloride technolo-
gies at the “VSMPO-AVISMA” facility (Berezniki) and 
the “Solikamsk Magnesium Plant” (Solikamsk). 

Globally, the  chloride process is the  predominant 
method for producing pigment-grade titanium dioxide, as 
it has a lower environmental impact compared to the sul-
furic acid process  [2]. However, due to  the  lack of  an 
efficient strategy for processing chlorination by-pro­
ducts, the  chloride process typically relies not on ilme­
nite concentrate, but on natural rutile concentrates or 
high-titanium slags obtained through the  pyrometallur-
gical Sorel process. The Sorel process, which involves 
electric arc smelting, is the  primary pyrometallurgical 
method used to  treat ilmenite concentrate. This pro-
cess yields vanadium-rich pig iron and high-titanium 
slag. During smelting, 96 – 97 % of  iron and 45 – 48 % 
of  vanadium contained in the  concentrate are trans-
ferred to the metallic phase. Titanium is partially reduced 
to lower oxides and, in some cases, to its metallic form, 
with up to 2 % of the titanium content entering the metal 
phase [3]. The  Sorel process is highly energy-intensive 
due to the formation of a high-melting-point slag and is 
therefore employed primarily in regions with low-cost 
electricity [4]. 

A reduction in electricity consumption during the pro-
cessing of  ilmenite-based feedstock can be achieved 
by carrying out the reduction reactions in a separate unit 
designed for solid-phase metallization, using low-cost 
reductants and fuels. In this approach, the electric arc fur-
nace is used solely for separating the metallization pro­
ducts. An assessment of using a metallized charge in elect­
ric arc smelting has shown that, at a metallization degree 
of  approximately 70 %, the electricity consumption per 

ton of high-titanium slag is reduced by about 35 %, and 
by a further 20 % when the contribution of sensible heat 
is considered [5]. 

Based on pilot tests for processing concentrates from 
the  Chineiskoe deposit, a two-stage pyrometallurgical 
process was proposed for the recovery of iron, titanium, 
and vanadium  [6]. This technology involves the  pre-
liminary reduction of  iron with carbon in a rotary kiln, 
achieving a metallization degree of 90 – 93 %, followed 
by separation of hot metallized concentrate in an electric 
arc furnace to obtain vanadium pig iron and titanium slag. 
Although this process has been recommended for other 
medium- and high-titanium concentrates, it has not yet 
been implemented on an industrial scale. 

Hydrogen can serve as an alternative reducing agent 
for iron during the  processing of  titanium-bearing iron 
ore materials. Both theoretical studies [7; 8] and experi-
mental research  [9 – 11] have demonstrated that hydro-
gen offers several advantages over carbon-based reduc-
tants, which is particularly important for the  selective 
reduction of metals from complex ores. 

Thermodynamic modeling is widely used to  assess 
the  conditions under which chemical reactions occur 
in metallurgical processes. In most cases, thermody-
namic calculations are based on evaluating chemical 
reactions through changes in Gibbs free energy. This 
approach involves identifying the  most probable reac-
tion from among the possible ones by comparing ∆G(Т) 
values. However, in complex systems such as ores and 
concentrates, this type of  calculation is labor-intensive 
and, in some cases, unfeasible due to  the  large number 
of components involved. Therefore, the use of computer-
based software packages is considered the most efficient 
approach for modeling complex systems. 

The thermodynamic modeling of  element reduction 
from ilmenite concentrate has been explored in numerous 
studies [12 – 21]. Reference [12] examined the distribu-
tion of  titanium, iron, and impurities between the metal 
and slag phases during carbon reduction, depending 
on  the  temperature range (1550 – 1750 °C) and slag 
basicity. In [13], the  influence of  CO – H2 gas mixture 

Малая растворимость водорода в твердом железе исключает его влияние на поведение элементов на стадии разделительной плавки 
продуктов твердофазного восстановления. Это позволяет проводить восстановление в потоке водорода путем изменения температуры и 
количества водорода в восстановительной газовой смеси, управлять процессами селективного твердофазного восстановления элементов. 
Использование водорода на стадии твердофазного восстановления позволяет селективно восстанавливать железо с сохранением оксидов 
титана в оксидной фазе в виде TiO2 , а после разделения продуктов восстановления плавлением получать востребованные продукты 
(безуглеродистое железо и концентрат оксида титана TiO2 ). 

Ключевые слова: ильменит, оксид титана, твердофазное селективное восстановление, углеродное восстановление, восстановление водородом, 
получение безуглеродистого железа
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composition was analyzed over a temperature range 
of  500 – 1200 °C. Study  [14] investigated carbother­
mic reduction under vacuum conditions. According 
to [15], the lower titanium oxides formed during hydro-
gen reduction at temperatures above 827 °C can be used 
to  reduce iron from ilmenite. Reference  [16] exami­
ned the  reduction process at 0.10132 MPa with varying 
amounts of  ilmenite, carbon, and hydrogen. In  [17], 
changes in Gibbs free energy were calculated for a num-
ber of  reactions involved in the  carbothermic reduction 
of elements in ilmenite across a broad temperature range 
(25 – 1650 °C). Study  [18] also focused on carbother-
mic reduction from ilmenite concentrate under vacuum. 
In  [19], the  reduction process was studied using palm 
kernel biomass as a reductant at  1000 – 1200 °C. Refe­
rence [20] analyzed the influence of Na2CO3 on reduction 
during electric smelting. Study  [21] explored reactions 
occurring in Ar – H2 gas mixtures with varying hydrogen 
content in 800 – 1000 °C temperature range. However, 
a comparative analysis of  reduction conditions for ele-
ments in ilmenite concentrate using carbon versus hydro-
gen is lacking in the literature.

The objective of  the  present study is to  compare, 
through thermodynamic modeling, the conditions of ele-
ment reduction in ilmenite concentrate using carbon or 
hydrogen as the reducing agent.

 Research methodology

Thermodynamic calculations were carried out using 
an ilmenite concentrate with the  following composition 
(wt. %: O 42.6; Mg 0.4; Al 0.3; Si 0.7; Ti 24.0; V 0.3; 
Mn 0.4; Fe 31.3. 

The equilibrium phase composition of the system com-
ponents and the  temperature sequence of  their transfor-
mations during carbon or hydrogen reduction were deter-
mined using thermodynamic modeling with the  Terra 
software package  [22]. The calculations were based on 
the  Terra thermodynamic database, supplemented by 
thermodynamic data for individual substances from refe­
rence sources  [23 – 25]. The amount of  reducing agent 
was set either at the stoichiometric level required for iron 
reduction or in excess. For carbon, the excess levels were 
10, 20, 30, and 100 wt. %; for hydrogen, the  amounts 
exceeded the  stoichiometric requirement by factors 
of  10, 100, and 1000. The total pressure in the  system 
was assumed to be constant at 0.10132 MPa. Equilibrium 
phase compositions were calculated over the temperature 
range of  750 – 1700 °C in 50 °C increments for carbon 
reduction and 500 – 1700 °C for hydrogen reduction. 
The calculated data on phase composition were tabulated 
and conventionally divided into three phases: metal (iron, 
titanium, vanadium, and silicon, including carbides and 
silicides), slag (oxides), and gas. The degree of metalli-
zation, as well as the composition of  the metallic, slag, 

and gas phases, were analyzed and presented in the form 
of graphical dependencies for clarity.

 Modeling results and discussion

Based on the  results of  thermodynamic modeling, 
several elements in ilmenite concentrate – namely iron, 
titanium, vanadium, and silicon – were found to actively 
participate in the  reduction process and contribute 
to the formation of the metallic phase (see Figure).

Among these, iron is the most readily reducible element. 
Its reduction by both carbon and hydrogen occurs across 
the entire range of temperatures and reductant quantities 
examined, with the only exception being hydrogen at its 
stoichiometric amount. Below 1050 °C, the degree of iron 
metallization with carbon increases steadily, regardless 
of the amount of reductant present. Above 1050 °C, metal­
lization continues to  rise, but the  rate of  increase varies 
depending on the level of carbon excess. 

An increase in the amount of hydrogen in the system 
promotes a higher degree of iron metallization. The maxi­
mum degree of  iron metallization by carbon reaches 
99.39 % in the  temperature range of  1250 – 1700 °C 
at a 100 wt. % excess of reductant relative to the stoichio-
metric amount. When reduced by hydrogen, the  maxi­
mum degree of metallization reaches 99.36 % at 1700 °C 
with a 1000-fold excess of  hydrogen. In both cases, 
complete reduction is not achieved due to the formation 
of  the  complex oxide FeAl2O4 . In the  carbon reduction 
system, iron in the metallic phase is primarily present in 
the form of  iron carbide Fe3C, whereas in the hydrogen 
system it is found as a separate component. Reduced sili-
con binds part of  the  iron in the  form of  silicides FeSi 
and Fe3Si, forming in the carbon system at temperatures 
above 1050 °C, and in the hydrogen system at tempera-
tures above 750 and 1200 ℃.

Vanadium reduction by carbon is observed across 
the  entire studied temperature range, whereas reduc-
tion by hydrogen occurs between 750 and 1700 °C. 
In  the  800 – 1050 °C range, carbon reduction results in 
a progressive increase in the equilibrium degree of vana-
dium metallization, with vanadium carbide (VC) forming 
in the  metallic phase. In calculations using stoichiomet-
ric or slightly excessive (10 wt. %) carbon, the  degree 
of vanadium metallization decreases above 1050 °C, fol-
lowed by an increase at temperatures above 1500 °C for 
stoichiometric carbon and above 1350 °C for 10 wt. % 
excess. This behaviour is attributed to the formation of not 
only vanadium carbides but also silicon carbides. With car-
bon excesses of 20, 30, and 100 wt. % over stoichiometry, 
the vanadium metallization degree increases with tempera-
ture, reaching 100 % at 1100 ℃. In the case of hydrogen 
reduction, increasing the amount of hydrogen in the system 
leads to a decrease in the temperature at which vanadium 
begins to appear in the metallic phase. For stoichiometric 
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hydrogen and 10- and 100-fold excesses, these threshold 
temperatures are 1450, 1200, and 950 °C, respectively. 
The maximum equilibrium degree of vanadium metalliza-
tion is observed at 1650 – 1700 °C and reaches 99.99 %.

Silicon reduction by carbon occurs over the  tempe­
rature range of  1000 – 1700 °C. At 1000 and 1050 °C, 
the  degree of  silicon metallization is independent 
of the amount of carbon. Above 1050 °C, the metalliza-
tion degree increases with both temperature and carbon 
content. The maximum degree of silicon metallization is 
observed at 1700 °C and amounts to 30.83, 99.52, 99.9, 
99.95, and 100.00 % for stoichiometric carbon and 10, 
20, 30, and 100 wt. % excesses, respectively. 

Silicon reduction by hydrogen at a 1000-fold excess 
relative to the stoichiometric amount is observed within 
the temperature range of 650 – 1700 °C. As the hydrogen 
content in the system increases, the temperature at which 
silicon enters the metallic phase decreases – down to 1250 
and 900 °C for 10-fold and 100-fold excesses, respectively. 
At stoichiometric hydrogen levels, no silicon reduction is 
observed. Within the  range of  1350 – 1700 °C, a maxi-
mum silicon metallization degree of  100 % is reached 

Effect of the amount of reducing agents on the degree of metallization of iron (a), vanadium (b), silicon (c) and titanium (d) 
(figures in the curves show excess reducing agent):

  – reduction with hydrogen;  – reduction with carbon

Влияние количества восстановителей на степень металлизации железа (а), ванадия (b), кремния (c) и титана (d) 
(цифры у кривых – избыток восстановителя):

 – восстановление водородом;  – восстановление углеродом

at a 1000-fold hydrogen excess. In both cases, silicon in 
the metallic phase is predominantly present as iron sili-
cides FeSi and Fe3Si.

Titanium reduction by carbon occurs at temperatures 
of  1050 °C and above, while reduction by hydrogen is 
only observed at temperatures above 1550 °C and only 
in the  case of  a 1000-fold excess of  hydrogen. When 
the carbon excess is below 10 wt. % of the stoichiomet-
ric amount, the  titanium metallization degree remains 
negligible, reaching only 0.02 % at 1100 °C. With carbon 
excesses of 20, 30, and 100 wt. %, the maximum equilib-
rium degree of titanium metallization reaches 0.77, 4.37, 
and 44.02 % at 1450, 1350, and 1700 °C, respectively. 

Solid-phase titanium reduction by hydrogen is not 
possible at stoichiometric levels or at hydrogen excesses 
below a factor of 100. The maximum degree of titanium 
metallization reaches only 0.05 % at 1700 °C, even 
at a 1000-fold excess of hydrogen over the stoichiomet-
ric amount. In the carbon system, titanium is present in 
the metallic phase in the form of titanium carbide (TiC), 
whereas in the hydrogen system it appears dissolved in 
the iron phase.
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Selective reduction of iron from ilmenite is achievable 
with both carbon and hydrogen. For effective separation 
of the elements present in ilmenite concentrate, it is essen-
tial to achieve a high degree of solid-phase iron metalliza-
tion while avoiding titanium metallization and ensuring 
that titanium is not reduced during the  separation smel­
ting of the solid-phase reduction products. Under the con-
ditions required for high solid-phase iron metallization, 
other components of  the  ilmenite concentrate (vana-
dium, silicon, titanium) may also be partially reduced. 
However, titanium reduction is highly undesirable in 
this context. Vanadium, being one of  the  valuable com-
ponents of  ilmenite concentrate, can be recovered from 
both the metal and slag phases during further processing. 
However, the current technologies for vanadium recovery 
from the metal phase are associated with significant losses 
at all processing stages, which reduces the overall vana-
dium yield from the ore. Silicon, present in the concent­
rate as part of the gangue material, has no practical value 
when reduced to the metallic phase due to its low content. 

The results of the calculations showed that iron reduc-
tion in ilmenite occurs at significantly lower temperatures 
when hydrogen is used as a reductant compared to carbon. 
Moreover, the degree of metallization is highly sensitive 
to the amount of hydrogen in the system. At the stoichio-
metric amount of hydrogen, the onset temperature of iron 
reduction is approximately 900 °C, while a 10-, 100-, 
or 1000-fold excess lowers this temperature to  below 
500 °C. In contrast, the onset temperature of iron reduc-
tion by carbon remains nearly constant at around 700 °C, 
regardless of the carbon excess.

Titanium is virtually not reduced by hydrogen, even 
when the  hydrogen content exceeds the  stoichiomet-
ric requirement for iron reduction by a factor of  1000. 
In  contrast, in the  presence of  carbon, titanium forms 
a stable compound  – titanium carbide (TiC)  – which 
enables a relatively high degree of metallization. Howe­
ver, when carbon is limited, it is preferentially consumed 
in the reduction of other elements. 

Vanadium exhibits similar behavior to  titanium in 
the  presence of  carbon. However, due to  its lower oxy-
gen affinity, vanadium is reduced at comparatively lower 
temperatures – closer to those required for iron reduction. 
The extent of vanadium reduction by hydrogen depends 
strongly on the hydrogen content. At stoichiometric levels 
and even at a tenfold excess, vanadium is scarcely reduced. 
In contrast, at 100- and 1000-fold hydrogen excesses, 
the degree of metallization approaches 100 % at 1700 and 
1400 °C, respectively. Notably, vanadium reduction by 
hydrogen occurs at higher temperatures than with carbon.

Unlike titanium and vanadium, silicon forms iron sili-
cides. Its reduction is strongly influenced by the  reduc-
tant’s chemical activity. In the presence of excess carbon, 
silicon reduction begins at 1000 °C. By contrast, hydro-

gen reduction depends on the partial pressure of oxygen 
in the  system. Under high hydrogen excess  – 100 and 
1000 times the  stoichiometric amount required for iron 
reduction – silicon appears in the metallic phase at 950 
and 750 °C, respectively.

It is worth noting that the  temperature at which ele-
ments enter the  metallic phase during carbon reduction 
does not depend on the  amount of  carbon in the  sys-
tem. Instead, the  carbon content determines the  extent 
to  which the  reduction reactions proceed. In contrast, 
the  onset temperatures of  element reduction by hydro-
gen Тonset are strongly influenced by the H2O/H2 ratio in 
the system. For the system under study, the equilibrium 
values of the H2O/H2 ratio are presented in the Table.

 Conclusions

The temperatures at which iron, vanadium, silicon, 
and titanium appear in the metallic phase during reduc-
tion of  ilmenite concentrate by carbon are 700, 800, 
1000, and 1150 °C, respectively, and are not affected by 
the amount of carbon present in the system. The excess 
carbon content relative to the stoichiometric requirement 
for the  iron reduction reaction determines the  extent 
of vanadium, silicon, and titanium reduction as the sys-
tem temperature exceeds the  onset temperature for 
the  reduction of  the  corresponding element. By adjus­
ting the  carbon content and the  process temperature, it 
is possible to control the development of reduction reac-

Temperatures of the elements appearance in metallic phase 
and ratio of equilibrium amount of water vapor 

to hydrogen during reduction of elements from ilmenite 
by hydrogen

Температуры появления элементов 
в металлической фазе и отношение равновесного 

количества паров воды к водороду 
при восстановлении элементов из ильменита водородом

Reducible 
element

Hydrogen 
excess Тonset, ℃

H2O/H2 , 
wt. %

Fe

Stoichiometric 900 1.420
10 <500 –
100 <500 –
1000 <500 –

Ti 1000 1550 0.013

V

Stoichiometric 1450 2.790
10 1200 0.640
100 950 0.079
1000 750 0.008

Si
10 1250 0.660
100 900 0.770
1000 650 0.008
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tions and achieve solid-phase selective reduction of iron 
or simultaneous reduction of iron, silicon, and vanadium 
while retaining titanium in the oxide phase. 

The presence of  carbon in excess of  the  stoichio-
metric amount for iron reduction leads to  the  formation 
of  iron, vanadium, and silicon carbides. As the  tempe­
rature increases during the pyrometallurgical separation 
stage, carbon contained in these carbides can partially 
reduce and bind titanium into carbides, thereby reducing 
the effectiveness of iron–titanium separation.

The onset temperatures for the  reduction of  iron, 
vanadium, silicon, and titanium from ilmenite con­
centrate by hydrogen span a broader range and are signifi-
cantly influenced by the hydrogen content in the system. 
As the hydrogen concentration increases, the onset tem-
perature for each element decreases, though to a different 
extent. This wider temperature window and the non-uni-
form temperature dependence of element reduction pro-
vide greater flexibility for controlling solid-phase selec-
tive reduction by hydrogen compared to carbon. 

The negligible solubility of  hydrogen in solid iron 
ensures that it does not affect the  behavior of  elements 
during the  separation smelting of  solid-phase reduction 
products. As a result, selective solid-phase reduction 
of elements can be carried out in a hydrogen stream, with 
process temperature serving as a control parameter for 
reduction selectivity. This approach eliminates the  risk 
of  titanium reduction and prevents the  loss of  titanium 
dioxide TiO2 during the separation of reduction products. 
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 Introduction

At the  turn of  the  21st century, the  steelmaking 
industry underwent radical changes. Due to  increasing 
quality requirements for steel products combined with 
the  declining quality of  raw materials, high-intensity 
steel melting in ultra-high-power electric arc furnaces 
and methods of  secondary steel treatment have become 
widespread. This led to changes in the structure and qua­
lity characteristics of steelmaking slags. In the previous 
century, the  most common methods of  steel production 
were the converter and open-hearth processes. The slags 
formed under such conditions had a stable crystalline 
structure, and their storage and processing did not pose 
significant challenges. The processing of  these slags 
into commercial products was mainly carried out using 
the  simplest methods – magnetic separation, crushing, 
and particle size classification – to meet the requirements 
of GOST 3344–83 “Slag crushed stone and sand for road 
construction. Technical specifications” [1]. 

The conditions for the  formation of  the  phase and 
chemical composition of slags in the steelmaking industry 

have changed significantly in recent years. The open-
hearth method has become obsolete and is no longer used. 
Under modern conditions, two methods of  steel refining 
are used in the steelmaking industry – oxidative and reduc-
ing. Oxidative refining is implemented in converter units 
and electric arc furnaces  (EAF) and is primarily aimed 
at  extracting phosphorus from the  steel being smelted, 
while reducing refining is implemented in the  ladle-fur-
nace unit (LF) and is aimed at removing sulfur from steel. 
The specific features of these processes influence the for-
mation of the phase composition of steelmaking slags. 

The aim of  this study is to  analyze the  specific fea-
tures of  steelmaking slag formation under current steel 
production conditions and to develop an optimal method 
for obtaining mineral binders based on these slag.

 Peculiarities of steelmaking slag formation
 

The processes of  oxidative refining, carried out in 
converter and electric arc furnaces, differ only slightly, 
and the  slags formed in these units are similar in terms 
of their phase and chemical composition. To ensure effec-

  o.j.sheshukov@urfu.ru
Аннотация. В статье приведены результаты анализа механизма образования сталеплавильных шлаков. Показано, что в настоящее время 

в сталеплавильной отрасли используются два способа рафинирования стали – окислительный и восстановительный. Способ окисли-
тельного рафинирования реализуется в конвертерах и дуговых сталеплавильных печах (ДСП) и в первую очередь направлен на извле-
чение из выплавляемой стали фосфора, а восстановительное рафинирование происходит в агрегате ковш–печь  (АКП) и направлено 
на удаление из стали серы. Особенности этих процессов сказываются на формировании фазового состава сталеплавильных шлаков. 
В условиях окислительного рафинирования в шлаках ДСП формируются вюстит FeO, магнетит Fe3O4 , ларнит β-2СaO·SiО2 и мервинит 
3СаO·MgO·2SiO2 , а  в условиях восстановительного рафинирования в шлаках АКП формируются майенит 12СаO·7Al2O3 , периклаз 
MgO, низкотемпературная модификация двухкальциевого силиката – шеннонит γ-2СaO·SiО2 , СаS и FeO. Из минералов в составе 
шлаков ДСП и АКП гидравлической активностью обладают майенит 12СаO·7Al2O3 и ларнит β-2СaO·SiО2 . На основе теоретического 
анализа способов формирования сульфатированных гидравлически активных фаз показана возможность придания сталеплавильным 
шлакам путем помола свойств минеральных вяжущих веществ без их дополнительной термической обработки. 

Ключевые слова: шлак АКП, шлак ДСП, фазовый состав, вяжущее, помол, минеральные вяжущие вещества, термическая обработка шлаков, 
формирование фаз в шлаках
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tive oxidative refining, a significant amount of burnt lime 
(CaO) is added to the furnace at the beginning of the melt. 
As a result of the interaction between CaO and the mill scale 
on the scrap metal, as well as with iron oxides formed dur-
ing the oxygen blowing of molten steel, lime is assimilated 
and low-basic (CaO·Fe2O3 ) and high-basic (2CaO·Fe2O3 ) 
forms of calcium ferrite are formed in the slag. Simultane-
ously, during the oxygen blowing of molten steel, phos-
phorus pentoxide (P2O5 ) enters the slag. SiO2 , an acidic 
oxide that enters the  furnace along with contaminated 
scrap, displaces the  amphoteric iron (III) oxide (Fe2O3 ) 
from calcium ferrite, forming two silicate phases in 
the slag – dicalcium silicate (β-2CaO·SiO2 ) and merwinite 
(3CaO·MgO·2SiO2 ). At the same time, iron oxides enter 
the  slag as independent phases. The dicalcium silicate 
formed in the slag exhibits a high-temperature polymor-
phic β-modification, known as larnite [2]. The formation 
of larnite in the slag is accompanied by partial isomorphic 
substitution of silicon-oxygen tetrahedra in the dicalcium 
silicate molecule by phosphorus pentoxide, which enters 
the  slag during oxygen blowing. Due to  the  substitution 
of  ions  in the dicalcium silicate molecule by ions 

 , its ionic stabilization occurs, preventing the disin-
tegration of dicalcium silicate during cooling. The other 
silicate phase, merwinite, is a magnesium-substituted 
analogue of dicalcium silicate. Magnesium oxide (MgO) 
forms due to  the  partial erosion of  the  periclase-based 
furnace lining by slag. As a result of all these processes, 
the final phase composition of the oxidative refining slag 
is formed  [3], and consists of  wustite (FeO)  – 20.4 %, 
magnetite (Fe3O4 )  – 24.1 %, larnite (β-2CaO·SiO2 )  – 
38.15 %, merwinite (3CaO·MgO·2SiO2 )  – 15.9 %, and 
impurities – 1.45 %.

Steel from EAFs and converters is transferred to ladle 
units, where reducing refining is carried out in the ladle-
furnace (LF) unit. When metal is tapped from the EAF 
or converter into the  ladle, an effort is made to  remove 
as much slag as possible. Nevertheless, a portion 
of the oxidative slag inevitably enters the ladle, forming 
the  initial slag during the  early stage of  reducing refin-
ing. The  phase composition of  LF slag, as plotted on 
the CaO – SiO2 – Al2O3 phase diagram and determined by 
the authors in studies on slag stabilization methods [2], is 
shown in Fig. 1.

Many of  the  identified phases contain magnesium 
oxide, since pure CaO was not used in phase formation; 
instead, a model slag with a chemical composition cor-
responding to  typical LF slag containing approximately 
10 % MgO was employed. Area A in Fig. 1 corresponds 
to the phase composition of EAF slag that entered the LF 
unit from the  ladle iron, and only two phases remain 

in area  A  – dicalcium silicate (β-2CaO·SiO2 ) and mer-
winite (3CaO·MgO·2SiO2 ). To enable desulfurization, 
burnt lime (CaO) is added to  the  LF unit, which reacts 
with merwinite and causes its decomposition according 
to the reaction 

3СаO·MgO·2SiO2 + СаO = 2(2СaO·SiО2) + MgO.  (1)

This phase composition corresponds to area B in Fig. 1. 
The interaction of free lime with sulfur in the metal leads 
to the following reaction

	         [FeS] + (СаО) = (CaS) + (FeO).	 (2)

In area B, the  slag viscosity is elevated, which hin-
ders the  desulfurization process. To reduce the  visco­
sity, an alumina-based flux is added to  the  slag, and in 
area C (Fig.  1), the  final phase composition of  LF slag 
is formed [2], consisting of mayenite (12CaO·7Al2O3 ) – 
37.2 %, periclase (MgO)  – 12.5 %, dicalcium silicate 
(α-2CaO·SiO2 )  – 41.4 %, approximately 1 % CaS, and 
the remainder FeO. During the cooling of LF slag, poly-
morphic transformations occur in the  dicalcium silicate 
phase  [2]. Five polymorphic modifications of dicalcium 
silicate are known, three of which are high-temperature 
forms (α,  and  ), and their successive transformations 
during cooling do not cause critical changes in LF slag. 
Since reducing conditions are maintained in the LF, iron 
oxides from the EAF slag are rapidly reduced to metal-
lic a critical transformation is the  polymorphic transi-
tion of  larnite to  shennonite1. Larnite (β-2CaO·SiO2 ) 

Fig. 1. Phase composition of LF slag [2] 

Рис. 1. Фазовый состав шлака АКП [2]

1 In Russian scientific literature, the term “shennonite” (шеннонит) 
is commonly used to refer to the γ-polymorph of dicalcium silicate 
(γ-2CaO·SiO2 ).
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is a metastable modification of  dicalcium silicate that, 
upon cooling below 525 °C, slowly transforms into shen-
nonite (γ-2CaO·SiO2 ). Since the  true density of  larnite 
(β-2CaO·SiO2 ) is 3.28 g/cm3 and that of  shennonite 
(γ-2CaO·SiO2 ) is 2.97 g/cm3, this polymorphic transfor-
mation leads to a 12 % volume increase, causing the slag 
to  disintegrate into a powder-like fraction. As a result 
of  these processes, larnite (β-2CaO·SiO2 ) is absent in 
cooled LF slag, and shennonite (γ-2CaO·SiO2 ) is present 
instead.

 Literature review

The changed conditions of slag formation in the steel-
making industry and the  resulting phase composition 
require a more advanced approach to  slag processing, 
taking into account current knowledge and developments 
in the formation of mineral binding agents based on such 
slags.

Due to  stricter CO2 emission regulations and envi-
ronmental challenges associated with the  storage and 
recycling of  steelmaking slags, global efforts are being 
made to  partially or completely replace components in 
general construction concrete  – such as ordinary Port-
land cement, coarse aggregates (crushed stone, gravel), 
and fine aggregates (quartz sand). In [4], the use of con-
verter slag with particle sizes of 5 – 20 mm as a substi-
tute for coarse aggregates, and 0 – 5 mm for fine aggre-
gates in general-purpose concrete, was investigated. 
It was shown that replacing natural aggregates with 
converter slag increases the  concrete grade strength, 
allowing cement consumption to  be reduced by 31 %. 
Similar findings are reported in  [5], where the  partial 
(30 %) replacement of natural aggregates with EAF slag 
resulted in improved physical and mechanical properties 
of the concrete. The authors concluded that EAF slag can 
be used to  produce environmentally friendly concrete. 
In  [6], concrete mixtures with 30 % fly ash replacing 
cement and 50 % EAF slag replacing coarse aggregate 
were tested for their physical and mechanical properties. 
The results demonstrated that the strength characteristics 
of  these concrete mixtures surpassed those of  conven-
tional concrete made entirely with cement and natural 
aggregates. In [7], researchers investigated the replace-
ment of coarse natural aggregates with EAF slag, while 
retaining natural quartz sand as the fine aggregate. It was 
observed that concrete containing EAF slag exhibited 
a faster strength gain during the first seven days of cur-
ing compared to concrete made with natural aggregates. 
Although the rate of strength development subsequently 
declined, the final grade strength of the slag-containing 
concrete remained higher. In [8], it was shown that eco-
concrete incorporating 5 % aluminum slag and 20 % 
EAF slag as substitutes for natural aggregates demonst­
rated strength and durability levels comparable to those 

of conventional concrete. A common feature across these 
studies is the use of slag primarily as a partial or comp­
lete replacement for natural aggregates, without alter-
ing the underlying mechanism of strength development 
based on Portland cement. However, this approach does 
not permit the complete elimination of Portland cement 
from the  concrete mix, even though its production is 
a major source of CO2 emissions.

A promising strategy for fully replacing Portland 
cement in concrete and mortar formulations involves 
the  use of  alkali-activated slag binders. The theoretical 
foundation for such binders was established by V.D. Glu­
khovskii [9], who proposed introducing various alkaline 
additives into slags prior to  grinding. Upon hydration, 
these binders form insoluble calcium and sodium alu-
minosilicate hydrates  –  zeolites  –  capable of  achieving 
compressive strengths of  up to  200 MPa. At present, 
most studies in this area focus on the  alkali activation 
of blast furnace slag  [10] and EAF slag in combination 
with other industrial wastes [11 – 13]. The primary draw-
back of these binders is the need for extremely fine slag 
grinding and the  presence of  free alkalis in fully cured 
concrete, which may migrate to  the  surface and cause 
severe efflorescence. This issue is addressed in geopoly-
mer binders, where free alkalis generated during activa-
tion are chemically bound within a three-dimensional 
polymer network [14]. This is achieved through the addi-
tion of specially treated metakaolins. Once incorporated 
into the  polymer structure, the  alkalis are immobilized 
and no longer migrate to the surface, effectively preven­
ting efflorescence formation.

Since EAF slag contains a significant amount of iron 
oxides, and its silicate component consists primarily 
of  dicalcium silicate (β-2CaO·SiO2 ) and merwinite 
(3CaO·MgO·2SiO2 )  – which decomposes at elevated 
basicity into two molecules of dicalcium silicate and peri-
clase  – the  authors explored the  possibility of  simulta­
neously producing pig iron and Portland cement. This was 
to be achieved by increasing the slag’s basicity through 
the addition of highly basic LF slag and extra lime. Labo-
ratory studies and pilot-scale industrial trials confirmed 
the feasibility of this approach [15; 16]. It was established 
that mixing molten EAF slag, LF slag, and solid lime in 
a ratio of 64:17:17 %, respectively, allows for the simul-
taneous formation of Portland cement clinker and pig iron 
in proportions of 82 and 18 %, respectively. The Portland 
cement produced from this clinker demonstrated the fol-
lowing physical and mechanical properties: 

– initial setting time – 175 min; 
– final setting time – 285 min; 
– volume stability – 0.2 mm; 
– compressive strength after 2 days – 11.7 MPa;
– compressive strength after 28 days – 47.8 MPa. 
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According to  GOST 31108, this cement meets the 
requirements for strength class 42.5 N. The chemi-
cal composition of  the  resulting pig iron complied with 
GOST 805 for foundry-grade pig iron of  grade PL 1 
and was as follows (wt. %: 3.13 С; 2.26 Mn; 0.109 Si; 
0.036 P; 0.021 S.

 Potential pathways for technology
 

implementation

Despite the positive outcomes of the trials, implemen­
ting this technology would require a complete reconst­
ruction of steelmaking facilities, including the establish-
ment of  a dedicated slag secondary treatment section 
and a full reorganization of the logistics involved in slag 
transportation and processing.

In light of  these challenges, an alternative approach 
was explored  – the  sulfate activation of  steelmaking 
slags to impart the properties of mineral binding agents. 
In the  construction industry, certain types of  specialty 
cements are widely used, particularly gypsum-alumina 
cements based on calcium sulfoaluminates [17] and cal-
cium sulfosilicates  [18]. Gypsum-alumina cements are 
commonly applied for road and infrastructure repairs 
and are also used in rapid-setting and waterproofing 
systems  – for example, the  Emaco2 line of  fast-setting 
concretes was developed on the  basis of  such cements. 
Calcium sulfoaluminate and sulfoaluminoferrite binders 
are also well established in the production of expansive 
oil-well cements [19].

At present, several anhydrous minerals containing 
gypsum are known to possess strong binding properties. 
These include:

– calcium sulfosilicate (sulfospurrite 2(2СaO·SiО2)· 
·CaSO4 [17;18];

– calcium sulfoaluminate (yeelimite) 3(CaO·Al2O3)· 
·CaSO4 [17];

– calcium sulfoferrites, including low-basic 3(CaO· 
·Fe2O3)·CaSO4 and high-basic CaO·Fe2O3·CaSO4 [20];

– a group of calcium sulfoaluminoferrites with the ge­
neral formula CaOn·(Al2O3 )m·(Fe2O3 )k·(SO3 )b [21]. 

These minerals are typically obtained by firing raw 
material mixtures at 1100 – 1300 °C, followed by either 
separate or joint grinding with Portland cement [17]. For 
EAF and LF slags, which contain mayenite (C12A7 ) as well 
as dicalcium silicates (β-2CaO·SiO2 and γ-2CaO·SiO2 ), 
sulfate activation can be achieved through joint grinding 
with natural gypsum (CaSO4·2H2O).

The authors initially applied sulfate activation to LF 
slags. To prevent the  development of  internal stresses 

during hydration of the resulting binder, which was pro-
duced by joint grinding of  LF slag and gypsum, it was 
proposed to introduce additives that would enable the for-
mation of  a mineral binding agent following the  prin-
ciple of  gypsum – cement – pozzolanic systems  [22]. 
In this patented formulation, LF slag and gypsum act as 
the primary binder (cement), while pozzolanic additives 
include acidic sludges, various slags, and calcium car-
bonates – including EAF slag in amounts ranging from 
9.5 to 23.0 %. The developed composite water-resistant 
gypsum-based binder made it possible to  achieve com-
pressive strengths in the  range of  5 to  10 MPa in con-
struction products. 

 Methodology for optimisation

Further investigation of  this binding system showed 
that increasing the proportion of EAF slag leads to a sig-
nificant improvement in concrete strength. Notably, 
EAF slag can be added to the binder in the form of fine 
screening material (fraction 0 – 5 mm). Therefore, opti-
mization of the strength properties of such concrete was 
carried out  using experimental design methods, namely 
the simplex lattice method, with the test results described 
by a third-degree polynomial. The varying factors selected 
for the optimization were the contents of EAF slag, LF 
slag, and gypsum dihydrate in the raw mix. The intervals 
of variation for each factor are given in Table 1.

The scope of optimization is shown in Fig. 2.
According to  the  experimental plan, raw mixtures 

were prepared and mixed with water at a water-to-solid 
ratio of  0.4:1. The concrete was poured into standard 
molds and cured under air-dry conditions for seven days. 
After this curing period, compressive strength was mea-
sured and used as the response function. 

 Results and discussion

The experimental plan and the results of compressive 
strength testing after 7 days are presented in Table 2.

Fig. 3 shows the overall distribution of  the  response 
function for the  compressive strength of  the  slag-based 
binder. 

Table 1. Intervals of the factors variation

Таблица 1. Интервалы варьирования факторов

Factor
Variation intervals, wt. %

upper lower
EAF slag content 25 75
LF slag content 25 75
Gypsum dihydrate content 0 50

2 Emaco is a registered trademark. URL: https://mpkm.org/masterem
aco/?yclid=11188805335159930879 (accessed: October 9, 2024).

https://mpkm.org/masteremaco/?yclid=11188805335159930879
https://mpkm.org/masteremaco/?yclid=11188805335159930879
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Fig. 4 presents the  isolines of  equal compressive 
strength for the slag-based bind.

Point A in Fig. 4 corresponds to  the maximum com-
pressive strength of  the  binder  – 50.4 MPa  – achieved 
at  an EAF slag content of  42.0 %, LF slag content 
of 42.0 %, and gypsum dihydrate content of 16.0 %. 

The results of  testing mineral binding agents based 
on steelmaking slags formed under modern steel pro-
duction conditions confirm the  feasibility of  processing 
these slags using alternative approaches to  those cur-
rently in use. Instead of limiting slag processing to con-

Fig. 2. Scope of optimisation

Рис. 2. Область проведения оптимизации

Fig. 4. Isolines of equal compressive strength 
when compressing the binder 

Рис. 4. Изолинии равного предела прочности 
при сжатии вяжущего

Fig. 3. General view of response function distribution 
for compressive strength of the binder 

Рис. 3. Общий вид распределения функции отклика 
для предела прочности при сжатии вяжущего

Table 2. Experimental plan and test results

Таблица 2. План проведения эксперимента 
и результаты испытаний

Content in the mix, wt. %
R7c , MPa

EAF slag LF slag gypsum
41.67 58.33 0 33.5
25.00 58.33 16.67 33.4
33.33 33.33 33.33 34.2
33.33 58.33 8.33 37.2
58.33 41.67 0 35.2
41.67 25.00 33.33 34.5
75.00 25.00 0 34.2
41.67 41.67 16.67 50.8
25.00 41.67 33.33 31.2
25.00 75.00 0 23.2
41.67 41.67 16.67 49.9
25.00 25.00 50.00 21.1
58.33 33.33 8.33 52.1
58.33 25.00 16.67 39.8
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ventional crushing and size classification, it is proposed 
to use steelmaking slags as raw materials for producing 
dry construction and concrete mixes. These products 
offer significantly higher market value compared to clas-
sified slag gravel and sand. Such mixes can be manufac-
tured at existing dry mix production facilities, requiring 
only minimal modifications to the slag handling sections 
of metallurgical plants. 

 Conclusions

Steelmaking slags generated during the  steel smel­
ting process contain hydraulically active phases that are 
capable of hardening upon contact with water. This study 
examined current methods for processing steelmaking 
slags and explored ways to impart the properties of mine­
ral binding agents to  them. A sulfate treatment method 
was proposed to activate the hydraulically active phases 
contained in the  slags. As a result of  sulfate activation, 
the  resulting slag-based mineral binder exhibits high 
physical and mechanical properties, comparable to those 
of  binders produced with Portland cement. It is recom-
mended that this slag-based binder be used for the pro-
duction of dry construction and concrete mixes suitable 
for both road building and general-purpose construction 
applications.
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металлургический комбинат» в составе двух конвертерных цехов с двумя и тремя агрегатами показано, что вопросы планирования 
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зация задач оптимизации производственных процессов с заданными ограничениями и критериями показала, что особенности исследуе-
мого процесса функционирования конвертерного производства делают практически невозможными построение и использование анали-
тических решений. Выбранный авторами подход к решению (с учетом указанных обстоятельств) базируется на использовании цифровой 
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 Introduction

The tasks of planning repairs and calendar schedules 
for converter operation in the  steelmaking production 
of  a metallurgical plant have significant specific fea-
tures, which are due to  the  discreteness, non-linearity, 
and strong interdependence of  these tasks. It is advi­
sable to  approach such tasks as a comprehensive solu-
tion to  a  single general task, without decomposition, 
since under conditions of strong interrelations, decompo-
sition does not allow for stable and effective solutions 
to individual subtasks due to the limitations imposed by 
the decomposition procedure [1; 2]. However, obtaining 
a comprehensive solution using analytical methods for 
the planning object under consideration is extremely dif-
ficult – if not entirely impossible. Therefore, the authors 
of the study decided to construct a discrete event digital 
simulation model of the functioning process of converter 
production at a metallurgical plant with two steelma­
king shops, comprising two and three converters, respec-
tively [3 – 5]. The presence of such a model makes it pos-
sible to find a comprehensive solution to the tasks under 
investigation.

 
 Evolution of simulation model concepts

 

and modern functional requirements

The original concept of  a simulation model was 
developed for industrial products, where a clear link 
existed between the  simulation model and the  product 
at every stage of its life cycle – from creation to disposal. 
As  the approach evolved, it was extended to cover pro-
duction processes as well [6 – 8]. According to the frame-
work presented in [3], the evolution of simulation models 
progresses through four stages:

1 – physical objects (products) are created without 
any simulation model (i.e., no digital prototype);

2 – a simulation model (digital prototype) is used only 
at the design stage of the product;

3 – there is information exchange between the physi-
cal object and the digital model;

4 – physical object and digital model interact in real 
time, enabling continuous improvement of both the physi­
cal system and its digital counterpart.

This concept – involving real-time interaction 
between a physical object (or process) in the real world 
and its digital model in the  virtual space, as well as 
the  exchange of  information between the  two – reflects 
the idea of a digital twin [9 – 11]. 

Based on this classification, the  goal of  the  present 
study is to develop a digital model of the functioning pro-
cess of converter production at a metallurgical plant that 
corresponds to the third stage of this evolution. At the cur-
rent stage, generally accepted functional requirements 
for such a digital model of converter production include 
the following:

– accurately representing the  structure of  produc-
tion, the  performance and technical condition of  units, 
the duration of converter campaigns, the length of repair 
periods, and other key parameters;

– employing various control mechanisms to  distri­
bute the input flow of cast iron between converter shops 
and to generate calendar schedules for the operation and 
repair of individual converters;

– accumulating operational data over time for the pur-
pose of  optimizing and forecasting the  performance 
of the production process;

– collecting data on the functioning of converter pro-
duction and applying predictive analytics tools for repair 
planning;

– providing information that cannot be obtained 
directly from the physical object but is valuable for opti-
mizing the performance parameters of converter produc-
tion;

– generating datasets that support the  visualization 
of  individual aspects of  the  model’s functioning pro-
cess [12 – 14]. 

The virtual component of  the  digital twin consists 
of  two main parts: the  digital master and the  digital 
shadow. The digital master contains the core information 

дискретно-событийной имитационной модели. Такая имитационная модель представляет собой цифровую копию исследуемого процесса 
функционирования конвертерного производства, отражает его структуру, производительность, техническое состояние и такие параметры, 
как длительность кампании конвертеров, длительность ремонтных периодов и др. Модель использует различные механизмы управления 
для решения задач распределения входного потока чугуна между конвертерными цехами, формирования календарных графиков работы 
отдельных конвертеров и их ремонтов; накапливает информацию в ходе производственного процесса для целей оптимизации и прогно-
зирования результатов процесса функционирования; позволяет собирать данные о процессе функционирования конвертерного произ-
водства и использовать инструменты предиктивной аналитики для планирования ремонтов; предоставляет данные, которые невозможно 
получить непосредственно на физическом объекте и которые могут быть использованы для оптимизации параметров системы; форми-
рует наборы данных для визуализации отдельных результатов процесса функционирования. 

Ключевые слова: конвертерное производство, нормативная и текущая длительность кампании, график работы и ремонтов конвертеров, проектная 
схема работы цеха, дискретная и нелинейная задача, цифровая имитационная модель, компьютерное моделирование, численное решение

Для цитирования: Зимин А.В., Корнет М.Е., Буркова И.В., Зимин В.В. Использование цифровых имитационных моделей для оптимизации 
работы сложных производственных объектов. Известия вузов. Черная металлургия. 2025;68(2):188–194.

	 https://doi.org/10.17073/0368-0797-2025-2-188-194

https://fermet.misis.ru/index.php/jour/search/?subject=конвертерное производство
https://fermet.misis.ru/index.php/jour/search/?subject=нормативная и текущая длительность кампании
https://fermet.misis.ru/index.php/jour/search/?subject=график работы и ремонтов конвертеров
https://fermet.misis.ru/index.php/jour/search/?subject=проектная схема работы цеха
https://fermet.misis.ru/index.php/jour/search/?subject=проектная схема работы цеха
https://fermet.misis.ru/index.php/jour/search/?subject=дискретная и нелинейная задача
https://fermet.misis.ru/index.php/jour/search/?subject=цифровая имитационная модель
https://fermet.misis.ru/index.php/jour/search/?subject=компьютерное моделирование
https://fermet.misis.ru/index.php/jour/search/?subject=численное решение


Известия вузов. Черная металлургия. 2025;68(2):188–194.
Зимин А.В., Корнет М.Е. и др. Использование цифровых имитационных моделей для оптимизации работы сложных ...

190

required to  construct the  simulated process. The digital 
shadow represents the  set of  data that the  functioning 
physical object (process) “casts” into the  virtual space, 
along with models that allow for forecasting the proper-
ties of the process within certain limits [15 – 17].

 Elements of formalized description of converter
 

production functioning process

Basic concepts and notation. Let us denote the steel-
making production as O = {OI , OII }, which includes two 
shops. Here, OI = {o1 , o2 , o3 } and OII = {o4 , o5 }, meaning 
that the  first shop includes three converters of  the  same 
type, and the second shop consists of two identical units. 
As the  time interval for the  planning tasks under inves-
tigation, we consider a sequence (T1 , T2 , …, Tj , …, Tp ) 
of p months,  (where Lj denotes the num-
ber of days in the j-th month). Each converter is treated as a 
discrete unit operating in cyclical mode. When describing 
a converter, we introduce the  tuple oi = o( fi , ρi , gi , Ki , 

 , ri ),  (where fi – amount of steel produced by the unit 
per cycle (tons); ρi  – consumption coefficient characte­
rizing the need for cast iron gi to produce one ton of steel 
(gi = fi ρi , ρ < 1); Ki – normative duration of the campaign 
of  the  converter (i.e. the  number of  heats the  unit must 
perform on one lining from one cold repair to the next); 

  – number of  heats completed by the  i-th converter 
at the beginning of the j-th planning period; riν ,  – 
durations (in days) of shutdowns (due to repair or waiting) 
for the i-th converter. Due to the uniformity of converters 
in each shop, the following equalities can be assumed:

	           	 (1)

	         	 (2)

Let us denote by mij (Δtl ), mIj (Δtl ), mIIj (Δtl )  the num-
ber of  heats produced by converter i, and by shops OI  
and OII , respectively, during the l-th day of the j-th period. 
Accordingly, we have 

		      	 (3)

The calendar schedule of  operation of  the  i-th con-
verter in the j-th month is defined as the sequence

		       	 (4)

If l is a day on which the converter undergoes repair or 
is placed in reserve, then mij (Δtl ) = 0. 

We introduce the  function kij (l), which represents 
the number of heats performed by the i-th converter from 
the beginning of the campaign up to and including the l-th 
day of the j-th period. The values of this function are limi­
ted by the normative duration of the converter campaign

		       	 (5)

Let us denote by  the  number of  heats completed 
by the i-th converter at the beginning of the j-th planning 
period. Then, taking into account condition (4), the num-
ber of heats  , produced by the i-th converter by the end 
of the j-th planning period can be represented as 

		      	 (6)

where 
Structural constraints on the functioning of conver

ters in the shops. When a converter executes the calendar 
schedule of operation as defined in expression (4), the value 
of  the  function increases by mij (Δtl ) on each subsequent 
day, according to  the  rule: [kij(l) = kij (l – 1) + mij (Δtl )], 
until it reaches the  normative duration of  the  converter 
campaign. The function kij (l) has a “sawtooth” form, 
where the width of each “tooth” base depends on the calen­
dar schedule of  the  converter’s operation and may span 
several planning periods. Once the  maximum value is 
reached, the  function retains this value until the  end 
of  the  converter’s repair. Upon completion of  the  repair 
(or when the converter is placed in reserve), the function 
resets to  zero. The fluctuations of  the  function kij (l) are 
regular in nature, but they do not follow a fixed period.

The design scheme of converter operation for Shop 1 
is presented in Fig. 1. According to  this scheme, simul-
taneous operation of  all three converters is not allowed. 
Instead, the configuration assumes the continuous opera-
tion of two units, while the third is either undergoing repair 
or is held in reserve. This structure ensures that at  any 
given time, exactly two converters are active, thereby 
maintaining a  balanced operational load and enabling 
scheduled repairs without full production stoppage. Let us 
define the state sij (l) of the i-th converter of the first shop 
on the l-th day of the j-th planning period as follows:

	               	 (7)

A description of the state transitions of the converters 
during the time interval from l(r11 ) to l(r31 ) (see Fig. 1) is 
presented in the corresponding Table.
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The design solutions and the repair management sys-
tem for the second shop do not allow more than one cold 
repair to be carried out within a single planning period. 
Fig. 2 presents examples of permissible and unacceptable 
operational schemes for the converters in the second shop. 

It should be noted that, in order to achieve maximum 
separation between the  repairs of  converters  4 and  5  – 
expressed in terms of  the number of  heats performed – 
the  absolute difference between the  values of  the  func-
tions k4 (l) and k5 (l) must be as large as possible. 
The  maximum value of  this absolute difference equals 
K/2 (Fig. 3). This maximum separation condition also 
applies to  the  first shop, since, according to  the  design 
scheme of converter operation, two out of the three units 
are in operation on each day.

Quantitative constraints on converter operation. 
The simultaneous operation of units within the shops is 
subject to  a set of  technological constraints that define 
the  allowable range for the  number of  heats per day in 
each shop, depending on whether one or two converters 
are operating at the same time: 

	      	 (8)

	      	 (9)

	        	 (10)

      (11)

where , , , , 2 , 2 , 2 , 2  represent 
the  minimum and maximum number of  heats produced 

Fig. 1. Design operation scheme of converters of Shop 1

Рис. 1. Проектная схема работы конвертеров первого цеха

Operating procedure of converters of Shop 1

Порядок работы конвертеров цеха 1

l
i (l(r11), l(r11) + r11) (l(r11) + r11, l(r31))
sij (l) rm rz
sij (l) wr wr
sij (l) wr wr

Fig. 2. Permissible (a) and unacceptable (b) operating schemes 
of converters 4 and 5 (in pos. a in the planning intervals Т1 , Т3 and Т4 , 

two repairs are performed) 

Рис. 2. Допустимая (а) и недопустимая (b) схемы работы 
конвертеров 4 и 5 (на поз. а в интервалах планирования Т1 , Т3 и Т4 

выполняются по два ремонта)

Fig. 3. Dependence of the absolute difference |k4(l) – k5(l)| 
on values of the functions k4(l) and k5(l)  

Рис. 3. Зависимость абсолютной разности |k4(l) – k5(l)| 
от значений функций k4(l) и k5(l)
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in the  first and second shops, respectively, under two 
operating modes: with a single converter in operation, 
and with two converters in operation. Note that 2  <   
and 2  <  , since otherwise, the shop would be unable 
to produce the number of heats within the ranges from  
to 2  and from  to 2  , which does not correspond 
to actual operating conditions. Operation involving three 
converters simultaneously in the first shop is technologi-
cally infeasible. 

Thus, the  first shop, which according to  the  design 
solutions must operate continuously with two converters, 
can produce between 2  and 2  heats per day. Each 
unit may perform between  and  heats. The second 
shop, in the  range from  to  2  heats, can operate 
only with one converter (operating mode 1), in the range 
from 2  to   it can operate with either one or two 
converters (operating mode 2), and in the range from  
to 2  it can operate only with two converters (operating 
mode 3) (Fig. 4). 

Determining the  required daily cast iron produc-
tion volumes in the blast furnace shop. Cast iron, which 
serves as the main component of the converter charge, is 
produced by three blast furnaces (continuous-operation 
units). Each blast furnace is described by the  follow-
ing parameters: the  average daily cast iron production 
volume gq(Δt) at full capacity, which depends on the fur-
nace volume; the production volume at reduced capacity 
gq(Δt)/2, which may apply during periods of  schedu­
led preventive maintenance, the  overhaul schedule  
 

 typically carried out once every  
 

4 – 5 years; the  schedule  of  planned 
preventive repairs during the j-th planning period, whose 
duration usually does not exceed 12 h (here  is 
the number of the blast furnace;  are the start and 
end dates of  the overhaul, respectively; ν  is the number 
of planned preventive repairs in the j-th planning period. 

Let gqj (Δtl ) denote the  planned cast iron production 
volume for the q-th blast furnace on the l-th day of the j-th 
planning period

	        	 (12)

It is clear that the total cast iron production volume on 
l-th day is equal to

	           	 (13)

The sequence  describes the  planned 
daily cast iron production of  the  blast furnace shop dur-
ing the  j-th planning period. Given the calendar schedule 
of  converter operation defined by expression (4), the  fol-
lowing equalities must hold 

   (14)

 Specific features of the tasks under investigation
 

and the approach to their solution

The main applied tasks that require solutions 
based on  the  above-described model representations 
of the object of study include:

1. Forming the  schedules  
 

 of  converter heats based on the  cast 
iron production schedule  for each j-th 
period, in order to determine monthly planned targets for 
the converter shops;

2. Forming the repair schedules for the converters

	       	 (15)

in the converter production shops, with the aim of plan-
ning the work of the maintenance services of the metal-
lurgical plant;

3. Forming the  operation   
 

and  schedules of  the  con-
verter shops, to ensure processing of incoming liquid cast 
iron from the blast furnace shop. 

Thus, the  main features of  the  investigated tasks 
include the  discreteness and non-linearity of  the  func-
tions, functionals, operators, parameters, and criteria that 
define these tasks. In particular, according to Fig. 3, one 
of  the  preferred criteria in calendar scheduling may be 
defined as follows

Fig. 4. Ranges of operating modes of converters of Shop 2

Рис. 4. Диапазоны режимов работы конвертеров второго цеха
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	           	 (16)

this criterion is aimed at ensuring the maximum separa-
tion of repairs of the two operating converters (expressed 
in terms of  the number of heats performed). The corre-
sponding functional Q belongs to the class of discrete and 
nonlinear functionals. The discreteness and non-linearity 
of  the  tasks hinder or make it impossible to  build ana-
lytical models capable of identifying and ranking the set 
of admissible solutions. 

Thus, the  formalization of  the  studied tasks shows 
that the  specific features of  the  process of  functioning 
of converter production make it difficult – or practically 
impossible – to  develop and apply analytical solutions. 
Considering these circumstances, the authors selected an 
approach based on the development and use of a digital 
discrete event simulation model, which: 

– serves as a digital copy of the process of functioning 
of the converter production under study, reflects its struc-
ture, performance, technical condition, and parameters 
such as duration of converter campaigns, repair periods, 
and others;

– applies various control mechanisms to  solve 
the  tasks of  distributing the  input flow of  cast iron 
between converter shops and forming calendar schedules 
for the operation and repair of individual converter;

– accumulates information over the course of its func-
tioning for the  purpose of  optimization and forecasting 
of the process results;

– allows collecting data on the process of functioning 
of  converter production and using predictive analytics 
tools to plan repairs;

– provides data that cannot be obtained directly 
on  the  physical object, but can be used to  optimize 
the parameters of the system;

– generates datasets for the visualization of individual 
results of the functioning process [18 – 20]. 

 Conclusions

A significant interdependence, discreteness, and 
non-linearity of  the  tasks related to  planning produc-
tion volumes, repairs, and converter operation schedules 
have been demonstrated. The necessity of  developing 
a digital discrete-event simulation model of the process 
of functioning of converter production at a metallurgical 
plant has been substantiated, in order to obtain numeri-
cal solutions to the tasks under study through computer 
modeling. 
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