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Аннотация. На основе результатов вискозиметрических исследований закономерностей формирования прецизионных железоуглероди-

стых расплавов обоснована необходимость учета структурного состояния исходного железного расплава и углеродного материала при 
разработке оптимальной технологии науглероживания. Рассматривая величину кинематической вязкости и стабильность значений этого 
структурно-чувствительного свойства как показатели степени неравновесности структурного состояния железоуглеродистого расплава, 
авторы показывают, что оптимальным решением следует считать науглероживание жидкого железа с преимущественно ГЦК-подобной 
структурой ближнего порядка. Этому может способствовать ввод углерода в состав шихты, форсированный нагрев и плавление с форми-
рованием расплава при значительном перегреве над температурой ликвидус. С привлечением данных рентгеноструктурного анализа 
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Abstract. Based on the results of viscometric studies of the patterns of precision iron-carbon melts formation, the need to take into account the structural 

state of the initial iron melt and the carbon material when developing the optimal carburization technology is substantiated. Considering the kinematic 
viscosity value and stability of the values ​​of this structure-sensitive property as indicators of the non-equilibrium degree of the iron-carbon melt struc-
tural state, it is shown that the optimal solution should be considered to be the carburization of liquid iron with a predominantly fcc-like short-range 
order structure, which can be facilitated by introducing carbon into the charge composition, forced heating and melting with the formation of a melt 
with significant overheating above the liquidus temperature. Using the data of X-ray structural analysis, it was experimentally established that when 
using carbon materials subjected to graphitization for carburization, it is advisable to reduce the proportion of the amorphous phase, increase the size 
of crystallites and the graphitization degree, and improve the structural homogeneity. The experimentally determined difference in the nature of melt 
formation during carburization of pure iron and in the case of simultaneous deoxidation and carburization of highly oxidized metal is associated with 
the process of deactivation of the carbon material surface by oxygen, the development degree of which depends on reactivity of the carbon material 
and decreases with an increase in the degree of its graphitization and a decrease in the defectiveness of the crystal structure. During the simultaneous 
deoxidation and carburization of highly oxidized iron, a significant role of the deoxidizer type was established, which is associated with the different 
partial influence of the materials used on structural state of the iron melt and with the different neutralization degree of the effect of oxygen on deacti-
vation of the surface of carburizer particles. 
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 Introduction

Carburization has become an integral element in 
steel production using modern high-intensity technolo-
gies. This increases the  relevance of  studying the  pat-
terns of iron–carbon melt formation, since the establish-
ment of an equilibrium structural state of  the melt prior 
to crystallization is a prerequisite for achieving the maxi-
mum level of service properties of the metal [1 – 4]. Dif-
ferent degrees of  completion of  the  relaxation process 
of the non-equilibrium structural state of the melt caused 
by carburization lead to an increase in the heterogeneity 
of  the  metal and the  instability of  its properties  [5; 6]. 
Insufficient attention to  this factor may explain why 
the  use of  modern technological schemes for steel pro-
duction, despite their enhanced ability to refine the metal 
from undesirable impurities, does not guarantee the sta-
bility of high service properties of steel products [7]. 

Modern methods for assessing the  degree of  non-
equilibrium of the structural state of iron melts are based 
on the study of structure-sensitive properties of melts, in 
particular on viscometric studies. In most cases, a higher 
degree of  equilibrium of  the  melt’s structural state 
at  a  fixed composition corresponds to  higher kinematic 
viscosity values and greater stability of  this structure-
sensitive property [1 – 4]. 

As shown in the  authors’ previous studies  [8], iron 
melts can exist within a spectrum of  similar structural 
states, and the  stability of  one of  these states increases 
when a solution with carbon is formed. To further elu-
cidate the  regularities of  iron carburization, the  authors 
continued viscometric studies on the  formation of  pre-
cision iron–carbon melts. The experiments were car-
ried out in a vacuum high-temperature viscometer under 
an atmosphere of  ultra-pure helium (>99.9999 %), 
using the  torsional oscillation method of  a crucible 
containing the  metal to  determine the  kinematic visco
sity of  the  melt. This method minimizes the  perturbing 
influence on  the structural state of  the melt. The results 
obtained at this stage make it possible to identify a num-

ber of  factors that must be considered when developing 
the  parameters of  the  optimal carburization technology 
for iron.

 Influence of structural state of the initial
 

iron melt

Fig. 1 presents the  results of  a viscometric study 
of the formation of a pure iron melt at 1873 K obtained 
through a multistage hydrogen refining process of  car-
bonyl iron. Two heating modes up to 1873 K were used:

– mode 1: isothermal holding for 900 s at 1473 K 
(within the thermodynamic stability region of γ-Fe), fol-
lowed by forced heating to 1873 K within 120 s;

– mode 2: holding for 1200 s near the melting point 
(within the  thermodynamic stability region of  δ-Fe), 
nearly equilibrium slow melting for 8400 s with minimal 

Fig. 1. Results of the viscometric study of dynamics of pure iron melt 
formation in the case of different heating and melting modes: 

1 – mode 1; 2 – mode 2 (сrucible material – BeO) 

Рис. 1. Результаты исследования методом вискозиметрии  
динамики формирования расплава чистого железа  

в случае разных режимов нагрева и плавления: 
1 – режим 1; 2 – режим 2 (материал тигля – ВеО)

экспериментально установлено, что при использовании для науглероживания углеродных материалов, подвергнутых графитации, целесо
образно снижение доли аморфной фазы, увеличение размера кристаллитов и степени графитации, повышение структурной однород-
ности. Экспериментально установленное различие характеров формирования расплава при науглероживании чистого железа и в случае 
одновременного раскисления и науглероживания высокоокисленного металла связано с процессом дезактивации поверхности углерод-
ного материала кислородом, степень развития которого зависит от реакционной способности углеродного материала и снижается при 
увеличении степени его графитации и уменьшении дефектности кристаллической структуры. При одновременном раскислении и наугле-
роживании высокоокисленного железа установлена значительная роль типа раскислителя, что связано с разным парциальным влиянием 
используемых материалов на структурное состояние расплава железа и с разной степенью нейтрализации влияния кислорода на процесс 
дезактивации поверхности частиц науглероживателя. 

Ключевые слова: железоуглеродистый расплав, структурное состояние, науглероживание, структура углеродного материала, тип раскислителя
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overheating above the  melting temperature, and subse-
quent heating to 1873 K at an average rate of 2 K/min.

The obtained data indicate a significant influence 
of  the  heating and melting mode on the  structural state 
of  the  resulting iron melt. According to  the  authors, 
the difference in the structural states of the melt may be 
associated with the “inheritance” of different short-range 
order structures from the  initial solid metal. In the first 
case, the increased kinematic viscosity values after melt-
ing can be attributed to a more densely packed structure 
with a predominantly FCC-like atomic coordination. 
In the  second case, a BCC-like configuration of  atomic 
micro-groupings is inherited. It is worth noting that, under 
the thermodynamic conditions implemented for pure iron 
melts, the structural state with a predominantly FCC-like 
atomic coordination is relatively unstable. During isother-
mal holding at 1873 K, a transition occurs to a structural 
state with predominantly BCC-like atomic coordination. 
The pronounced high-frequency oscillations of  kine-
matic viscosity observed in the  case of  forced heating 
may be attributed to  significant micro-inhomogeneity 
of the forming structural state of the melt, caused by par-
tial transformation of γ-Fe to δ-Fe as a result of the over-
lap of two phase transitions and the coexistence of FCC- 
and BCC-like atomic groupings. 

The implementation of carburization under the above 
heating and melting modes can therefore be associated 
with the formation of a carbon solution in different struc-
tural states of the initial iron melt. As shown in Fig. 2, a, 
the formation of an iron–carbon melt under the first heat-
ing and melting mode leads to the development of a struc-
tural state with a markedly higher kinematic viscosity, 

which, according to  currently accepted views, corres
ponds to a more equilibrium structural state of the melt. 
This is further supported by an analysis of  the  stabi
lity of  the  realized structural states of  the  iron–carbon 
melt: for the  state with lower kinematic viscosity, there 
is a clear tendency to  transform into a state with higher 
viscosity, both under isothermal holding at 1873 K and 
during subsequent cooling from 1873 K to crystallization 
(Fig. 2, b). 

The above results suggest that, during carburization 
of iron, the optimal process should be considered the car-
burization of  liquid iron possessing a predominantly 
FCC-like short-range order structure. However, it is also 
possible that the instability and non-equilibrium character 
of  the  initial structural state – enhanced by the strongly 
non-equilibrium melting mode – play a substantial, if not 
decisive, role in this process. 

 Influence of the carbon material structure

From the standpoint of differences in carburizer qua
lity, current research mainly focuses on its chemical com-
position – primarily the carbon content (or ash content) 
and nitrogen concentration. According to  the  authors, 
attention should also be paid to the structure of  the car-
bon material itself. It is the structure, above all, that may 
determine the  influence of  the  carbon material type on 
the  nature of  melt-formation behavior and the  resulting 
structural state after iron carburization (Fig. 3). 

Based on X-ray diffraction (XRD) analysis (Table 1), 
comparing carbon materials subjected to  graphitization 
(graphites of  different grades, e.g., GMZ and GII-A, 

Fig. 2. Results of the viscometric study of dynamics of the Fe – 0.1 % C melt formation in the case of different heating and melting modes: 
1 – mode 1; 2 – mode 2 (сrucible material – BeO, сarburizer – diamond powder);

a – isothermal holding at 1873 K; b – subsequent stepwise cooling to crystallization with isothermal holding at each temperature for 600 s

Рис. 2. Результаты исследования методом вискозиметрии динамики формирования расплава Fe – 0,1 % С 
в случае разных режимов нагрева и плавления: 

1 – режим 1; 2 – режим 2 (материал тигля – ВеО, науглероживатель – алмазный порошок);  
а – изотермическая выдержка при 1873 К; b – последующее ступенчатое охлаждение до кристаллизации 

с изотермической выдержкой при каждой температуре 600 c
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and electrode scrap), the  data indicate that a decrease 
in the  kinematic viscosity of  the  resulting iron–carbon 
melt – and, in line with current understanding, a corres
ponding increase in the degree of structural non-equilib-
rium – is associated with a higher amorphous-phase frac-
tion (likely due to a non-graphitizing binder or its partial 
graphitization), a smaller crystallite (coherent domain) 
size, and a lower degree of graphitization (three-dimen-
sional ordering within crystallites) [9].

The results shown in Fig. 4, obtained from carburi-
zation tests in which the  same pure converter iron was 
carburized using graphite of  GII-A grade supplied by 
three different manufacturers, also indicate that it is not 
the graphite type itself but its structure that plays the deci-
sive role. Along with confirming the previously described 
effect of  the  graphite structural parameters (Table 2) 
on the viscosity level of the iron–carbon melt, these data 
demonstrate a substantial influence of  the  initial gra
phite structural heterogeneity on both the relaxation time 
of the melt’s structural-state non-equilibrium after graphite 
addition and the  amplitude of  the  high-frequency oscil-
latory component of kinematic viscosity changes, which 
can be associated with the  degree of  micro-inhomoge
neity of the melt. The maximum structural heterogeneity 
of  graphite  – characterized by a combination of  a rela-

tively low-defect crystalline phase and a large amorphous 
phase fraction (Fig. 4, b)  – leads to  the  greatest micro-
inhomogeneity and instability of  the  structural state 
of the iron–carbon melt. Reducing the graphite heteroge-
neity, either by increasing the defectiveness of  the crys-
talline phase (Fig. 4, a) or by decreasing the amorphous 
phase fraction (Fig. 4, c), reduces both the  amplitude 
of  the  high-frequency component and the  stabilization 
time of kinematic viscosity values, although at different 
levels of  this structure-sensitive property, corresponding 
to  different degrees of  non-equilibrium structural state 
of  the melt. The behavior of  the  subsequent polytherms 
indicates a higher degree of  structural non-equilibrium, 
characterized by lower kinematic viscosity values.

The mechanism of carbon transfer from the carburizer 
into liquid iron is one of  the  key aspects of  the  physi-
cochemical nature of  the  carburization process. Accor
ding to A.A. Vertman and A.M. Samarin [10], based on 
the  relatively low activation energy of  graphite disso-
lution and the  specific features of  its crystal structure, 
the  dissolution of  graphite in liquid iron proceeds in 
at least two stages: (1) detachment of flat graphite layers 
from the surface of the solid particle and (2) dissolution 
of these detached layers.

Table 1. Results of X-ray structural analysis of carbon materials

Таблица 1. Результаты рентгеноструктурного исследования углеродсодержащих материалов

Type of 
carbon 

material

Phase 
No.

Compound 
(mineralogical name) Space group Quantity,

%

Coherent 
scattering 
region, nm

Lattice 
parameters, 

nm

Degree of 
graphitization

GII-A 
graphite

1 Graphite-2H P63/mmc 47.13 29 a = 0.2459;
c = 0.6789 0.53

2 Graphite-3R R-3m 25.72 21 a = 0.2456;
c = 1.0300 0.08

3 Аморфная фаза – 27.15 – – –
GMZ 

graphite 1 Graphite P63/mmc 100.00 87 a = 0.2460;
c = 0.6731 0.87

Anthracite
1 Graphite-2H P63/mmc 16.36 2.04 a = 0.2200;

c = 0.6952 –

2 Graphite-3R R-3m 83.64 1.62 a = 0.2474;
с = 1.2035 –

Glassy 
carbon

1 Graphite-2H P63/mmc 60.53 1.45 a = 0.2127;
c = 0.7471 –

2 Graphite-3R R-3m 39.47 3.24 a = 0.2438;
c = 1.0310 0.04

Electrode 
scrap

1 Graphite-2H P63/mmc 18.00 2000 a = 0.2463;
c = 0.6714 0.97

2 Graphite-2H P63/mmc 82.00 2000 a = 0.2438;
c = 0.6757 0.72

Diamond 
powder

1 Diamond Fd3m 97.72 1260 a = 0.3567 –
2 Diamond-n R3 2.28 45 a = 0.3610 –
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Accordingly, in addition to  crystallite defectiveness 
and the  character and degree of  ordering of  the  carbon 
hexagonal layers, another significant factor is the  type 
of  bonding between the  hexagonal networks and their 

stacks. For different graphites, researchers agree that 
the interlayer bonds – whether van der Waals, metallic, or 
weakened covalent [11] – are relatively weak yet stable. 
The low strength of the bonds between carbon hexagons 

Table 2. Results of X-ray structural analysis of graphite of GII-A grade from different manufacturers

Таблица 2. Результаты рентгеноструктурного исследования графита марки ГИИ-А разных производителей

Manufac
turer No.

Phase 
No.

Compound 
(mineralogical name) Space group Quantity,

%

Coherent 
scattering 
region, nm

Lattice 
parameters, 

nm

Degree of 
graphitization

1

1 Graphite-2H P63/mmc 64.92 10 a = 0.2456;
c = 0.6719 0.91

2 Graphite-3R R-3m 4.07 25 a = 0.2522;
c = 3.0889 0.09

3 Amorphous phase – 31.01 – – –

2

1 Graphite-2H P63/mmc 69.63 700 a = 0.2456;
c = 0.6721 0.90

2 Graphite-3R R-3m 3.92 25 a = 0.2522;
c = 3.0889 0.09

3 Amorphous phase – 26.45 – – –

3

1 Graphite-2H P63/mmc 80.01 1000 a = 0.2456;
c = 0.6716 0.93

2 Graphite-3R R-3m 4.05 25 a = 0.2522;
c = 3.0889 0.09

3 Amorphous phase – 15.94 – – –

Fig. 4. Results of the viscometric study of dynamics of the melt formation during isothermal holding at 1873 K and changes 
during subsequent heating to 2023 K (red marker) and cooling to 1873 K (blue marker) during alloying of pure converter iron 

with carbon (based on obtaining 0.4 % C in the metal) using graphite of GII-A grade from different manufacturers: 
а, а′– manufacturer 1; б, б′ – manufacturer 2; в, в′ – manufacturer 3 (crucible material – ZrO2 )

Рис. 4. Результаты исследования методом вискозиметрии динамики формирования расплава в ходе изотермической выдержки 
при 1873 К и изменений в процессе последующего нагрева до 2023 К (красный маркер) и охлаждения до 1873 К (голубой маркер) при 

легировании углеродом ЖЧК (из расчета получения в металле 0,4% С) при использовании графита марки ГИИ-А разных производителей: 
а, а′ – производитель 1; б, б′ – производитель 2; в, в′ – производитель 3 (материал тигля – ZrО2 )
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(in the form of short hydrocarbon chains [12]) and their 
partial rupture upon heating facilitate the  dissolution 
of carbon into pure iron when using anthracite, thereby 
promoting the  formation of  the  most equilibrium struc-
tural state, as indicated by the highest kinematic viscosity 
values. In contrast, when glassy carbon is used, the strong 
and diverse bonds between hexagonal stacks – including 
oxygen bridges and triple conjugated (–C≡C–) or double 
cumulated (=C=C=) C–C bonds  [9]  – significantly hin-
der melt formation, increasing the micro-inhomogeneity 
and instability of  its structural state. The even stronger 
bonding of  carbon hexagons in carbon nanotubes may 
account for the greatest difficulty in melt formation when 
this material is used as a carburizer. 

The use of  another allotropic form of  carbon  – dia-
mond – for carburization of pure iron promotes the for-
mation of a melt structural state with relatively high kine-
matic viscosity. The noticeable oscillatory component 
of viscosity variation during melt formation also indicates 
its micro-inhomogeneity. This behavior may be explained 
by two factors. First, the spatial configuration of carbon 
atoms in diamond is similar to that in austenite, allowing 
carbon to  enter the  iron lattice as a complete diamond 
cluster, forming a hybrid of interstitial and substitutional 
solid solutions  [13], which likely facilitates the  forma-
tion of  an fcc-like structural state of  the  melt. Second, 
when heated above 1273 K, diamond tends to transform 
spontaneously into graphite, forming at 1873 K an inter-
mediate carbon structure – a crystalline hybrid of cubic 
(diamond) and hexagonal (graphite) lattices [14]. There-
fore, the  observed melt-formation behavior may result 
from the superposition of graphite dissolution and partial 
diamond-to-graphite transformation, which undoubtedly 
enhances the  micro-inhomogeneity of  the  melt’s struc-
tural state. 

 Simultaneous carburization and deoxidation
 

of metal

Previously, experiments demonstrated that dissolved 
oxygen prolongs the time required for the melt to reach 
structural equilibrium during iron carburization, provid-
ing the rationale for treating deoxidation and carburization 
as concurrent operations [15]. Accordingly, experiments 
were conducted on simultaneous deoxidation and carbu-
rization of iron (Fig. 5). Carbonyl iron with an oxidation 
level of 870 ppm was used as the base metal. Deoxidation 
was performed with aluminum to obtain a residual con-
centration of 0.03 %. 

Analysis of  the  data shows that the  previously 
described influence of  the  structural parameters of gra
phitized carbon materials on the degree of structural non-
equilibrium of  the  melt generally persists under these 
conditions. In particular, using graphite of  GMZ grade 

yields a more equilibrium structural state of  the  melt 
than using graphite of  GII-A grade. At the  same time, 
melt-formation behavior changes fundamentally when 
anthracite is used for carburization: the  relaxation time 
becomes the  longest, while the  kinematic viscosity is 
the  lowest. According to A.A. Vertman  [16], dissolved 
oxygen increases the stability of carbon layer stacks by 
forming CxOy-type oxide films on their surfaces. Under 
the  present conditions, this process is likely most pro-
nounced for natural carbon materials such as anthracite. 
By contrast, with graphitized materials, oxygen-induced 
surface deactivation is mitigated because graphitization 
lowers reactivity and reduces crystal-structure defective-
ness [14].

It should be noted separately that the established regu
larities are consistent with previously obtained experi-
mental data under industrial conditions [3 – 5].

 Type of deoxidizer

Under simultaneous deoxidation and carburization, 
the choice of deoxidizer – in addition to the carbon mate-
rial – also affects melt-formation behavior. As shown in 
Fig. 6, deoxidizing carbonyl iron with aluminum and 
with calcium produces fundamentally different struc-
tural states of  the  melt. With aluminum, the melt shifts 
to  a  state with significantly lower kinematic viscosity 
than that of  the  starting carbonyl iron. In contrast, cal-
cium deoxidation drives structural changes that increase 
kinematic viscosity. This response is consistent with 
a  calcium-induced perturbation of  the  melt’s structural 
state that drives it toward a higher degree of  structural 
equilibrium [17].

Experimental results presented in Fig. 7 show that this 
deoxidizer-specific effect on the  melt’s structural state 
persists under simultaneous deoxidation and carburiza-
tion. Calcium yields a structural state with substantially 
higher kinematic viscosity than aluminum, indicating 
a more nearly equilibrium structure. Moreover, when 
anthracite is used for carburization, the  relaxation time 
of the introduced non-equilibrium is considerably shorter. 
The established difference, apart from the distinct effects 
of the deoxidizers on the structural state of the iron melt, 
may also be related to  the  fact that calcium, as a stron-
ger deoxidizer, more effectively neutralizes the influence 
of oxygen on the deactivation process of  the  carburizer 
particle surface.

Overall, the findings show that, during simultaneous 
deoxidation and carburization, calcium favors the  for-
mation of an optimal melt structural state. Therefore, in 
choosing a deoxidizer, partial or full replacement of alu-
minum with calcium-containing agents (e.g., calcium car-
bide) should be considered, particularly for carbide treat-
ment operations. 
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 Conclusions

When forming an iron–carbon melt, the  optimal 
route is carburization of  liquid iron with a predomi-
nantly FCC-like short-range order. This can be achieved 
by introducing carbon into the charge, applying forced 
heating, and melting with substantial superheating 
above the liquidus. 

The structural state of  the  melt during iron carburi-
zation is strongly governed by the  structure of  the  car-
bon material. With graphitized carbons, it is advisable 
to  reduce the  amorphous-phase fraction, increase crys-
tallite size and degree of  graphitization, and improve 
structural homogeneity. Other significant factors include 
the  type of bonding between hexagonal layers and their 
stacks and the allotropic form of carbon. 

The choice of carburizer depends critically on the ther-
modynamic conditions of melt formation: for pure iron, 
anthracite gives the  most favorable result, whereas for 
highly oxidized metal, graphitized materials are more 
effective. 

Under simultaneous deoxidation and carburization, 
an optimal structural state of the iron–carbon melt is pro-
moted by partially or fully substituting aluminum with 
calcium-containing agents, such as calcium carbide.

Fig. 5. Results of the viscometric study of dynamics of the Fe – 0.1 % C melt formation with simultaneous deoxidation 
with aluminum (residual concentration 0.03 %) and carburization during isothermal holding at 1873 K and changes during subsequent cooling 

to crystallization in comparison with the data for the initial carbonyl iron (red marker) using different types of carburizers: 
a, a′ – anthracite; b, b′ – graphite of GMZ grade; c, c′ – graphite of GII-A grade (crucible material – BeO) 

Рис. 5. Результаты исследования методом вискозиметрии динамики формирования расплава Fe – 0,1 % C при одновременном 
раскислении алюминием (остаточная концентрация 0,03 %) и науглероживании в ходе изотермической выдержки при 1873 К 

и изменений в ходе последующего охлаждения до кристаллизации в сопоставлении с данными для исходного 
карбонильного железа (красный маркер) при использовании разных типов науглероживателей: 
а, а′ – антрацит; b, b′ – графит марки ГМЗ; c, c′ – графит марки ГИИ-А (материал тигля – ВеО)

Fig. 6. Results of the viscometric study of dynamics of the melt 
formation during deoxidation of carbonyl iron by aluminum (1) 

based on a residual concentration of 0.03 % and calcium (2) 
based on a residual concentration of 0.01 % in comparison  

with the melt formation dynamics of the initial carbonyl iron (3) 
(crucible material – ZrO2 )

Рис. 6. Результаты исследования методом вискозиметрии динамики 
формирования расплава при раскислении карбонильного железа 

алюминием (1) из расчета остаточной концентрации 0,03 % 
и кальцием (2) из расчета остаточной концентрации 0,01 % 

в сравнении с динамикой формирования расплава исходного 
карбонильного железа (3) (материал тигля – ZrО2 )



Известия вузов. Черная металлургия. 2025;68(5):506–516.
Гудов А.Г., Бурмасов С.П., Смирнов Л.А. Исследование формирования железоуглеродистых расплавов и технологические аспекты ...

514

 References / Список литературы

1.	 Baum B.A., Khasin G.A., Tyagunov G.V., etc. Liquid Steel. 
Moscow: Metallurgiya; 1984:208. (In Russ.).

	 Баум Б.А., Хасин Г.А., Тягунов Г.В. и др. Жидкая сталь. 
Москва: Металлургия; 1984:208.

2.	 Baum B.A., Tyagunov G.V., Baryshev E.E., Tsepelev V.S. 
Equilibrium and nonequilibrium states of  metallic melts. 
In: Fundamental Research of Physical Chemistry of Metal-
lic Melts: Proceedings. Moscow: IKTs Akademkniga; 
2002:214–228. (In Russ.).

	 Баум Б.А., Тягунов Г.В., Барышев Е.Е., Цепелев В.С. 
Равновесные и неравновесные состояния металлических 
расплавов. В кн.: Фундаментальные исследования физи-
кохимии металлических расплавов: Сборник трудов. 
Москва: ИКЦ «Академкнига»; 2002:214–228.

3.	 Burmasov S.P., Gudov A.G., Degai A.S., Stepanov A.I., 
Smirnov L.A. Formation of  iron-based melts and scope 
for improvement in steel properties. Steel in Translation. 
2010;40(8):741–745.

	 https://doi.org/10.3103/S0967091210080127 

	 Бурмасов С.П., Гудов А.Г., Дегай А.С., Степанов А.И., 
Смирнов Л.А. Закономерности формирования рас-
плавов на основе железа и металлургические резервы 
улучшения эксплуатационных свойств сталей. Сталь. 
2010;(8):42–46.

4.	 Zuev M.V., Burmasov S.P., Stepanov A.I., Gudov A.G., 
Murzin A.V., Zhitlukhin E.G. Improvement in steel smelt-
ing by studying melt behavior. Steel in Translation. 
2013;43(2):106–109.

	 https://doi.org/10.3103/S0967091213020204 

	 Зуев М.В., Бурмасов С.П., Степанов А.И., Гудов А.Г., 
Мурзин А.В., Житлухин Е.Г. Совершенствование техно-
логии современного сталеплавильного производства на 

основе закономерностей формирования металлических 
расплавов. Сталь. 2013;(2):27–29.

5.	 Gudov A.G., Burmasov S.P., Toporov V.A., Murzin A.V. 
Development of  electric steelmaking technology based on 
the study of non-equilibrium of metal melts. In: Modern Prob-
lems of Steel Electrometallurgy. Proceedings of the XVIII Int. 
Conf., September 24-27, 2019, Yekaterinburg, Pervouralsk: 
in 2 parts. Part 1. Roshchin V.E. ed. Chelyabinsk: SUSU; 
2019:3–25. (In Russ.).

	 Гудов А.Г., Бурмасов С.П., Топоров В.А., Мурзин А.В. 
Развитие технологии электросталеплавильного про-
изводства на основе исследования неравновесности 
металлических расплавов. В кн.: Современные проблемы 
электрометаллургии стали. Материалы XVIII Между-
народной конференции 24–27 сентября 2019 г., Ека-
теринбург, Первоуральск: В 2-х частях. Ч.  1. Под ред. 
В.Е. Рощина. Челябинск: Издательский центр ЮУрГУ; 
2019:3–25.

6.	 Burmasov S.P., Gudov A.G., Zhitlukhin E.G., Parkho-
menko  I.P., Stolbov N.S. Directions for reducing chemical 
heterogeneity of continually cast pipe blank. Steel in Trans-
lation. 2023;53(9):785–791.

	 https://doi.org/10.3103/s0967091223090048 

	 Бурмасов С.П., Гудов А.Г., Житлухин Е.Г., Пархо-
менко И.П., Столбов Н.С. Направления снижения хими-
ческой неоднородности непрерывнолитой трубной заго-
товки. Сталь. 2023;(8):23–28.

7.	 Filip’ev S.N., Burmasov S.P., Gudov A.G., etc. Influence 
of semi-finished product production technology on the qua
lity of liquid metal and the performance properties of spring 
steel. In: Proceedings of  the XIII Int. Congress of Steelma
kers, October 12–18, 2014, Polevskoi. Yekaterinburg: Ezap-
rint; 2014:82–87. (In Russ.).

	 Филипьев С.Н., Бурмасов С.П., Гудов А.Г. и др. Влия
ние технологии производства полупродукта на ка

Fig. 7. Results of the viscometric study of dynamics of the melt formation with simultaneous carburization (0.1 % C) and deoxidation 
of carbonyl iron with aluminum (1) based on a residual concentration of 0.03 % and calcium (2) 

based on a residual concentration of 0.01 % using different types of carbon materials: 
a – anthracite; b – diamond powder (crucible material – ZrO2 )

Рис. 7. Результаты исследования методом вискозиметрии динамики формирования расплава при одновременном науглероживании (0,1 % С) 
и раскислении карбонильного железа алюминием (1) из расчета остаточной концентрации 0,03 % и кальцием (2) 

из расчета остаточной концентрации 0,01 % при использовании различных типов углеродных материалов: 
а – антрацит; b – алмазный порошок (материал тигля – ZrО2 )

https://doi.org/10.3103/S0967091210080127
https://doi.org/10.3103/S0967091213020204
https://doi.org/10.3103/s0967091223090048


Izvestiya. Ferrous Metallurgy. 2025;68(5):506–516.
Gudov A.G., Burmasov S.P., Smirnov L.A. Formation of iron-carbon melts and technological aspects of carburization

515

Александр Геннадьевич Гудов, к.т.н., доцент кафедры «Метал-
лургия железа и сплавов», Уральский федеральный университет 
имени первого Президента России Б.Н. Ельцина
E-mail:  a.g.gudov@urfu.ru 

Сергей Петрович Бурмасов, к.т.н., доцент, Уральский федераль-
ный университет имени первого Президента России Б.Н. Ельцина
E-mail:  s.p.burmasov@urfu.ru 

Леонид Андреевич Смирнов, академик РАН, д.т.н., профессор, 
научный руководитель, АО «Уральский институт металлов»
ORCID: 0000-0002-6324-4032
E-mail:  secretary@uim-stavan.ru 

Aleksandr G. Gudov, Cand. Sci. (Eng.), Assist. Prof. of the Chair “Metal-
lurgy of Iron and Alloys”, Ural Federal University named after the first 
President of Russia B.N. Yeltsin
E-mail:  a.g.gudov@urfu.ru 

Sergei P. Burmasov, Cand. Sci. (Eng.), Assist. Prof., Ural Federal Univer-
sity named after the first President of Russia B.N. Yeltsin
E-mail:  s.p.burmasov@urfu.ru 

Leonid A. Smirnov, Academician, Dr. Sci. (Eng.), Prof., Scientific Direc-
tor, JSC “Ural Institute of Metals”
ORCID: 0000-0002-6324-4032
E-mail:  secretary@uim-stavan.ru 

Information about the Authors Сведения об авторах

чество жидкого металла и эксплуатационные свойства 
рессорной стали. В кн.: Сборник трудов XIII Меж-
дународного конгресса сталеплавильщиков 12–18 
октября 2014 г., Полевской. Екатеринбург: ООО «Эза-
принт»; 2014:82–87.

8.	 Burmasov S.P., Gudov A.G., Smirnov L.A. Structural states 
of  iron melt and its solutions with vanadium, silicon and 
carbon. Teoriya i tekhnologiya metallurgicheskogo proiz
vodstva. 2018;(1(24)):21–27. (In Russ.).

	 Бурмасов С.П., Гудов А.Г., Смирнов Л.А. Структурные 
состояния расплава железа и его растворов с ванадием, 
кремнием и углеродом. Теория и технология металлур-
гического производства. 2018;(1(24)):21–27.

9.	 Fialkov A.S. Carbon-Graphite Materials. Moscow: Energiya; 
1979:320. (In Russ.).

	 Фиалков А.С. Углеграфитовые материалы. Москва: 
Энергия; 1979:320.

10.	 Vertman A.A., Samarin A.M. On the  kinetics of  carbon 
dissolution in liquid iron. Izvestiya AN SSSR. Metally. 
1965;(1):46–54. (In Russ.).

	 Вертман А.А., Самарин А.М. О кинетике растворе-
ния углерода в жидком железе. Известия АН СССР. 
Металлы. 1965;(1):46–54.

11.	 Shulepov S.V. Physics of Carbon-Graphite Materials. Mos-
cow: Metallurgiya; 1972:256. (In Russ.).

	 Шулепов С.В. Физика углеграфитовых материалов. 
Москва: Металлургия; 1972:256.

12.	 Kurakov Yu.I. Development of  views on the  structure 
of highly metamorphosed coals. Izvestiya vuzov. Severo-kav
kazskii region. Estestvennye nauki. Prilozhenie. 2005;(6): 
100–107. (In Russ.).

	 Кураков Ю.И. Развитие взглядов на структуру высо-
кометаморфизованных углей. Известия вузов. Северо-
кавказский регион. Естественные науки. Приложение. 
2005;(6):100–107.

13.	 Kraposhin V.S. New mechanism of  carbon dissolution in 
the austenite lattice during steel carburization and its behav-
ior during martensitic and pearlitic transformations of austen-
ite. In: Nauka i obrazovanie: Scientific Publication of Bau-

man Moscow State Technical University. 2011;(11):1–15. (In 
Russ.).

	 Крапошин В.С. Новый механизм растворения углерода 
в решетке аустенита при цементации стали и его пове-
дение при мартенситном и перлитном превращениях 
аустенита. В кн.: Наука и образование: Научное издание 
МГТУ им. Н.Э. Баумана. 2011;(11):1–15.

14.	 Ubbelohde A.R., Lewis F.A. Graphite and Its Crystal Com-
pounds. London: Oxford University Press; 1960:217. 

	 Убеллоде А.Р., Льюис Ф.А. Графит и его кристалличес
кие соединения. Москва: Мир; 1965:265.

15.	 Zuev M.V., Burmasov S.P., Gudov A.G., Murzin A.V., Ku
zyakin V.G. Carburization of crude steel from a superpower
ful arc furnace. Steel in Translation. 2014;44(6):433–438.

	 https://doi.org/10.3103/S0967091214060187 

	 Зуев М.В., Бурмасов С.П., Гудов А.Г., Мурзин А.В., Кузя-
кин В.Г. Исследование и оптимизация технологии нау-
глероживания металла при выплавке стали с использова-
нием полупродукта ДСП. Сталь. 2014;(6):25–30. 

16.	 Vertman A.A. Microheterogeneity of  metal melts and 
the problem of regulating the properties of castings. Fizika i 
khimiya obrabotki materialov. 1967;(3):132–141. (In Russ.).

	 Вертман А.А. Микрогетерогенность металлических 
расплавов и проблема регулирования свойств отли-
вок. Физика и химия обработки материалов. 1967;(3): 
132–141.

17.	 Burmasov S.P., Gudov A.G., Smirnov L.A. On the possibi
lity of increasing the operational properties of steel by tech-
nological influences on structural state of  iron melts. In: 
Influence of the Properties of the Metal Matrix on the Opera-
tional Durability of Rails: Proceedings. Yekaterinburg: JSC 
UIM; 2006:9–17. (In Russ.).

	 Бурмасов С.П., Гудов А.Г., Смирнов Л.А. О возможности 
повышения эксплуатационных свойств стали путем тех-
нологических воздействий на структурное состояние 
расплавов железа. В кн.: Влияние свойств металличе-
ской матрицы на эксплуатационную стойкость рельсов: 
Сборник научных трудов. Екатеринбург: ОАО «УИМ»; 
2006:9–17.

mailto:a.g.gudov@urfu.ru
mailto:s.p.burmasov@urfu.ru
http://orcid.org/0000-0002-6324-4032
mailto:secretary@uim-stavan.ru
mailto:a.g.gudov@urfu.ru
mailto:s.p.burmasov@urfu.ru
http://orcid.org/0000-0002-6324-4032
mailto:secretary@uim-stavan.ru
https://doi.org/10.3103/S0967091214060187


Известия вузов. Черная металлургия. 2025;68(5):506–516.
Гудов А.Г., Бурмасов С.П., Смирнов Л.А. Исследование формирования железоуглеродистых расплавов и технологические аспекты ...

516

Received 22.04.2025
Revised 27.04.2025

Accepted 06.06.2025

Поступила в редакцию 22.04.2025
После доработки 27.04.2025

Принята к публикации 06.06.2025

А. Г. Гудов – планирование и проведение экспериментальных 
исследований, обобщение и анализ результатов, написание 
статьи.
С. П. Бурмасов – высокопрофессиональное консультирование 
и активное участие в постановке задач и обсуждении результатов 
исследования, выборе подходов к трактовке экспериментальных 
данных и оценке обоснованности выводов.
Л. А. Смирнов – высокопрофессиональное консультирование 
и активное участие в постановке задач и обсуждении результатов 
исследования, выборе подходов к трактовке экспериментальных 
данных и оценке обоснованности выводов.

A. G. Gudov – planning and conducting experiments, generalization 
and analysis of results, writing the text.

S. P. Burmasov – highly professional consulting and active par-
ticipation in setting tasks and discussing research results, choosing 
approaches to interpreting experimental data and assessing the vali
dity of conclusions.
L. A. Smirnov – highly professional consulting and active participation 
in setting tasks and discussing research results, choosing approaches 
to interpreting experimental data and assessing the validity of conclu-
sions.

Contribution of the Authors Вклад авторов


