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Аннотация. В работе сделана попытка анализа исторического развития научных взглядов на строение оксидных и металлических расплавов. 

Авторы на примере работ Уральской научной школы и собственных исследований рассматривают эволюцию подходов на основе поли-
мерной (ионной) теории оксидных расплавов и кластерной теории жидких металлов. Показана возможность применения полимерной 
модели для определения границы перехода шлака из гомогенного состояния в гетерогенное и условий формирования гомогенного шлака, 
обладающего максимальными рафинирующими свойствами. В рассматриваемых условиях оксид Al2O3 может проявлять как основные, 
так и кислотные свойства. При содержании Al2O3 до 16 % в оксидных расплавах, соответствующих шлакам, формируемым в агрегате 
ковш – печь, глинозем проявляет основные свойства, а при содержании более 16 % он начинает проявлять кислотные свойства. Дополни-
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Abstract. The paper considers the historical development of scientific views on the structure of oxide and metal melts. The authors, using the research 

of the Ural Scientific School and their own works as examples, examine the evolution of approaches based on the polymer (ionic) theory of oxide melts 
and the cluster theory of liquid metals. The possibility of using a polymer model to determine the boundary of slag transition from a homogeneous 
state to a heterogeneous one and conditions for the formation of a homogeneous slag with maximum refining properties is shown. Al2O3 can exhibit 
both basic and acidic properties. It was found that with Al2O3 content of up to 16 % in oxide melts corresponding to the slags formed in ladle furnace 
unit, alumina exhibits basic properties, and when its content exceeds more than 16 %, it begins to exhibit acidic properties. Additional information 
on activities of the oxide melt components allows us to determine the parameters of the slag with the best properties for non-metallic inclusions absorp-
tion. Metal melt is characterized by a “critical” temperature at which the melt during heating transitions from hereditary cluster-type disequilibrium 
to a state of thermodynamic equilibrium, i.e., the melt “homogenizes”. Nonequilibrium melts temporarily retain elements of the structures of the initial 
phases. Overheating of the metal above the “critical” temperature during thermal-time treatment makes it possible to improve and stabilize the quality 
of products. Modification of the melt leads to a significant decrease in the amount of necessary overheating and acceleration of the homogeneous melt 
formation. Fundamental studies of the properties and structure of metal liquids showed the development of a new applied direction under the general 
name “thermal-time treatment”. 
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 Introduction

The ongoing advancement of  steelmaking processes 
remains a pressing necessity. However, the  develop-
ment of new, more efficient technologies is only possible 
through a thorough analysis of  experimental data and 
a  deep understanding of  their physico-chemical nature. 
Further progress in various scientific schools and research 
directions must be based on refining the theoretical foun-
dations of metallurgical processes. 

Metallurgical enterprises and research centers in 
the  Ural region have traditionally played a key role in 
the  development of  the  country’s industrial sectors. 
This study aims to  analyze the  historical development 
of  research on the physico-chemical properties of oxide 
and metal melts.

 Research materials and methods

The structure of  oxide melts, which form the  basis 
of steelmaking slags, can be studied both through experi-
mental methods and by evaluating the practical applica-
bility of different theoretical models. When considering 
existing models of  slag melt structure, we believe par-
ticular attention should be given to the polymer model.

The idea that oxide melts exhibit polymeric behavior 
was first proposed by Professor O.A. Esin in 1946  [1]. 
Based on the ionic nature of these melts, Esin suggested 
that oxide melts contain silicate-oxygen anions of vary-
ing complexity, which are in chemical equilibrium with 
each other and with “free” oxygen ions.

In general, this equilibrium can be expressed as

	   	 (1)

Over time, this assumption became the foundation for 
various polymer models of  silicate melts. Some models 
(non-structural) do not explicitly account for the  struc-
ture of anions, whereas others (structural) focus primarily 
on the arrangement of complex anions.

Pioneering studies in this field were conducted 
by G.V  Toop and C.S. Samis in 1962  [2], as well as 

by C.R.  Masson in 1965  [3]. Within the  framework 
of the non-structural model, they were the first to provide 
a quantitative assessment of the distribution of “free”, ter-
minal, and bridging oxygen atoms in binary silicate melts 
and formulated the equilibrium constant for the polyme
rization reaction (1) as follows:

		          	 (2)

where  ,  and  represent the  number of  moles 
of О2‒, О‒ and О0, per mole of binary silicate melt. 

In studies [3 – 6], a structural model was proposed. 
This model assumes that, in addition to  Men+ cations, 
“free” О2‒ oxygen ions, and monomers  the binary 
silicate melt contains only chain-like anions of  type 

, which may be either linear or branched. 
The formation of ring and network structures is excluded, 
meaning that the  model applies to  binary silicate melt 
compositions in the MeO ‒ SiO2 system within the range 
0 ≤   ≤ 0,5. 

The approach of  C.R. Masson, I.B. Smith, and 
S.G. Whiteway was examined across the entire composi-
tion range in studies  [7; 8] and compared with previous 
research [4 – 6]. The developed mathematical framework 
demonstrated strong convergence between calculated and 
experimental data throughout the  investigated composi-
tion range.

A considerable number of  studies in the  litera-
ture have focused on extending polymer models 
of  binary silicate melts to  multicomponent systems. 
For example, in  [9], the  model equations were gene
ralized for ternary systems Me′O ‒ Me″O ‒ SiO2 , with 
the assumption that Me′ n+ and Me″ 

n+ cations are ran-
domly distributed and that the degree of melt polyme
rization is a function of  the polymerization constants 
in binary silicate melts.

Alongside the  development of  theoretical models 
describing the  structure of  silicate melts, experimen-
tal studies have been conducted using modern physico-
chemical methods.

тельно информация об активностях компонентов оксидного расплава позволяет определить параметры шлака, обладающего оптималь-
ными свойствами для поглощения неметаллических включений. Металлический расплав характеризуется «критической» температурой, 
при которой он в ходе нагрева переходит от наследственной неравновесности кластерного типа в состояние термодинамического равно-
весия, т.е. происходит гомогенизация расплава. Неравновесные расплавы временно сохраняют в себе элементы структур исходных фаз. 
Перегрев металла выше «критической» температуры в ходе термовременной обработки позволяет добиться повышения и стабилизации 
качества продукции. Модифицирование расплава приводит к существенному снижению необходимого перегрева и ускорению процесса 
формирования гомогенного расплава. На примере исследования свойств и строения металлических жидкостей показано развитие нового 
прикладного направления под общим названием «термовременная обработка». 
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The application of the analytical method of trimethyl-
silylation in combination with gas chromatography [10] 
and paper chromatography  [11], as well as ultrasonic 
investigations [12], confirms the presence of both comp
lex silicate-oxygen structures (SiO2)i , which represent 
the  ultimate form of  complex anions  (with 
a self-closing number c = 1 for planar rings), and only 
the simplest silicate anions: monomers , short linear 
chains  and , as well as planar rings.

It is important to note that no isomeric forms of anions, 
such as branched chains, have been identified in crystal-
line, glassy, or liquid silicates.

The findings from these studies contributed 
to  the  development of  a refined version of  the  poly-
mer model that accounts for the  variable functionality 
of the monomer [13]. According to this model, the mono-
mer  is bifunctional (f  = 2) in chain-like anions, 
meaning that only two of the four terminal oxygen atoms 
in the  silicate-oxygen tetrahedron participate in reac-
tions. In cyclic ions, however, the  monomer  is 
tetrafunctional (f  = 4). The polymer model suggests that 
the average functionality of the monomer varies from two 
(in a  fully depolymerized melt) to  four (in pure SiO2 ), 
increasing progressively as the  degree of  polymeriza-
tion rises. Based on this model, equations were derived 
to quantitatively describe the structural units and compo-
nent activities in binary silicate melts. These equations 
were further applied to develop a theoretical framework 
for calculating the  activity of  multicomponent oxide 
melts containing different complex-forming elements.

In steelmaking, the  theory of  oxide melts is widely 
used to evaluate the refining properties of slags, the for-

mation of  slag crust, and the generation of oxide-based 
non-metallic inclusions (NMI). 

One example of this application is the use of the poly-
mer model to  analyze the  characteristics of  slag melts 
used in ladle treatment of  steel and the  formation 
of  oxide-based NMI. To understand how the  chemical 
composition of slag melts (wt. %) influences the thermo-
dynamic activity of  components, the  melt with a fixed 
content of magnesium and silicon oxides (11.11 % MgO; 
16.67 % SiO2 ) was studied, where a portion of lime was 
replaced with an alumina-based flux. The content of CaO 
varied from 33.33 to 55.56 %, while Al2O3 ranged from 
16.76 to  38.89 %, meaning that CaO was progressively 
substituted with Al2O3 .

Using the  polymer model, it is possible to  calculate 
the  activity of  CaO and MgO in the  melt, as well as 
their saturation activity (saturation limits) depending on 
the CaO/Al2O3 ratio (Fig. 1). 

These data on the  activity of  CaO and MgO oxides 
are particularly important for analyzing the refining pro
perties of  slags  [14] and understanding the mechanisms 
behind the  formation of  calcium- and magnesium-con-
taining aluminate NMI in steel [15].

A significant increase in CaO concentration causes 
basic oxides to  transition into the  solid phase. Thus, 
the polymer model helps determine the boundary at which 
slags shift from a homogeneous to a heterogeneous state, 
ensuring the formation of exclusively homogeneous slags 
(Fig. 1) with maximum desulfurization capacity and an 
enhanced ability to absorb NMI.

While the behavior of CaO, MgO, and SiO2 oxides is 
well understood, as they act as basic and acidic compo-
nents, Al2O3 is an amphoteric compound that can exhibit 
both basic and acidic properties. It has been established 
that in oxide melts  – corresponding to  slags formed in 
ladle furnace units and secondary steel refining sys-
tems – alumina exhibits basic properties when its content 
does not exceed 16 %. However, once its concentration 
surpasses 16 %, it begins to  display acidic characteris-
tics [16].

Information on activity values allows for the determi-
nation of  the  parameters of  slag melts with the  highest 
capacity for NMI absorption. In particular, the  activity 
values of Al2O3 and SiO2 play a key role in evaluating 
the  slag’s ability to  absorb and dissolve aluminate and 
silicate NMIs. Based on the model describing the transfer 
of NMIs into slag [17], it can be concluded that the dis-
solution of  NMIs in slag is a critical stage in the  steel 
refining process. To analyze this process, the  approach, 
that traditionally employed to  describe the  dissolution 
of refractory particles in slag, is applicable [18]:

		        	 (3)

Fig. 1. Activities of CaO and MgO oxides in the melt for slag 
formation and their saturation activities depending on CaO/Al2O3 ratio:

1 – activity of CaO; 2 – activity of MgO; 
3 – saturation activity of CaO; 4 – saturation activity of MgO

Рис. 1. Активности оксидов CaO и MgO в расплаве 
для шлакообразования, а также их активности насыщения 

в зависимости от отношения CaO/Al2O3 :
1 – активность CaO; 2 – активность MgO; 

3 – активность насыщения CaO; 4 – активность насыщения MgO
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where Q is the dissolution rate of the solid phase (refrac-
tory material or NMI) in the  slag, D is the  diffusion 
coefficient of  the  solid-phase material in the  slag, S is 
the contact area between the solid phase and the slag, Δ is 
the thickness of the diffusion layer, Сsat is the saturation 
concentration of  the  slag with the  solid-phase material, 
С is the current concentration of the solid-phase material 
in the slag.

If the parameters D and Δ in equation (3) are expressed 
in terms of  their known dependencies on slag viscosity, 
it becomes possible to  determine the  dissolution rate 
of non-metallic inclusions

		           	 (4)

Al2O3 and SiO2 oxides are the largest and least mobile 
components of  the  slag, forming the  primary physical 
mass of silicate and/or aluminate NMI. As a result, these 
components are expected to control the flow behavior, dif-
fusion mechanism, and dissolution processes of the slag 
components. The  slag’s saturation with NMI material 
should be assessed based on its proximity to  saturation 
with SiO2 and Al2O3 . The corresponding calculated data 
are presented in Fig. 2.

A comparison of  the  calculated data suggests that 
the method of oxide melt formation plays a decisive role 
in determining its characteristics. This conclusion helps 
explain the  discrepancies observed in practical recom-
mendations regarding the optimal slag composition and 
the type of deoxidizers used to achieve the desired steel 
purity [18; 19]. 

Possible applications of experimental data in research 
on the ionic theory of slags include determining optimal 
slag compositions with optimal parameters, such as maxi-
mum sulfide capacity and enhanced ability to absorb non-
metallic inclusions, as well as identifying the  optimal 
slag compositions at various stages of  the  steelmaking 
process.

One of the key research areas developed by the Ural 
Scientific School is the  study of  the  characteristics 
of metal melts. This research has been actively pursued 
since the 1950s at the Ural Polytechnic Institute named 
after S.M. Kirov, within the Department of Physics under 
the leadership of Pavel Vladimirovich Geld [20; 21]. 

According to modern concepts, the liquid state of mat-
ter occupies an intermediate position between the crystal-
line and gaseous states on the  temperature scale. From 
a metallurgical perspective, this task is somewhat simpli-
fied, as the liquid state of metals is typically considered 
within the  temperature range from the melting point Tm 
to approximately 1.25Tm . This range is close to the melt-
ing and crystallization points and is often referred to as 

the melt. Both the  crystalline and liquid states are con-
densed phases in which interatomic attractive forces play 
a dominant role, unlike in the  gaseous phase. By defi-
nition, the gas phase is characterized by chaos, the con-
densed phase – by order, in crystals it is distant, and in 
the melt it is near.

Experimental data were confirmed through studies 
of  the  fundamental properties of  metal melts, such as 
density and electrical resistivity, using differential ther-
mal analysis and X-ray analysis  [21; 22]. The  results 
indicate that the decrease in density upon melting of nor-
mal and transition metals ranges from 1 to 3 %, prima
rily due to  the  formation of “voids” and cavities within 
the  structure. X-ray studies conducted by E.Z. Spektor 
and A.V. Romanova, later supported by other resear
chers, demonstrated that during melting, the  most pro
bable nearest interatomic distances do not increase –  in 
fact, they may even decrease  (including in iron). This 
suggests that attractive forces cause the atoms of the melt 
to cluster into aggregates or sibotaxies, with free volume 
distributed between clusters, containing individual atoms 
of the heated melt.

To refine this concept further, clusters can be under-
stood as structures formed by the  specific attractive 
forces characteristic of a given type of atom. As a result, 
each cluster retains a distinctive structure similar to that 
of  its precursor, the  crystal. Meanwhile, interatomic 
interactions and the intensity of thermal motion increase 
by a factor of  KΔT, where K = 1.38·10‒23 J/K, and ΔT 
is the  absolute temperature increment. It is evident that 

Fig. 2. Activities of Al2O3 and SiO2 oxides in the melt 
for slag formation and saturation activity of Al2O3 
(saturation activity of SiO2 was not detected due 

to a high value of ~0.99) depending on CaO/Al2O3 ratio:
1 – activity of Al2O3 ; 2 – activity of SiO2 ; 

3 – saturation activity of Al2O3

Рис. 2. Активности оксидов Al2O3 и SiO2 в расплаве 
при шлакообразовании, активность насыщения Al2O3 

(активность насыщения SiO2 не отображена из-за высокого 
значения ~0,99) в зависимости от отношения CaO/Al2O3 :

1 – активность Al2O3 ; 2 – активность SiO2 ; 
3 – активность насыщения Al2O3
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quasi-crystalline order within a cluster becomes blurred 
due to  thermal motion, particularly at boundaries where 
cavities and free volume are present. Consequently, clus-
ters lack sharply defined boundaries, gradually transi-
tioning into a disordered zone, the  proportion of  which 
increases with temperature and becomes significant 
at temperatures above 1.5Тm . 

As a result, the transition from a pure metal to a multi-
component melt further complicates its structure. Various 
interactions within the cluster – metallic, covalent, reso
nant, or other specific types of  bonding  – determine 
its internal arrangement and stability over time. Indi-
rect insights into these and other characteristics can be 
obtained through physico-chemical analysis methods, 
particularly by studying the  temperature and concentra-
tion dependencies of the physical properties of melts.

One of  the  most significant findings is that a melt, 
even if it matches the  specified chemical composition, 
is not always ready for casting. Over time, dangerous 
defects may appear in finished products made from such 
a melt, including rails, pipes, and machine components, 
ultimately leading to  structural failure. This thermody-
namic system is far from equilibrium, and the  influence 
of inherited phase components from the charge material 
is quite pronounced. These components transfer their 
numerous local atomic arrangements, as well as chemi-
cal and physical microinhomogeneities, to  the  melt. 
Convective mixing and bubbling caused by rising car-
bon monoxide or argon gas bubbles can only partially 
equalize these inhomogeneities on a microscopic level. 
The most effective way to eliminate inherited non-equi-
librium atomic groupings is to heat the melt to  its criti-
cal temperature (tc ), at which the average thermal energy 
of a particle becomes comparable to the activation energy 
required for it to break away from its parent associate.

According to  the  obtained data, the  term “critical 
temperature” (tc ) is used to designate specific points on 
the  temperature scale at which a system transitions into 
a single-phase equilibrium state. These include the criti-
cal temperature of equilibrium coexistence between liquid 
and vapor, the  critical temperature of  mutual unlimited 
solubility in liquid mixtures, and the critical temperature 
associated with the  loss of  superconductivity or super
fluidity.

It is believed that tc represents the temperature at which 
a melt, upon heating, transitions from a hereditary clus-
ter-type nonequilibrium state into a thermodynamically 
equilibrium state. However, if a melt transitions from 
a  multiphase state (such as a suspension or emulsion) 
to a single-phase state, the  term “melt homogenization” 
is more appropriate than tc .

A reliable and convenient instrumental method for 
determining tc is based on melt viscometry. This approach 
involves detecting discrepancies in viscosity values 

between heating and cooling cycles (Fig. 3). Such discre
pancies appear only at a certain overheating level above 
the liquidus temperature [21]. The position of the reverse 
viscosity curve (obtained during cooling) depends on 
the  relationship between the  maximum heating tempe
rature of  the  studied metal sample and the  temperature 
at  which polytherm branching begins. If the  maximum 
heating temperature does not reach the anomaly tempera-
ture, hysteresis (branching) does not occur; it only mani-
fests when tc is exceeded.

Hysteresis in melt properties reflects hysteresis 
in its structure. This is why comprehensive studies 
of melt properties provide insights into its structure, and 
the  obtained results remain independent of  the  sample 
volume, as the observed processes occur at a kinetic scale 
on the microlevel. The value of  tc depends on the  steel 
grade, the phase composition of the charge, and the mel
ting conditions. Heating the melt to tc is a method of brin
ging the  system into equilibrium. However, excessive 
overheating beyond tc can be technologically more detri-
mental than underheating, as it significantly increases gas 
saturation in the  metal and intensifies interactions with 
the refractory lining, among other effects.

Thus, nonequilibrium melts temporarily retain 
structural elements of  their initial phases. In contrast, 
the structure and properties of equilibrium, and therefore 
maximally homogeneous, systems are determined not 
by their history but by their chemical composition and 

Fig. 3. Viscosity of Fe ‒ 30 % Ni melt depending on the maximum 
heating temperature of its sample during the experiment: 

 ‒ during heating;  ‒ during cooling; 
dashed line ‒ temperature tc

Рис. 3. Вязкость расплава Fe ‒ 30 % Ni в зависимости 
от максимальной температуры нагрева его образца во время опыта:

 ‒ во время нагрева;  ‒ во время охлаждения; 
штриховая линия ‒ температура tc
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temperature. Casting an equilibrium melt ensures a stable 
crystallization process from one heat to another, resulting 
in optimal ingot and casting structures and consistently 
high product quality [21].

Fundamental studies on the  properties and structure 
of  liquid metals have led to  the  emergence of  a new 
applied field – technologies for transitioning multicom-
ponent metal melts into an equilibrium state to improve 
and stabilize product quality. This approach has become 
known as “thermal-time treatment” [21]. 

Further research in this field has demonstrated the pos-
sibility of  improving classical thermal-time treatment. 
It has been established that the required overheating can 
be significantly reduced, and the  formation of  a micro-
homogeneous melt can be accelerated through modi-
fication. For example, introducing an optimal amount 
of  a  calcium-containing modifier into steel has been 
shown to  lower tc from 1780 ‒ 1800 to 1630 ‒ 1640 °С, 
making it technologically achievable (Fig. 4). 

These findings have significant industrial implica-
tions, enabling the  development of  technological solu-
tions for controlling the  properties of  steel in both its 
liquid and solid states. 

 Conclusion

Building on the  work of  the  Ural Scientific School 
and the authors’ own research, an attempt has been made 
to  analyze the  historical development of  scientific con-
cepts regarding the structure of oxides and molten iron. 
The  study explores the  emergence of  methods based 
on the  polymer (ionic) theory of  oxide dissolution and 
the theory of liquid-metal clusters. The potential applica-
tions of the polymer model for determining the transition 
boundary of slag from a homogeneous to a heterogeneous 
state and the  conditions for forming a homogeneous 
slag with high refining properties are also presented. 
The research confirms that under ideal conditions, Al2O3 
oxide can exhibit both basic and acidic properties. When 
its concentration in an oxide melt reaches 16 %, alumina 
acts as a basic component. However, when its content 
exceeds 16 %, it begins to exhibit acidic properties.
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