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Abstract

This study presents a thermodynamic analysis of the dissociation and association behavior
of the Fe-Si system using the Bjerrum—Guggenheim osmotic coefficient. An equilibrium
thermodynamic approach was applied to evaluate the Gibbs free energy, equilibrium con-
stant, and degree of association of the congruently melting compound FeSi over a wide
temperature range. The Fe-5i system was analyzed across three characteristic crystalliza-
tion regions: Fe-rich, FeSi, and Si-rich. It was established that the Fe-rich region exhibits
behavior approaching ideality with a nearly linear dependence of the osmotic coefficient,
whereas the Si-rich region is characterized by strong deviations from ideality due to inten-
sive association processes. The FeSi crystallization region represents a transitional regime
in which association and dissociation processes occur simultaneously. The formation and
partial dissociation of [FexSiy] clusters significantly affect the thermodynamic behavior
of the melt. It was shown that accounting for FeSi dissociation leads to a linearization of
the osmotic coefficient dependence and improves the accuracy of thermodynamic descrip-
tion. The proposed analytical approximations demonstrate high correlation coefficients
(R? ~ 0.99), confirming the reliability of the developed approach. The results provide a
consistent thermodynamic framework for describing phase transformations and structural
evolution in Fe-Si melts and can be applied to the optimization of metallurgical processes
involving silicon-containing alloys.

Keywords: Fe-Si system; thermodynamic analysis; dissociation; association; osmotic
coefficient; Bjerrum—Guggenheim; FeSi; metallic melts

1. Introduction

The iron-silicon (Fe-Si) system plays a key role in modern metallurgy, particularly in
the production of ferrosilicon and silicon-containing steels. The thermodynamic properties
of Fe-Si melts determine the features of phase transformations, the nature of the formed
compounds, and, consequently, the technological parameters of metallurgical processes.

Thermodynamic analysis is widely used to describe phase equilibria and transforma-
tions in metallurgical systems. The effectiveness of thermodynamic modeling has been
demonstrated for complex systems such as Fe-Ni—-CO and oxide systems [1,2], as well as
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for hydrogen reduction of iron-bearing materials followed by phase separation [3]. The
combination of thermodynamic analysis with pilot-scale experimental studies provides a
more comprehensive understanding of metallurgical system behavior [4].

Thermodynamic approaches are also successfully applied to the analysis of multicom-
ponent alloys. In particular, phase equilibria and phase diagrams have been constructed for
systems such as Fe—Cr-Si-B [5], Fe-Si—Al [6], and Fe-Ca-5i—Al [7]. These studies confirm
the applicability of thermodynamic models for describing phase equilibria in complex
multicomponent systems. Further development of these approaches has been presented in
studies devoted to the thermodynamic substantiation of iron—silicon-based systems [8].

Classical and modern methods for calculating phase diagrams and thermodynamic
properties are based on fundamental works on the CALPHAD approach [9], binary phase
diagram analysis [10,11], and experimental studies of Fe-Si systems and silicon-containing
alloys [12]. Advances in thermodynamic modeling and phase diagram construction are
also presented in the works of Voronin [13] and Zakharov [14].

Despite the considerable amount of research, the behavior of the Fe-Si system in
the liquid state, particularly with respect to association and dissociation processes of
intermediate compounds, remains insufficiently understood. The congruently melting
compound FeSi is a key element of the system; however, its thermodynamic stability and
the nature of interactions between components in the melt require further investigation.

Modern concepts of the structure of silicon melts and silicide systems are based on the
formation of local structural units and associates [15,16], as well as on the application of
cluster models of liquids [17,18]. In this context, the consideration of thermal dissociation
processes of compounds, as described in classical works [19-21], is essential for a more
accurate description of deviations from ideal behavior.

Modern CALPHAD-based thermodynamic assessments of the Fe-Si system provide
detailed descriptions of phase equilibria and thermodynamic properties of the liquid
phase, including activities of components and enthalpy of mixing. These studies enable
accurate prediction of liquidus and solidus boundaries and are widely used for validation
of thermodynamic models. In particular, improved agreement between calculated and
experimental data for activities and mixing enthalpies has been achieved in CALPHAD
assessments of Fe-Si and related systems [9,11,22-25].

In the present work, the Fe-5i system is analyzed using an approach based on the
Bjerrum—-Guggenheim osmotic coefficient, which allows accounting for association and
dissociation processes in the melt. The aim of this study is to investigate the thermodynamic
behavior of the Fe-Si system with consideration of FeSi dissociation and to analyze the
features of different crystallization regions.

2. Materials and Methods
2.1. Thermodynamic Framework

The dissociation behavior of the FeSi compound in the Fe-5i system was investigated
using an equilibrium thermodynamic approach based on the concept of monovariant phase
equilibria. This approach establishes a relationship between the Gibbs free energy change,
the equilibrium constant, and the degree of association/dissociation of the compound.

The theoretical basis of the method involves the use of the Bjerrum-Guggenheim
osmotic coefficient to evaluate deviations from ideality in phase-equilibrium systems. This
approach has been successfully applied to the analysis of binary systems, such as Cr-Si
(Baisanov), as well as more complex multicomponent systems based on iron and silicon [26].

The methodology for calculating and analyzing phase equilibria is based on modern
thermodynamic approaches, including the CALPHAD method [9], thermodynamic model-
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ing of phase diagrams [13], generalized lattice models [14], and thermodynamic modeling
of metallothermic reduction processes [27].

A modified Schroder-Le Chatelier equation was used to describe crystallization lines
(liquidus and solidus), taking into account the dependence of phase transformation tem-
peratures on the system composition.

In the present study, the modified Schroder-Le Chatelier equation is expressed as:

In(x) = —AH/R(1/T — 1/Tm)

where x is the mole fraction of the component, AH is the enthalpy of fusion, T is the
temperature, and Tm is the melting temperature.

2.2. Thermodynamic Data

Thermodynamic data for the components of the Fe-Si system and the FeSi compound
were taken from reference sources [27]. Standard values of enthalpy (AH®), entropy (AS°),
and temperature-dependent coefficients were used to calculate the molar Gibbs free energy
as a function of temperature.

The change in standard Gibbs free energy was determined using temperature-
dependent thermodynamic functions of the system components. The obtained values
were further used to calculate the equilibrium constant and to analyze the thermodynamic
behavior of the system.

The thermodynamic parameters used in the calculations are summarized in Table 1.
The coefficients A, B, and C correspond to parameters of temperature-dependent func-
tions used to describe the molar Gibbs free energy of the system components in the
following form:

G(T) =A + BT + CIn(T)

Table 1. Standard thermodynamic parameters used for the calculation of Gibbs free energy in the
Fe-Si system.

Phase T (K) AH® (J/mol)  AS° (J/(mol-K)) A B C
FeSi 298 —80,332.8 50.2 10.6 3.6 —-0.20
FeSi 1680 68,617.6 40.8 19.5 - -

Fe 298 0 24.2 17.5 24.8 -
Fe 1033 5104 49 37.7 - -
Fe 1185 912.1 0.8 7.7 19.5 -
Fe 1667 1108 0.7 439 - -
Fe 1811 13,811 7.6 43.5 - -
Si 298 0 18.8 23.7 3.3 —4.3
Si 1703 50,210 29.5 27.2 - -

These coefficients represent an analytical approximation of thermodynamic data and
were used to evaluate the temperature dependence of the Gibbs free energy.

2.3. Calculation Procedure

The dissociation of the FeSi compound can be written as: FeSi <= Fe + Si
The change in standard Gibbs free energy (AG°) was calculated as a function of
temperature using standard thermodynamic relationships [28]. The equilibrium constant
(K) was determined according to:
Kp = e(_%)
where K, is the equilibrium constant, AG® is the Gibbs free energy change (J/mol), R is the
universal gas constant (R = 8.314 J/(mol-K)), and T is the absolute temperature (K).
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The thermodynamic quantities presented in Tables 2, 4 and 5 were evaluated using
the following relationships. The parameters of the osmotic coefficient approximation are
summarized in Table 3.

Table 2. Calculated thermodynamic parameters for the Fe-rich crystallization region of the
Fe-Si system.

T AG® (J/mol) Kp i X Dy,
1033 —33,833 9.460 0.0000 1.0000 0.0000
1185 —33,346 9.365 0.1617 0.9851 0.6752
1413 —33,075 9.311 0.3068 0.9747 0.6183
1548 —32,805 9.258 0.4340 0.9671 0.6472
1600 —32,534 9.204 0.5833 0.9597 0.6675
1667 —32,263 9.149 0.6828 0.9553 0.7294
1683 —31,993 9.095 0.7828 0.9512 0.7871
1703 —31,722 9.040 0.8834 0.9475 0.8418
1811 —31,451 8.985 0.9845 0.9440 0.8942

Table 3. Parameters of analytical approximations for the Bjerrum-Guggenheim osmotic coefficient in
different crystallization regions of the Fe-Si system.

System CrysI:all} zation Phase A B C R
egion

FeSi Fe-rich 5-Fe (@) 13.38 —12.24 - —0.9978
FeSi Fe-rich §5-Fe (") 1.87 —1.47 - —0.9995
FeSi Fe-rich o-Fe (D) 2447 —25.42 - —0.9907
FeSi Fe-rich o-Fe (@) 0.99 —0.42 - —0.9010
FeSi Fe-rich oy -Fe (') 70.07 —81.53 - 0.9905
FeSi Fe-rich oq-Fe (@) —0.63 1.57 - —0.9801

FeSi-Fe FeSi region FeSi (') 1.84 —1.59 - —0.9920

FeSi-Si FeSi region FeSi (') 1.55 —1.24 - —0.9967
Si-Fe Si-rich Si (D) —0.788 0.3504 —1.358 -

The degree of association («) represents the fraction of atoms involved in associated
cluster structures in the melt and was determined using the method proposed by Temkin
and Shvartsman, based on the relationship between the equilibrium constant and the extent
of association in the melt.

)

rium conditions for the corresponding temperature and composition.

The mole fraction of iron in the liquid phase Xl(_]; was calculated from phase equilib-

The Bjerrum-Guggenheim osmotic coefficient (&) was introduced as a thermodynamic
parameter characterizing deviations from ideal solution behavior in the melt.

In the present study, the Bjerrum-Guggenheim osmotic coefficient is not used in the
classical sense of membrane osmosis, but as a formal thermodynamic parameter derived
from statistical thermodynamics. It is introduced to describe deviations from ideal solution
behavior in terms of activity—composition relationships.

Unlike classical activity coefficients, the osmotic coefficient provides a convenient
framework for analyzing association—dissociation processes through the shape of the ®-
activity dependence. In this approach, @ reflects interparticle interactions and structural
ordering in the melt and can be directly related to phase equilibrium conditions.

Therefore, the use of the osmotic coefficient allows a unified semi-empirical description
of thermodynamic behavior in Fe-5i melts, particularly in systems where cluster formation
and dissociation processes are significant.
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In the present study, ® is defined through the relationship between component activi-
ties and mole fractions in the liquid and solid phases:

b = ln(aL/aS>/ln(xL/x5)

where a" and a° are the activities of the component in the liquid and solid phases, and x"
and a° are the corresponding mole fractions.

This expression provides a quantitative measure of deviation from ideal solution
behavior, for which a = x and ® = 1.

For practical calculations, the dependence of the osmotic coefficient on component
activity was approximated using a polynomial expression:

® = Agp + Bg In(a) + C@(ln(ﬂ))z

where Ag, Bep, and Cg are empirical coefficients of the osmotic-coefficient approximation.
The coefficients for different crystallization regions are summarized in Table 3. These
parameters should not be confused with the coefficients A, B, and C listed in Table 1, which
are used to describe the temperature dependence of the Gibbs free energy.

The thermodynamic description of phase equilibrium is based on a modified form of
the Schroder—Le Chatelier equation:

In(a) = —A;I'” (,} - Tlm) +In(®)

where AH,, is the enthalpy of melting, T}, is the melting temperature of the component, R

is the universal gas constant, and T is the absolute temperature.

The resulting values of AG?, Kp, «, liquid-phase mole fraction, and & calculated using
these relationships are presented in Tables 2, 4 and 5 for the corresponding crystallization
regions.

In this formulation, the osmotic coefficient acts as a correction term accounting for
non-ideality, allowing the extension of the classical Schroder-Le Chatelier equation to real
metallic systems.

Thus, the proposed approach provides a semi-empirical thermodynamic framework
for describing phase equilibria and enables the analysis of association—dissociation pro-
cesses in Fe-Si melts.

The dependence of ® on component activity was determined using calculated ther-
modynamic parameters. For systems approaching ideal behavior, linear approximations
were applied, whereas for systems exhibiting association or dissociation, second-order
polynomial functions were used.

The shape of the & dependence was interpreted as follows: a convex profile cor-
responds to dissociation processes, whereas a concave profile indicates association and
cluster formation.

The calculated thermodynamic parameters and osmotic coefficient values were pro-
cessed using the least-squares method. Correlation coefficients (R?) were determined to
assess the reliability of the obtained relationships.

2.4. Temperature Range and Phase Regions
The calculations were carried out over a temperature range from 298 to 3000 K,
covering all major phase transformations in the Fe-5i system.

The temperature range was divided into the following intervals: 298-1033 K,
1033-1185 K, 1185-1667 K, 1667-1683 K, 1683-1703 K, 1703-1811 K, and 1811-3000 K.
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These intervals correspond to characteristic phase transitions of the components of the
Fe-Si system and the intermediate compound FeSi [10-12].

The analysis was performed separately for different crystallization regions of the Fe-Si
system, which made it possible to evaluate the features of the dissociation behavior of the
compound under various thermodynamic conditions.

2.5. Application of the Bjerrum—Guggenheim Coefficient

The Bjerrum-Guggenheim osmotic coefficient ($) was used to characterize devia-
tions from ideal solution behavior and to analyze interparticle interactions and structural
ordering in the melt.

The dependence of ® on component activity was determined using calculated and
literature data. The obtained relationships were approximated using:
e linear functions for systems approaching ideal behavior,
e second-order polynomial functions for systems exhibiting association or dissociation.
The shape of the ®-activity dependence was interpreted as follows: a convex curve

corresponds to dissociation processes, whereas a concave curve indicates association and
cluster formation [17,18].

2.6. Data Processing
The calculated thermodynamic parameters and osmotic coefficient values were pro-
cessed using the least-squares method.

Correlation coefficients were evaluated, and the reliability of the obtained relationships
was assessed.

The results were interpreted in terms of phase stability, structural transformations,
and cluster formation processes in Fe-Si melts [19,29].

3. Results and Discussion
3.1. Features of the Fe-Si Phase Diagram

The phase diagram of the Fe-Si system (Figure 1) plays a key role in understanding
phase transformations and structural features of iron-silicon melts.

Weight Percent Silicon
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Figure 1. Phase diagram of the Fe-Si system.
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It includes a number of intermediate phases, such as Fe3Si, Fe,5i, FesSi3, FeSi, FeSiy,
and Fe,Sis, as well as solid solutions based on «-Fe and y-Fe.

The FeSi compound is of particular interest because it melts congruently and represents
a stable intermediate phase in the system. Its behavior near the melting temperature pro-
vides important information about the thermodynamic stability and structural organization
of the melt.

For the purposes of the present thermodynamic analysis, the Fe-Si phase diagram
can be conventionally divided into three characteristic crystallization regions: the Fe-rich
region, the FeSi crystallization region, and the Si-rich region.

Each of these regions is characterized by specific thermodynamic conditions and
interaction mechanisms between components, which determine the degree of association
and dissociation of the FeSi compound.

In the Fe-rich region, solid solutions based on «-Fe and y-Fe predominate, where or-
dering processes (x; and «; phases) may occur. Phase transformations in this region are as-
sociated with changes in the crystal structure of iron and its interaction with silicon [29,30].

In the FeSi crystallization region, the formation of the congruently melting compound
FeSi dominates. The stability of this phase is determined by the balance between association
processes (formation of clusters such as [FexSiy]) and dissociation processes in the melt.

In the Si-rich region, the system is characterized by the presence of silicon-based phases
and a strong tendency toward the formation of complex structural units in the melt [15,16].

The phase diagram used in this study is based on literature data and thermodynamic
analysis [9-12,14], which provide a reliable description of phase equilibria and temperature—
composition relationships for the Fe-5i system.

In addition, methods for constructing liquidus and solidus lines, including approaches
for describing eutectic systems [31], were taken into account, which enhances the reliability
of thermodynamic modeling.

3.2. Fe-Rich Region

The Fe-rich region of the Fe-Si system corresponds to low silicon concentrations and
is characterized by the crystallization of iron-based solid solutions. For the purposes of
the present analysis, this region is treated as extending up to approximately 0.34 at.% Si,
depending on the phase boundaries shown in the phase diagram.

In this region, phase transformations are primarily governed by structural changes in
iron and its interaction with small amounts of silicon [30,32].

The calculated thermodynamic parameters for this region, including the Gibbs free
energy change (AG®), equilibrium constant (K;,), degree of association (c), mole fraction of
iron in the liquid phase XI(:?, and the Bjerrum-Guggenheim osmotic coefficient ®7,, are
presented in Table 2.

The temperatures listed in Table 2 correspond to characteristic phase transformation
points and representative temperatures within the Fe-rich crystallization region.

As follows from the obtained data, the Gibbs free energy values remain negative over
the entire temperature range, indicating the thermodynamic favorability of associated
states in the system.

At the same time, a gradual decrease in the equilibrium constant (K;,) with increasing
temperature is observed, reflecting a reduction in the stability of these associated structures.

The degree of association («) increases with temperature and approaches unity, indi-
cating a transition toward a more ordered state. Simultaneously, the mole fraction of iron
in the liquid phase ng) decreases, reflecting gradual enrichment of the melt with silicon
and redistribution of components between phases.

https:/ /doi.org/10.3390/met16050511
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The dependence of the Bjerrum-Guggenheim osmotic coefficient on component activ-
ity in the Fe-rich region is shown in Figure 2.

"

‘bFe

R,.,=0.99

y=—147x+1.87 - 045

T T T T 04
@; 0.935 09 0.85 0.8 0.73

Figure 2. Dependence of the Bjerrum-Guggenheim osmotic coefficient (®ge) on the activity of iron
(ape) in the Fe-rich region of the Fe-Si system. Solid line represents the linear approximation; symbols
correspond to calculated data; arrows indicate the direction of deviation from ideal behavior.

As shown, the ®-activity relationship is close to linear, indicating behavior approach-
ing ideality for the Fe-rich side, where iron is the dominant component of the system,
although deviations from ideal behavior remain for the minor component (Si). The high
correlation coefficient (R ~ 0.99) confirms the validity of the linear approximation and
suggests relatively weak interparticle interactions in this region.

Slight deviations from linearity indicate the presence of structural transformations in
the system. These deviations occur near characteristic temperatures and can be associated
with second-order phase transitions related to ordering processes in iron [30,33].

The presence of multiple characteristic points indicates that the ordering behavior in
the Fe-rich region is more complex than predicted by idealized models.

Thus, the Fe-rich region is characterized by behavior approaching ideality for the
Fe-rich side, with localized deviations associated with ordering processes. These effects
influence phase stability and govern the evolution of the system during crystallization.

3.3. FeSi Crystallization Region

In the FeSi crystallization region, the thermodynamic stability of cluster formations
of the type [Fe,Siy] strongly depends on temperature and system composition. The most
stable associates are formed near the melting temperature of the congruently melting FeSi
compound, which determines the nature of interactions between components in the melt.

For this region, the dependences of the Bjerrum—Guggenheim osmotic coefficient
on component activity were constructed. The obtained relationships exhibit significant
deviations from ideal behavior, caused by association processes and the formation of
cluster structures [17,18].

As shown in Figure 3a, the ®-activity relationship in the FeSi crystallization region is
distinctly nonlinear, indicating the formation of variable-composition associates and the
presence of strong interparticle interactions in the melt.

When the degree of dissociation of the FeSi compound is taken into account (Table 3), a
linearized relationship is obtained (Figure 3b) with a high correlation coefficient (R ~ 0.99).
This demonstrates that accounting for dissociation processes significantly improves
the accuracy of the thermodynamic description of the system. Here, ® and ®” de-
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note the osmotic coefficient calculated without and with consideration of dissociation
processes, respectively.

n "
(DF calculation (a) (DF ?Sl new (b)
0.45 0.8 1
0.4 “ Y |
M o y:—1.529x +1.84
0.35 pera
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Figure 3. Dependence of the Bjerrum—Guggenheim osmotic coefficient on component activity in the
FeSi crystallization region of the Fe-Si system: (a) nonlinear dependence; (b) linearized dependence
accounting for dissociation.

The results indicate that, in the FeSi region, the system undergoes a transition from an
associated state of the melt to a partially dissociated state, which is reflected in the change
in the shape of the ®-activity dependence.

The calculated thermodynamic parameters for the FeSi crystallization region over the
entire temperature range are presented in Table 4. The extended dataset enables a more
detailed analysis of the evolution of thermodynamic characteristics.

Table 4. Calculated thermodynamic parameters for the FeSi crystallization region of the Fe-Si system.

T (K) AG® (J/mol) Kp A XL @,

1683 18,401 0.26846 0.46005 0.36982 0.0000
1682 18,480 0.26673 0.45596 0.37092 0.0014
1677 18,878 0.25820 0.44216 0.37641 0.0086
1672 19,275 0.24992 0.39764 0.38090 0.0159
1667 19,672 0.24186 0.36282 0.38448 0.0235
1660 20,221 0.23105 0.32822 0.38909 0.0343
1650 21,002 0.21633 0.29132 0.39532 0.0504
1640 21,780 0.20243 0.26291 0.40146 0.0671
1630 22,555 0.18931 0.23982 0.40762 0.0847
1620 23,327 0.17694 0.21969 0.41359 0.1029
1610 24,096 0.16528 0.19650 0.41656 0.1210
1600 24,861 0.15429 0.18293 0.42316 0.1410
1590 25,623 0.14395 0.16448 0.42532 0.1599
1580 26,382 0.13421 0.15076 0.42926 0.1801
1570 27,138 0.12505 0.13635 0.43092 0.1998
1560 27,891 0.11644 0.12486 0.43387 0.2207
1550 28,640 0.10835 0.11409 0.43615 0.2417
1540 29,359 0.10096 0.10419 0.43752 0.2625
1530 30,129 0.09362 0.09465 0.43863 0.2836
1520 30,868 0.08693 0.08595 0.43884 0.3043
1510 31,604 0.08067 0.07973 0.44262 0.3285
1500 32,337 0.07480 0.07211 0.44164 0.3488
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Table 4. Cont.

T (K) AG?® (J/mol) Kp A X 7,

1490 33,067 0.06930 0.06562 0.44151 0.3702
1480 33,793 0.06416 0.05960 0.44085 0.3913
1473 34,516 0.05970 0.05387 0.43770 0.4032

Analysis of the obtained results shows that, with increasing temperature, dissociation
processes of the FeSi compound become more pronounced, leading to changes in interparti-
cle interactions and melt structure. Conversely, with decreasing temperature, the associated
state becomes thermodynamically more stable.

An increase in the standard Gibbs free energy (AG®) with decreasing temperature
reflects changes in the thermodynamic balance between association and dissociation pro-
cesses in this crystallization region. At the same time, the equilibrium constant (Kp)
decreases significantly, indicating a change in thermodynamic behavior within the FeSi
crystallization region. This trend is accompanied by changes in the degree of association
(o), reflecting the evolving stability of FeSi-related clusters in the melt.

Simultaneously, a pronounced nonlinear increase in the osmotic coefficient (®) is ob-
served, indicating significant deviations from ideal behavior and the presence of competing
association and dissociation processes.

A characteristic feature of this region is the coexistence of associated clusters and
dissociated species in dynamic equilibrium, which determines the complex nature of
interparticle interactions and thermodynamic behavior of the system.

Thus, the FeSi crystallization region represents a transitional regime between near-
ideal behavior (Fe-rich region) and strongly associated behavior (Si-rich region), in which
both association and dissociation processes simultaneously occur and govern the thermo-
dynamic properties of the system.

The obtained results are consistent with CALPHAD-based thermodynamic assess-
ments of the Fe-Si system, particularly in terms of phase stability and trends in component
activities. The calculated behavior of the osmotic coefficient and the degree of association
agrees with established thermodynamic descriptions of liquid Fe-S5i alloys, including the
position of phase boundaries and general features of liquidus and solidus lines, confirming
the validity of the proposed approach.

These findings are further supported by modern thermodynamic studies of Fe-Si
and related liquid alloy systems, including CALPHAD-based assessments and recent
investigations of mixing enthalpy in liquid phases [22,23].

3.4. Si-Rich Region

The structure of liquid alloys in the Si-rich region of the Fe-Si system near the liquidus
line has been investigated in previous studies [15,16]. It has been shown that at temper-
atures close to the liquidus, interactions between atoms of the same type predominate,
especially at small overheating above the liquidus line.

With increasing temperature, interactions between atoms of different types become
more significant, leading to increased structural complexity of the melt and the formation
of stable associated states.

The dependence of the Bjerrum-Guggenheim osmotic coefficient on component activ-
ity for the «-Si crystallization region is shown in Figure 4a.

As follows from Figure 4a, a pronounced nonlinear increase in the osmotic coefficient
is observed with decreasing temperature from the melting point of silicon (~1685 K) to
the eutectic temperature (~1481 K). This behavior indicates intensive formation of [FexSiy]
associates in the melt [17,18].
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Figure 4. Dependence of the Bjerrum-Guggenheim osmotic coefficient on component activity in the
Si-rich region of the Fe-Si system: (a) nonlinear dependence; (b) linearized dependence accounting
for dissociation.

The calculated thermodynamic parameters for this region are presented in Table 5.

Table 5. Calculated thermodynamic parameters for the Si-rich crystallization region of the Fe-Si system.

T (K) AG® (J/mol) Kp A x® o

1703 —25,082 5.8796 0.9245 0.48038 0.0000
1698 —25,216 5.9666 0.9216 0.47960 0.0142
1693 —25,349 6.0551 0.9168 0.47830 0.0284
1688 —25,481 6.1451 0.9120 0.47698 0.0426
1683 —25,612 6.2366 0.9091 0.47618 0.0568
1682 —25,679 6.2734 0.9085 0.47602 0.0596
1677 —26,014 6.4608 0.9055 0.47520 0.0739
1672 —26,347 6.6547 0.9034 0.47463 0.0882
1667 —26,680 6.8552 0.9023 0.47432 0.1027
1660 —27,148 7.1499 0.8941 0.47204 0.1224
1650 —27,816 7.5962 0.8867 0.46998 0.1509
1640 —28,479 8.0745 0.8773 0.46732 0.1791
1630 —29,140 8.5873 0.8687 0.46485 0.2073
1620 —29,798 9.1374 0.8579 0.46176 0.2351
1610 —30,452 9.7280 0.8450 0.45801 0.2623
1600 —31,103 10.3624 0.8349 0.45502 0.2899
1590 —31,751 11.0442 0.8227 0.45137 0.3168
1580 —32,396 11.7775 0.8084 0.44703 0.3429
1570 —33,038 12.5667 0.7901 0.44136 0.3673
1560 —33,776 13.5203 0.7826 0.43901 0.3948
1550 —34,311 14.3324 0.7705 0.43520 0.4207
1540 —34,943 15.3199 0.7576 0.43105 0.4460
1530 —35,571 16.3856 0.7515 0.42906 0.4739
1520 —36,197 17.5364 0.7443 0.42669 0.5013
1510 —36,819 18.7800 0.7340 0.42328 0.5272
1500 —37,438 20.1250 0.7295 0.42179 0.5559
1490 —38,053 21.5805 0.7239 0.41992 0.5842
1481 —38,665 23.1078 0.7173 0.41767 0.6088
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Analysis of the data in Table 5 shows that the Gibbs free energy values remain negative
and decrease with decreasing temperature, indicating high thermodynamic stability of the
associated state.

At the same time, the equilibrium constant (K;,) increases, confirming the dominance
of association processes. Although the degree of association (x) slightly decreases, its
values remain high, indicating the preservation of structural ordering in the melt.

The osmotic coefficient exhibits a pronounced nonlinear dependence, reflecting sig-
nificant deviations from ideal behavior and confirming the formation of stable silicon-
rich clusters.

When FeSi is considered as the main structural unit of the melt, a linearized depen-
dence is obtained (Figure 4b) with a high correlation coefficient (R? 2 0.99), confirming the
adequacy of the proposed thermodynamic model.

The obtained results are consistent with classical concepts of thermal dissociation and
structural transformations in condensed systems [19,29].

Thus, the Si-rich region is characterized by a strongly associated state of the melt with
pronounced deviations from ideal behavior, completing the transition from the Fe-rich
region through the transitional FeSi region to the structurally complex Si-rich region.

The obtained results are consistent with general thermodynamic expectations and
complement existing CALPHAD-based descriptions rather than replacing them. The pro-
posed approach provides additional insight into structural transformations and association—
dissociation behavior in Fe-Si melts within its defined scope.

4. Conclusions

1. An equilibrium thermodynamic approach based on the Bjerrum—-Guggenheim osmotic
coefficient was applied to analyze the dissociation behavior of the Fe-5i system. The
proposed method allows the description of phase behavior in condensed metallic
systems beyond classical dissociation models.

2. It was established that the thermodynamic behavior of the Fe-Si system changes
systematically with composition. The Fe-rich region is characterized by behav-
ior approaching ideality for the Fe-rich side, where iron is the dominant compo-
nent, whereas the Si-rich region exhibits strong deviations associated with intensive
interparticle interactions.

3. The FeSi crystallization region represents a transitional regime in which both asso-
ciation and dissociation processes occur simultaneously. The formation and partial
dissociation of [FexSiy] clusters determine the thermodynamic properties of the melt.

4. The analysis of the osmotic coefficient showed that a linear dependence corresponds
to systems approaching ideal behavior, while nonlinear (concave) behavior indicates
the presence of association processes and cluster formation.

5. It was demonstrated that accounting for the dissociation of FeSi leads to linearization
of the osmotic coefficient dependence and significantly improves the accuracy of
thermodynamic description (R? ~ 0.99).

6. The obtained results provide a consistent thermodynamic framework for describing
phase transformations and structural evolution in Fe-Si melts. The proposed approach
can be applied to the analysis and optimization of metallurgical processes involving
silicon-containing alloys and may be extended to multicomponent systems.

Author Contributions: Conceptualization, G.Y. and B.K.; methodology, V.T. and B.S.; software, B.K.
and V.T,; validation, G.Y., formal analysis, G.Y. and B.S.; investigation, B.K., and V.T.; resources, G.Y.
and B.S.; data curation, B.S.; writing—original draft preparation, G.Y., B.K. and B.S.; writing—review

https:/ /doi.org/10.3390/met16050511


https://doi.org/10.3390/met16050511

Metals 2026, 16, 511 13 of 14

and editing, G.Y., V.T. and B.S.; visualization, B.S.; supervision, V.T.; project administration, G.Y.;
funding acquisition, G.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant No AP22685917).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors express their sincere gratitude to K. Zhubanov Aktobe Regional
University and Karaganda Industrial University for their administrative and technical support, as
well as for providing the facilities and resources necessary to conduct this research.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Kelamanov, B.; Samuratov, Y.E.; Akuov, A.; Sariev, O.; Tastanova, L.; Abdirashit, A. Thermodynamic-diagram analysis of
Fe-Ni-CO system. Metalurgija 2022, 61, 261-264.

2. Kelamanov, B.; Samuratov, Y.; Zhumagaliyev, Y.; Akuov, A.; Sariev, O. Titanium and chrome oxides system thermodynamic
diagram analysis. Metalurgija 2020, 59, 101-104.

3. Kosdauletov, N.; Abilberikova, A.; Adilov, G.; Suleimen, B.; Kelamanov, B.; Sariyev, O.; Yessengaliyev, D.; Abdirashit, A.;
Sholtaeva, K. Preliminary Hydrogen Reduction of Iron from Complex Iron-Bearing Ores and Subsequent Liquid-Phase Separation.
Results Eng. 2026, 30, 109768. [CrossRef]

4. Abdirashit, A.; Suleimen, B.; Uakhitova, B.; Uakhitov, R.; Taizhigitova, M.; Nurtayev, A. Thermodynamic and Pilot-Scale
Experimental Analysis of Medium-Carbon Ferromanganese Production. Metals 2026, 16, 240. [CrossRef]

5. Kim, A.S.; Akberdin, A.A.; Lu, N.Y.U.; Sultangaziyev, R.B.; Orlov, A.S. Diagram of the equilibrium phase composition of the
Fe—Cr-Si-B system. Metalurgija 2022, 61, 305-308.

6.  Akberdin, A.A,; Kim, A.S; Orlov, A.S.; Sultangaziev, R.B. Diagram of the phase composition of the Fe-Si-Al system and its
isothermal sections. CIS Iron Steel Rev. 2022, 23, 76-80. [CrossRef]

7. Makhambetov Ye Timirbayeva, N.; Baisanov, S.; Baisanov, A.; Shabanov, E. Thermodynamic modeling of phase composition for
Fe-Ca-Si-Al system. Metalurgija 2020, 60, 117-120.

8. Baisanov, S.; Tolokonnikova, V.; Narikbayeva, G.; Korsukova, I. Thermodynamic Substantiation of Fe-Si—-Al Systems. Complex Use
Miner. Resour. 2022, 321, 31-37. [CrossRef]

9.  Saunders, N.; Miodownik, A.P. CALPHAD: Calculation of Phase Diagrams; Pergamon Press: Oxford, UK, 1998.

10. Kubaschewski, O. Iron Binary Phase Diagrams; Metallurgiya: Moscow, Russia, 1985; 184p. (In Russian)

11. Massalski, T.B.; Okamoto, H.; Subramanian, P.R.; Kacprzak, L. Binary Alloy Phase Diagrams; ASM International: Materials Park,
OH, USA, 1990.

12.  Denisov, V.M.; Istomin, S.A.; Podkhopaev, O.1; Serebryakova, L.I.; Antonova, L.T.; Pastukhov, E.A.; Beletsky, V.V. Silicon and Its
Alloys; Ural Branch of RAS: Yekaterinburg, Russia, 2005; 267p. (In Russian)

13.  Voronin, G.F. New possibilities of thermodynamic calculation and construction of phase diagrams of heterogeneous systems. J.
Phys. Chem. 2003, 77, 1874-1883. (In Russian)

14. Zakharov, M.A. Calculation of basic types of phase diagrams of binary solutions within the framework of a generalized lattice
model. Vestn. Novgorod State Univ. 2016, 7, 22-26. (In Russian)

15. Adhikari, D.; Jha, I.S; Singh, B.P. Structural asymmetry in liquid Fe-Si alloys. Philos. Mag. 2010, 90, 2687-2694. [CrossRef]

16. Neverov, V.V,; Chernov, A.A. Nature of phase transformations in silicon. Fiz. Tverd. Tela 1986, 26, 176-179. (In Russian)

17.  Malyshev, V.P.; Makasheva, A.M. Relationship between the cluster theory of liquids and the Frenkel-Andrade viscosity model.
Russ. Chem. Bull. 2020, 69, 1296-1305. [CrossRef]

18.  Makasheva, A.M.; Malyshev, V.P. Cluster-Associate Model for the Viscosity of Sodium Fluoride in Comparison with the Frenkel
Model. Russ. Metall. 2021, 2021, 176-180. [CrossRef]

19.  Kulikov, L.S. Thermal Dissociation of Compounds; Metallurgiya: Moscow, Russia, 1966; 251p. (In Russian)

20. Kulikov, LS. Thermodynamics of Oxides; Metallurgiya: Moscow, Russia, 1986; 344p. (In Russian)

21.  Kulikov, LS. Thermodynamics of Carbides and Nitrides; Metallurgiya: Chelyabinsk, Russia, 1988; 320p. (In Russian)

22. Fabrichnaya, O.; Sundman, B. The assessment of thermodynamic parameters in the Fe-O and Fe-5i-O systems. Geochim.

Cosmochim. Acta 1997, 61, 4539—-4555. [CrossRef]

https:/ /doi.org/10.3390/met16050511


https://doi.org/10.1016/j.rineng.2026.109768
https://doi.org/10.3390/met16020240
https://doi.org/10.17580/cisisr.2022.01.14
https://doi.org/10.31643/2022/6445.15
https://doi.org/10.1080/14786431003745302
https://doi.org/10.1007/s11172-020-2901-9
https://doi.org/10.1134/S0036029521020154
https://doi.org/10.1016/S0016-7037(97)00256-1
https://doi.org/10.3390/met16050511

Metals 2026, 16, 511 14 of 14

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.
33.

Deffrennes, G.; Hallstedt, B.; Abe, T.; Bizot, Q.; Fischer, E.; Joubert, ].-M.; Terayama, K.; Tamura, R. Data-driven study of the
enthalpy of mixing in the liquid phase. Calphad 2024, 87, 102745. [CrossRef]

Bernhard, M.C.; Kavic, D.; Presoly, P.; Wi, T.-G.; Park, W.-B.; Rossler, R.; Jungreithmeier, A.; Ilie, S.; Bernhard, C.; Kang, Y.-B. A
Hybrid Update of the Fe-Si System by DSC, Thermodynamic Modeling and Statistical Learning from Ladle Refining Data of
Electrical Steels. Metall. Mater. Trans. B 2025, 56, 2249-2276. [CrossRef]

Becker, C.A.; Agren, J.; Baricco, M.; Chen, Q.; Decterov, S.A.; Kattner, U.R.; Perepezko, ].H.; Pottlacher, G.; Selleby, M. Thermody-
namic modelling of liquids: CALPHAD approaches and contributions from statistical physics. Phys. Status Solidi B 2014, 251,
33-52. [CrossRef]

Baisanov, S.; Tolokonnikova, V.; Narikbayeva, G.; Korsukova, I.; Mukhambetgaliyev, Y. Mathematical method of phase equilibrium
of binary system Cr-Si based on bjerrum guggenheim concept. Metalurgija 2020, 59, 97-100.

Glushko, V.P. Thermodynamic Properties of Individual Substances; Hemisphere Publishing Corporation: London, UK, 1989.
(In Russian)

Temkin, M.L; Shvartsman, L.A. Activity of carbon in austenite. Zhurnal Fiz. Khimii 1949, 6, 755-760. (In Russian)

Moiseev, G.K,; Ilyinykh, N.L; Vatolin, N.A.; Zaitseva, S.I. Modeling of equilibrium characteristics of composition and structure of
Fe-Si melts. Zhurnal Fiz. Khimii 1995, 69, 1599-1601. (In Russian)

Hansen, M.; Anderko, K. Constitution of Binary Alloys; Metallurgiya: Moscow, Russia, 1962; pp. 556-566. (In Russian)
Moshchenskaya, E.; Yu Clepushkin, V.V. Method of liquids curves constructing of double eutectic systems. J. Inorg. Chem. 2015,
60, 78-84.

Elliott, R.P. Constitution of Binary Alloys; McGraw-Hill: New York, NY, USA, 1965.

Vol, A.E. Structure and Properties of Binary Metallic Systems; Fizmatgiz: Moscow, Russia, 1962; 320p. (In Russian)

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/met16050511


https://doi.org/10.1016/j.calphad.2024.102745
https://doi.org/10.1007/s11663-024-03419-1
https://doi.org/10.1002/pssb.201350149
https://doi.org/10.3390/met16050511

	Introduction 
	Materials and Methods 
	Thermodynamic Framework 
	Thermodynamic Data 
	Calculation Procedure 
	Temperature Range and Phase Regions 
	Application of the Bjerrum–Guggenheim Coefficient 
	Data Processing 

	Results and Discussion 
	Features of the Fe–Si Phase Diagram 
	Fe-Rich Region 
	FeSi Crystallization Region 
	Si-Rich Region 

	Conclusions 
	References

