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A Hybrid Update of the Fe-Si System by DSC,
Thermodynamic Modeling and Statistical Learning
from Ladle Refining Data of Electrical Steels

MICHAEL BERNHARD, DANIEL KAVIC, PETER PRESOLY, TAE-GYU WI,
WON-BUM PARK, ROMAN RÖSSLER, ALFRED JUNGREITHMEIER, SERGIU ILIE,
CHRISTIAN BERNHARD, and YOUN-BAE KANG

Electrical steels, also known as silicon steels, are essential materials in electrical applications due
to their unique magnetic properties, which are enhanced by adding up to 3.5 wt pct Si. However,
alloying with ferrosilicon FeSi75, a mixture of 25 wt pct Fe and 75 wt pct Si, during ladle
refining faces steelmakers with metallurgical challenges, primarily due to the strong exothermic
reaction during its dissolution in liquid steel. Here, solution thermodynamics of the Fe-Si system
offer insights into the heat evolution and, therefore, superheating control for continuous casting.
This study experimentally reassesses the binary Fe-Si system using Differential Scanning
Calorimetry (DSC) and High-Temperature Laser Scanning Confocal Microscopy (HT-LSCM)
to investigate phase equilibria between 0.50 and 12.50 wt pct Si and from 600 �C to 1550 �C.
Thermodynamic modeling of the Fe-Si system was carried out in the CALPHAD framework,
applying the Modified Quasichemical Model (MQM) for the liquid phase to consider the strong
interactions between Fe and Si. In this way, the description of the liquid’s mixing enthalpy and
the activities of Fe and Si agree well with literature values. Deviations in liquidus and solidus
temperatures, as measured by DSC, were reduced to within ± 5 �C. Additionally, the solubility
limits of Fe and Si in intermediate silicides were refined based on the most recently published
measurements. A comprehensive statistical analysis of industrial ladle refining processes
involving 172 t ladles revealed a heat increase of 4.73 �C per t of FeSi75, consistent with
adiabatic thermodynamic calculations (5 �C per t FeSi75). These findings improve the precision
of thermodynamic databases and provide valuable insights for optimizing heat management and
process control in producing silicon steels.
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I. INTRODUCTION

ELECTRICAL or transformer steels are primarily
made from silicon steels. They are essential for the
global energy transition because of their unique mag-
netic properties, enhanced by the addition of up to 6.5
wt pct Si[1] to the steel matrix. Increasing the Si content
significantly improves the steel’s magnetic properties,
enabling rapid magnetization and demagnetization and
reducing energy losses associated with hysteresis and
eddy currents. Generally, Si steels can be divided into
non-oriented (NGO) and grain-oriented (GO) grades.
NGO silicon steels, with isotropic magnetic properties,
are ideal for generator cores, electric motors, and
electric meters applications.[2] Conversely, GO Si steels,
engineered for preferred magnetic orientation, excel in
high-efficiency transformers and motors, important for
minimizing energy losses.[3]
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The production of Si steels presents steelmakers with
challenging tasks. Si is usually added to the melt via
ferroalloys during refining treatment. The alloy material
contains around 75 pct Si by weight. Alloying leads to a
considerable increase in the steel bath temperature
inside the ladle due to the heat of the solution of the
FeSi alloys. Typical literature values vary between 3 9
10�5 and 7.3 9 10�5 �C kg�1

FeSi t
�1

steel.
[4–6] Overheating

can only be eliminated with increased effort until
continuous casting. However, those data represent only
empirical observations from steel plants, and no sys-
tematic analysis of the heating effect has been presented
yet. In casting, the exact prediction of the liquidus
temperature of high-alloyed Si steels is a key parameter
for saving large amounts of energy by adjusting the
superheat accurately. Further, the precise knowledge of
the final solidification point plays a particularly impor-
tant role in guaranteeing the quality of Si steels. For
both the secondary metallurgy and casting process, the
binary Fe-Si system represents the basis for thermody-
namic data for process modeling, e.g., enthalpy data for
temperature modeling in secondary metallurgy[7] and
phase transformations temperatures required for solid-
ification simulations.[8,9]

The objective of the present study is to obtain new
experimental data on melting equilibria and solid-state
transformations at typical Si contents of electrical steel,
and higher. Differential scanning calorimetry (DSC) and
high-temperature laser scanning confocal microscopy
(HT-LSCM) are employed to characterize the phase
transformations in the temperature range of 600 to
1550 �C. In total, 9 alloys are prepared by high-fre-
quency remelting (HFR) and spin casting technique
carried out under Ar 5N (purity 99.999 pct) atmosphere.
High-purity starting materials are used, and Si is alloyed
in the composition range of 0.50 to 12.50 wt pct. Based
on the new findings, the thermodynamic system is
reassessed over the entire alloy range, whereby the
modeling of the individual solution phases is partly
adopted from the literature.[10–12] The Gibbs energy of
the liquid phase is formulated by the Modified Quasi-
chemical Model (MQM)[13,14] in the pair approximation,
which leads to a better description of the thermody-
namic properties, especially the enthalpy of mixing, of a
melt with a tendency to short-range order (SRO).[15,16]

The Compound Energy Formalism (CEF)[17,18] is used
to describe the significant solubility of Si in bcc_A2
(ferrite, a-/d-Fe) and fcc_A1 (austenite, c-Fe) as well as
of Fe in diamond_A4 (solid Si). The ordering contribu-
tion of the bcc_B2 structure is adopted from the
split-CEF description.[10,11] The CEF is also applied to
intermediate silicides (Fe2Si, FeSi and b-FeSi2).

[12] Other
silicides with a defined chemical composition (Fe5Si3
and a-FeSi2) are treated as stoichiometric compounds.

Finally, a hybrid approach[19] is used to critically
evaluate fundamental thermodynamic information with
a comprehensive plant data analysis from voestalpine
Stahl GmbH in Linz, to approximate the heat evolution
during ladle refining of silicon steels due to the addition
of ferroalloys. The actual phase stabilities in FeSi65 (Fe
with 65 wt pct Si) and FeSi75 (Fe with 75 wt pct Si) are
determined experimentally by X-ray diffraction (XRD)

method for the most practice-oriented calculation of
ladle heating. Further, the chemical analysis of both
ferroalloys (Fe and Si) is measured by inductively
coupled optical emission spectroscopy (ICP-OES). The
aim is to investigate a possible change of the Si content
in ferrosilicon alloys to increase the process efficiency
and to optimize the final temperature during ladle
refining to improve the metallurgical conditions at the
continuous caster.

II. LITERATURE REVIEW

An excellent literature review was given by Cui and
Jung,[11] so it is not the purpose of this section to repeat
their work in detail. This section’s objective is rather to
work out possible improvements for a new thermody-
namic description. However, for completeness, impor-
tant thermodynamic data and phase diagram
measurements available in the literature are briefly
summarized in the first two sections. As the modeling
of the bcc_D03 phase is not part of this study,
experimental data relating to the bcc_D03 phase is not
included in the literature section: here, we refer to.[11]

The crystallographic data of phases stable in the Fe-Si
system are listed in Table I.

A. Thermodynamic Data

A large amount of data is available for the liquid’s
integral enthalpy of mixing (DHmix) and/or partial
enthalpies of mixing of Si and Fe (DHSi, DHFe) in the
liquid phase. Most of the measurements were carried out
using calorimetry.[20–30] Fruehan,[31] Batalin and
Sudavtsova[32] and Sudavtsova et al.[33] derived enthalpy
data from their electromotive force measurements
(EMF) between 1600 �C and 1650 �C using different
cell designs. Zaitsev et al.[34] determined DHSi, DHFe and
DHmix at 1427 �C by Knudsen effusion mass spectrom-
etry (KEMS).
The activities of Si and Fe (aSi, aFe) in the melt were

determined via EMF technique by various
authors.[31–33,35–37] Kubo and Sakao[38] reduced SiO2

by H2 at 1560 �C to conclude on aSi, whereas Zaitsev
et al.[34] and Miki et al.[39] used KEMS in the temper-
ature range of 1427 �C and 1420 �C to 1550 �C. Other
methods were used by Chipman et al.[40] (equilibrium
distribution between liquid Fe and Ag, 1420 �C) and
Hsu et al.[41] (vapor pressure measurements, 1500 to
1600 �C). aSi and aFe in the bcc_A2 phase were
determined by Vecher et al.[42] at 727 �C and by Sakao
and Elliott[43] between 1100 �C and 1350 �C using the
EMF method.
The enthalpy of formation (DHo

f ) of Fe-Si solid alloys
was measured calorimetrically in references.[20,44–48]

Bosholm et al.[49] determined DHo
f for Fe5Si3, FeSi,

a-FeSi2, and b-FeSi2 using a chemical transportation
method. Vecher et al.[42] derived DHo

f of Fe3Si, FeSi,
a-FeSi2, and b-FeSi2 from their EMF data. Numerous
studies were performed to obtain the heat capacity
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(CP)
[50–56] and to conclude on the standard Entropy at

25 �C (So
298) by integration[52–56] as well as on the heat

content (HT–H298)
[51,53–57] of silicides.

The thermodynamic properties of the liquid phase,
the bcc_A2 solid solution, and the stable silicides, which
are relevant for the optimization procedure in this study,
are listed in Tables II and III. A comprehensive
summary is available in the work of Cui and Jung.[11]

B. Phase Diagram Data

A large variety of experimental investigations on the
overall Fe-Si system exists, including techniques of
classic thermal analysis (TA), dilatometry, optical anal-
ysis (OA), magnetic analysis (MA), XRD,

metallography, equilibration and quenching (E&Q),
differential thermal analysis (DTA) and DSC studies.
Early studies were carried out already in the years 1905
to 1945,[59–68] with ongoing research until 1974.[69–76]

A comprehensive and widely accepted phase diagram
of the Fe-side (XSi £ 0.50) was experimentally estab-
lished by Schürmann and Hensgen[77] using TA, DTA
and equilibration technique. The bcc_A2/fcc_A1 solu-
tions form a closed single-fcc_A1 region, generally
known as ‘‘c-loop’’.[78] Phase equilibria in this region
were investigated by TA,[60,79] XRD[80] and characteri-
zation techniques based on magnetic properties of
bcc_A2/fcc_A1.[81–83] The temperatures of bcc_A2/

Table I. Summary of Stable Phases in the Binary Fe-Si System

Phase Pearson Symbol Space Group Strukturbericht Prototype Model Denoted in text

Liquid — — — — MQMa Liquid
c-Fe cF4 Fm3m A1 Cu CEFb fcc_A1
(a,d)-Fe cI2 Im3m A2 W CEF bcc_A2
a’-FeSi cP2 Pm3m B2 CsCl CEF bcc_B2
a’’-Fe3Si cF16 Fm3m D03 BiF3 —c bcc_D03
Fe2Si hP6 P63=mmc — Co1.75Le CEF Fe2Si
Fe5Si3 hP16 P63=mcm D88 Mn5Si3 STCOd Fe5Si3
FeSi cP8 P213 B20 FeSi CEF FeSi
a-FeSi2 tP3 P4=mmm — FeSi2_l STCO a-FeSi2
b-FeSi2 oC48 Cmca — FeSi2_h CEF b-FeSi2
Si(dia.) cF8 Fd3m A4 C(diam.) CEF Si (diamond_A4)

aModified Quasichemical Model, bCompound Energy Formalism, cnot considered in the present work, dstoichiometric compound.

Table II. Thermodynamic Data in the Liquid Phase and bcc_A2 Solid Solutions Relevant for the Present Study

Quantity (Phase) Method XSi (–) T (�C) Ref.

DHmix, DHSi, DHFe (Liquid) calorimetry 0.10 to 0.90 1600 20
0 (inf. dilution) 1600 21
0 to 1 1525 22
0 to 0.60 1600 23
0 to 0.0742 1600 24
0.006 to 0.0392 1700 25
0 to 1 1427 26
0.017 to 0.96 1650 27
0 to 0.30 1600 28
0.013 to 0.93 1600 29
0 to 0.60 1492 30

EMF 0 to 1 1600 31
0.10 to 0.90 1600 32
0.094 to 0.86 1600 33

KEMS 0.178 to 0.908 1427 34
aSi, aFe (Liquid) EMF 0 to 1 1600 31

0.10 to 0.90 1600 32
0.094 to 0.86 1600 33
8 9 10�4 to 0.785 1530 ± 15 35, 58
0.10 to 0.90 1470 to 1510 36
0.017 to 0.881 1470 to 1610 37

KEMS 0.178 to 0.908 1427 34
0.978 to 0.977 1420 to 1550 39

Fe/Ag equilibration 0.144 to 0.558 1420 40
Vapor pressure 0.01 to 0.988 1500 to 1600 41

aSi (bcc_A2) EMF 0.028 to 0.084 1100 to 1350 43

METALLURGICAL AND MATERIALS TRANSACTIONS B



bcc_B2 ordering were measured in references[10,84–92]

and their critical temperatures (TC, Curie) were reported
in references.[61,65,67,76,79,84,85,87,93,94]

Tang and Tangstad[95] studied melting equilibria on
200 the Si-rich side at XSi = 0.72–1 by TA. The
solubility of Fe in solid Si (diamond_A4) was deter-
mined using radioisotopes,[96] electron paramagnetic
resonance (EPR)[97–102] or deep level transition spec-
troscopy (DTLS).[103] The homogeneity range of sili-
cides was specifically studied by Abrikosov,[104]

Sidorenko et al.[105,106] and Vainshtein et al.[107]

The studies carried out most recently by Meco and
Napolitano[108] and Han et al.[109] are of special interest
for the present assessment. Meco and Napolitano[108]

carefully measured solid/liquid phase equilibria by DTA
in the composition range of XSi = 0.05–0.30 by apply-
ing a heating rate (HR) variation to exclude the setup
influence and to accurately extrapolate the phase trans-
formation temperature to the equilibrium value. The
concentration range investigated partly overlaps with
the alloys studied by DSC in the present work (Sect.
‘‘III’’). Hence, their data can be used to critically
evaluate the results of the experimental section but, also,
represent valuable data points in the thermodynamic
optimization procedure. Han et al.[109] provided new,
comprehensive experimental information on the tem-
peratures of liquidus, solidus, ordering in bcc, homo-
geneity range of silicides as well as on invariant
reactions from XSi = 0.18–0.915. The concentration
ranges of various silicides were determined by field-emis-
sion electron probe microanalysis with wavelength-dis-
persive X-ray spectrometers (FE-EPMA/WDS), while
phase transformation temperatures at given composi-
tion were measured by DSC. These recently published
high-quality data have not yet been included in any
published modeling of the Fe-Si system.

The portion of experimental phase diagram data from
the sources mentioned above, used in the present
thermodynamic optimization, is listed in Table IV. For
a detailed compilation of the methods, temperature
ranges, and compositions from all the referenced liter-
ature, the authors refer to the compilation in the work of
Cui and Jung.[11]

C. Thermodynamic Assessments

An initial, comprehensive evaluation of the Fe-Si
system was carried out by Chart.[110,111] Then, the most
widely known version of the phase diagram was
published by Kubaschweski,[112] which was based on
the work of Chart[111] and the investigations of
Schürmann and Hensgen.[77] Similar to the iron-rich
region of the Fe-Al system,[112–114] ferro-paramagnetic
transitions and the ordering transformations A2/B2 and
B2/D03 occur in the bcc solid solutions. The atomic
order energy from disordered bcc (A2) to the CsCl-type
(B2) and from B2 to the BiF3-type (D03) was formulated
by Lee et al.[115] by integrating empirical specific heat
capacity formulas.

At the beginning of the 1990s, Lacaze and Sund-
man[116] optimized the Fe-Si system as part of the
description of the ternary Fe-C-Si system. The transition
from A2 to B2 was considered, but a description of the
B2/D03 transformation was omitted for practical rea-
sons. This version was subsequently used in most
commercial thermodynamic databases. Miettinen[117]

slightly adjusted their proposed parameters for bcc_A2,
fcc_A1 to avoid the formation of an inverse miscibility
gap in the liquid and to improve the calculations of the
ternary Fe-C-Si system.
In 2012, Ohnuma et al.[10] experimentally and ther-

modynamically investigated all magnetic transitions and
ordering phenomena in the bcc phase. A model for the
ordered contribution of the D03 phase was proposed
based on a four-sublattice model in the CEF framework.
By that, the experimental data and literature sources of
high-temperature phase equilibria could be successfully
reproduced by providing a thermodynamic model over
the whole composition range.
The most comprehensive assessment of the binary

Fe-Si system, including an excellent literature review,
was published by Cui and Jung[11] in 2017. Two different
sets of parameters were applied for the liquid phase: the
Bragg-Williams model (BW) and the Modified Quasi-
chemical model (MQM). In the first set, all order
transformations were considered, whereby the optimiza-
tion was carried out in Thermo-Calc.[118] In the second
set, the liquid was modeled using the MQM, but the
bcc_B2/bcc_D03 transition could not be properly han-
dled with Factsage.[11] In all cases, the silicides were
assumed to be stoichiometric. Other modifications were
done by Yuan et al.[119] by modeling the Fe-Si-Zn
system and by Tang and Tangstad[95] by studying the
Si-rich part of the phase diagram.
In the framework of developing a steel database for

Interdendritic Solidification (IDS) software,[120,121]

Miettinen et al.[122] reassessed the description given
in.[117] They neglected the implementation of the B2 and
D03 phases to speed up the calculations for solidification
simulations of steel. However, the Gibbs energy contri-
bution by A2/B2 ordering was added to the bcc_A2
model, which is evident from Figure 1(a). Most recently,
Witusiewicz et al.[12] published a thermodynamic
description in the framework of modeling the Fe-Ni-Si
system. The liquid phase was remodeled with a larger
quantity of model parameters in the BW approach. A
substantial improvement in the assessment was achieved
by describing intermediate silicides (Fe2Si, FeSi,
b-FeSi2) with the CEF to calculate their solubility range
for Fe and Si accurately, see Figure 1(b). In Figures 1(a)
and (b) the descriptions of Miettinen et al.[122] and
Witusiewicz et al.[12] result in an inverted liquid misci-
bility gap at elevated temperatures. This is partially due
to neglect of the Short-Range-Ordering (SRO) in the
liquid phase. An example was shown by Shubhank and
Kang[123] for Fe-C binary liquid alloy, where an inverted
liquid miscibility gap was reported in the previous
modeling using the BW random mixing model for the
liquid phase.[124] The authors resolved this issue by using
MQM which considers the SRO.
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A summary of CALPHAD-type assessments, their
publication year, and thermodynamic models used to
describe the individual phases stable in the Fe-Si system
are summarized in Table V. Conclusions on the present
modeling and possible improvements can be made as
follows:

� The description of bcc_A2 is kept unchanged from
Cui and Jung[11] as experimental activity data of Si
from Sakao and Elliott[43] could be reproduced highly
accurately. The bcc_B2 description is taken from Cui
and Jung[11] based on the model of Ohnuma et al.[10]

The fcc_A1 model parameters are adjusted to fit the
new experimental data of the bcc_A2/fcc_A1 solid--
state equilibria gained in the present work.

� The description of the silicides is adopted from the
work of Witusiewicz et al.[12] to describe the solubility
range of Fe and Si in intermediate silicides. In this
context, the most recent solubility data of Han
et al.[109] are considered for the first time, and the
Gibbs energy of endmembers and excess parameters
are changed to fit this data more precisely, if required.

� The MQM is used for the liquid phase to model the
strong interaction between Fe and Si. The MQM
parameters are optimized to fit the present DSC
measurements of the bcc_A2/liquid phase boundaries
with the highest agreement. Special focus is also
placed on reproducing thermodynamic properties of
the liquid phase, such as partial mixing enthalpies and
partial excess Gibbs energies, which is discussed in
detail in Sect. ‘‘V–B’’. This step marks the most fun-

Table III. Thermodynamic Data of Fe-Si Solid Solutions and Silicides Relevant for the Present Study

Quantity Method XSi (–) T (�C) Ref.

DHo
f calorimetry 0.33 to 0.70 25 20, 44

0.33 to 0.70 25 45
0.50 25 46
0.50, 0.70 25 47
0.50 25 48

transportation method 0.375, 0.50, 0.667, 0.70 25 49
EMF 0.25, 0.50, 0.667, 0.70 25, 727 42

So
298 transportation method 0.375, 0.50, 0.667, 0.70 25 49

calorimetry (CP integration) 0.50, 0.667 25 52
0.375, 0.50, 0.667, 0.70 25 53–56

HT–H298 calorimetry 0.50, 0.667 � 262 to 127 52
0.375, 0.50, 0.667, 0.70 25 53–56
0.50 850 to 1580 57

Table IV. Phase Diagram Information Relevant for the Present Study, Partly Taken from the Compilation of Cui and Jung[11]

Type of Data Method XSi (–) Ref.

General Phase Diagram FE-EPMA < 0.20 10
DTA, SEM, XRD, MA 0.10 to 0.40 76
TA, DTA, Q&E 0 to 0.50 77
TEM 0.096 to 0.156 89–91
DTA 0.70 to 1 95
DTA 0.05 to 0.30 108
Fe-EPMA, DSC 0.18 to 0.915 109

bcc_A1/fcc_A1 XRD 0.018 to 0.036 80
MA 0.014 to 0.042 81
MA 0.012 to 0.037 82

TC (bcc_A2, bcc_B2) DTA, SEM, XRD, MA 0.10 to 0.40 76
DTA 0.05 to 0.30 108
Fe-EPMA, DSC 0.18 to 0.915 109

Homogeneity of Silicides DTA, SEM, XRD, MA 0.10 to 0.40 76
Solubility of Fe in Diamond_A4* radioisotopes ~ 1 96

EPR ~ 1 97
~ 1 98
~ 1 99
~ 1 100
~ 1 101

INAA ~ 1 102
DTLS ~ 1 103

bcc_D03 ordering is excluded.
*Low solubility of Fe in diamond_A4 (XFe ~ 10�7–10�10).
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damental improvement of the present assessment for
practical applications in refining and casting Si steels.

III. MATERIALS AND METHODS

A. Sample Preparation and Chemical Analysis

The samples for DSC analysis were produced in a
high-frequency remelting (HFR) furnace ‘‘Lifu-
mat-Met-3.3-Vac’’ from Linn High Therm GmbH
(Eschenfelden, Germany). Technically pure iron cylin-
ders (99.9 pct Fe) and silicon lumps (99.9999 pct Si, Alfa
Aesar, LOT# 61000304) were used as starting materials.
To guarantee controlled melting in the HFR process, a
hole was drilled in the 50 g iron cylinders and filled with
the amount of Si lumps according to the defined
chemical composition. The melting process was carried
out in Al2O3 crucibles under Ar 5N (purity 99.999 pct)
over-pressure atmosphere. After two minutes of chem-
ical and thermal homogenization by inductive bath
movement, the melt was cast into a copper mold by
centrifugation.[78,125,126] The final chemical analysis of
each sample was determined by an optical emission
spectrometer (OES) of type QSG 750 from OBLF
(Witten, Germany). The Si content and relevant trace
element levels of all samples produced are summarized
in Table VI.

B. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) represents a
widely used technique to record phase transformations
associated with an exothermic or endothermic enthalpy
change. Relevant information on the proper use of this
method and the correct evaluation of DSC signals can
be found in the NIST recommended practice guide.[127]

In previous studies of the authors, the application to

characterize the kinetics and equilibrium of solid-state
phase transformations,[78,126] and melting equilib-
ria[125,128–130] of Fe-based alloys was demonstrated.
In the present study, all measurements were carried

out in a DSC of type 404F1 Pegasus
(NETZSCH-Gerätebau GmbH, Selb, Germany) with
an Rh furnace (Tmax = 1650 �C). A Pt sensor and type
S thermocouples were used. The DSC analysis was
performed in Al2O3 crucibles (85 lL) with a lid; in each
trial an empty crucible was the reference. The protective
tube of the Rh furnace was continuously purged with Ar
5N (purity 99.999 pct), and a Zr getter was placed below
the DSC sensor to minimize oxygen levels at elevated
temperatures (T> 350 �C). Small samples of 50 mg
mass were used for the experiments. The setup was
calibrated by measuring the melting points of
NETZSCH’s standards of pure metals In, Bi, Al, Ag,
Au, Ni, and Co.
The DSC signal is significantly influenced by heating

rate (HR) applied, the sample mass, and the enthalpy
change occurring during the phase transformation. In
particular, the end of a phase transformation, usually
indicated by a ‘‘peak’’ in the signal, is shifted to higher
values by high HRs, large sample masses, and significant
heat changes, e.g. 13.81 kJ mol�1[131] when melting Fe.
Therefore, an accurate determination of the liquidus
temperature is usually achieved by varying the HRs, and
extrapolation to 0 �C s�1 yields the equilibrium temper-
ature. When determining the onset of melting or for
transformations with small enthalpy changes, e.g., c-Fe
to d-Fe with 0.826 kJ mol�1,[131] the variation of the HR
is usually omitted, and the average of several indepen-
dent measurements is used as the result.
The procedure for varying HRs is time-consuming

and costly, as numerous samples must be measured to
create the section of a phase diagram. NETZSCH’s
Tau-R software[132] provides an efficient method to
calculate equilibrium temperatures from a single

Fig. 1—Calculated phase diagrams according (a) Miettinen et al.[122] and (b) Witusiewicz et al.[12] Latter one was calculated with the provided
thermodynamic database (tdb) file in Thermo-Calc software.[118]
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measurement. Within the present study, the Tau-R
calibration is performed for the 10 �C min�1 signal.
Detailed arguments for selecting 10 �C min�1 as a
standard value in the scanning mode can be found in
recent studies by the authors.[125,130] For demonstration
purposes, the Tau-R method is explained in Figure 2
based on the DSC analyses of alloy S-VI (XSi = 0.095),
which does not undergo a solid-state transformation
from ferrite to austenite. Melting of ferrite (bcc_A2)
proceeds in the temperature range of 1400 to 1500 �C.
The DSC signals obtained during melting are plotted in
Figure 2(a) depending on the applied HRs (5, 10 and
15 �C min�1). As reported in literature,[125,130] the onset
remains approximately constant and TS can be given as
the average temperature of the three independent trials
with 1438.3 �C. The peak shifts to higher temperatures
at higher HR[125,128,130] and the value of TL = 1469.3 �
C determined by the Tau-R method is in excellent
agreement with the extrapolated equilibrium value of
TL = 1468.4 �C in Figure 2(b). The deviation is below
the typical measurement error of the system applied
(DT = ± 2 �C); this similarly applies to TS.

The full T-t cycle applied in the DSC is plotted in
Figure 2(c), including the first (‘‘slow’’) and second
(‘‘fast’’) measurement procedure for an alloy. In general,
phase transformations are already determined in the first
run. In contrast, selected sections with higher HR are
scanned in the second cycle to shorten the test time and
protect the equipment from possible failures. Further-
more, the second scan is used to reproduce the mea-
surement results: at least two measurements are
performed for each alloy.

C. High-Temperature Laser Scanning Confocal
Microscopy (HT-LSCM)

In recent decades, high-temperature laser scanning
confocal microscopy (HT-LSCM) has become an
important technique in steel research for studying
metallurgical processes in situ on a sample surface by
combining laser scanning confocal optics and an
infrared heating furnace. Examples include the investi-
gation of the movement, aggregation and clustering of
non-metallic particles in liquid steel,[133–135] their disso-
lution in slags[136] and at steel/slag interfaces,[137,138] the
observation of austenite decomposition during contin-
uous cooling,[126,139,140] the characterization of solidifi-
cation of steel[141,142] and crystallization of slags,[143–145]

the quantitative evaluation of grain growth pro-
cesses[146–149] and the coupling with DSC to establish
phase diagrams for Fe-based alloys.[78,125,128,150] Kern
et al.[151] showed that the observations on the sample
surface also represent the bulk conditions.
As shown in Sect. ‘‘V–A’’, the start of the ferrite/

austenite transformation (bcc_A2 fi bcc_A2 + fcc_A1)
is often barely visible in the DSC chart. In this case,
HT-LSCM is a promising tool to gain further informa-
tion on solid-state phase equilibria in the binary c-loop.
The specific use of HT-LSCM in this work follows the
procedure applied to the Fe-P system in a recent work
by M. Bernhard et al.[78]

The experiments were carried out using an HT-LSCM
type VL2000DX-SVF17SP from Lasertec (Yokohama,
Japan) with a high-temperature furnace SVF17-SP from
Yonekura (Yokohama, Japan). Small 5 9 5 9 1.5 mm
samples were cut from alloys S-I and S-II listed in
Table VI. The samples were ground and polished

Table V. Summary of Popular CALPHAD Optimizations of the Fe-Si System and Thermodynamic Models Used

Authors Year Ref. Liquid A2/B2 B2/D03 Silicides

Lacaze and Sundman 1991 116 BW yes no STCO
Ohnuma et al. 2012 10 BW yes yes STCO
Cui and Jung 2017 11 BW yes yes STCO
Cui and Jung 2017 11 MQM yes no STCO
Miettinen et al. 2019 122 BW no no STCO
Witusiewicz et al. 2023 12 BW yes no CEF, STCO

Table VI. Chemical Composition of Samples Alloy Investigated

Alloy
XSi

(–)
Si

(Wt Pct)
C

(Wt Pct)
Mn

(Wt Pct)
P

(Wt Pct)
S

(Wt Pct)

S-I 0.0099 0.50 0.005 0.026 0.0020 0.0014
S-II 0.0201 1.02 0.002 0.026 0.0021 0.0014
S-III 0.0395 2.02 0.006 0.062 0.0030 0.0052
S-IV 0.0562 2.90 0.007 0.033 0.0030 0.0037
S-V 0.0784 4.09 0.004 0.019 0.0037 0.0043
S-VI 0.0948 4.99 0.011 0.025 0.0021 0.0010
S-VII 0.1135 6.03 0.008 0.030 0.0030 0.0035
S-VIII 0.1629 9.49 0.012 0.027 0.0020 0.0033
S-IX 0.2202 12.40 0.010 0.024 0.0020 0.0029

Si contents are given in mole fraction (XSi) for consistency with the modeling section and in weight percent (wt pct).
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according to the standard procedure. Afterward, they
were placed on the sample holder; the furnace chamber
was evacuated and purged with Ar 5N (99.999 pct
purity). Both samples were heated to 850 �C at 600 �C
min�1 followed by 15 minutes of isothermal holding,
after which the nucleation of austenite in the ferrite
matrix was observed in situ at a heating rate of 10 �C
min�1. The HR corresponded to the DSC measurements
described in Sect. ‘‘III–B’’. The final temperature was set
at 1050 �C. After reaching the maximum temperature,
controlled cooling to room temperature was carried out
at a defined cooling rate of � 400 �C min�1 under Ar
atmosphere.

The temperature in the furnace chamber was moni-
tored with a type S thermocouple at the bottom of the
sample holder. To obtain accurate temperatures on the
sample surface, temperature referencing had to be
performed before each experimental campaign using
an external thermocouple welded to the sample’s sur-
face.[146] During the experiment, a video was recorded
with a maximum frame rate of 60 s�1 so that the phase

transformation starting and finishing temperatures
could be determined post-experimentally as all
microstructural changes had become clearly visible due
to the thermal etching effect.[78]

Figures 3(a) and (b) show selected images of the
HT-LSCM video of sample S-I. In the micrograph, the
areas where fcc_A1 is stable are already marked in color
for better optical visibility. The fraction of fcc_A1 on
the sample’s surface (ffcc_A1) can be easily determined
from the marked region, considering the entire image
section. M. Bernhard et al.[78] showed that ffcc_A1 ~ 3 pct
is representative of the overall phase transformation
temperature. For S-I, the determined phase equilibrium
temperature bcc_A2/bcc_A2 + fcc_A1 is 920 �C. As
expected, austenite forms at the ferrite grain boundaries,
and growth into the ferrite grain proceeds by a diffu-
sional mechanism. The proportion of fcc_A1 already
increases significantly at a slightly higher temperature of
932 �C (11 pct) in the two-phase region bcc_A2 +
fcc_A1. Similar observations can be obtained in Fig-
ures 3(c) and (d) for the case of sample S-II.

Fig. 2—DSC analysis of alloy S-VI (XSi = 0.095). (a) DSC signals of melting for several HRs and the corresponding Tau-R calculation, (b)
linear regression in a common HR variation to obtain the equilibrium value of TL at 0 �C min�1 and (c) detailed t-T program applied in the
DSC analysis.
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Corresponding to the calculated phase diagrams in
Figure 2, the nucleation temperature of fcc_A1 (975 �C)
increases with higher Si content. Due to the wider
temperature range of this alloy’s bcc_A2 + fcc_A1
region, the fraction of fcc_A1 increases more slowly
during scanning. Note that pores may result from the
sample production by HFR.

IV. THERMODYNAMIC MODELS

All calculations in the assessment procedure were
performed with FactSage 8.3 thermochemical soft-
ware.[131] The Gibbs energies of pure Fe and Si were
adopted from the SGTE data of Dinsdale.[153] The
model parameters used or optimized in the present
assessment are listed in Table VII.

Fig. 3—HT-LSCM observations of bcc_A2/fcc_A1 transformation. (a), (b) sample S-I (XSi = 0.0099) at 920 �C and 932 �C and (c), (d) sample
S-II (XSi = 0.0198) at 975 �C and 985 �C. For a better overview, the images were partly edited with Gimp GNU Image Manipulation
Software.[152]
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A. Liquid Phase

The MQM in the pair approximation was applied to
describe the Gibbs energy of the liquid phase. This
model has been successfully used to formulate the Gibbs
energy of metal/metal, metal/semi-metal and metal/
non-metal systems with relevance to steel.[123,129,154–157]

Kang[158] recently discussed its working principle com-
pared to the Bragg-Williams random mixing model. A
detailed description of the MQM can be found in the
work of Pelton et al.[13,14] Here, only the essential
background is summarized.

In the pair approximation for a binary solution
consisting of Fe and Si atoms, the following pair
exchange reaction on the sites of a quasi-lattice is
considered:

Fe� Feð Þ þ Si� Sið Þ ¼ 2 Fe� Sið Þ;DgFeSi ½1�

where (i�j) represent the first nearest neighbor pair
and DgAB is the non-configurational Gibbs free energy
change forming two moles of (i�j) pairs. If nFe and nSi
are the numbers of moles Fe and Si, nij is the number
of (i�j) pairs and ZFe and ZSi are the coordination
numbers of Fe and Si, then the following mass bal-
ances are considered:

ZFenFe ¼ 2nFeFe þ nFeSi ½2�

ZSinSi ¼ 2nSiSi þ nFeSi ½3�
The pair fractions (Xij), mole fractions (Xi) and

coordination-equivalent (Yi) fractions are defined as:

Xij ¼ nij= nFeFe þ nSiSi þ nFeSið Þ ½4�

XFe ¼ nFe= nFe þ nSið Þ ¼ 1� XSi ½5�

YFe ¼ ZFenFe= ZFenFe þ ZSinSið Þ
¼ ZFeXFe= ZFeXFe þ ZSiXSið Þ ¼ 1� YSi ½6�

The Gibbs energy of the solution is given by:

G ¼ nFeg
�

Fe þ nSig
�

Si

� �
� T DSconfig þ nFeSi=2ð ÞDgFeSi ½7�

where g
�
Fe and g

�

Si are the molar Gibbs energies of pure

Fe and Si and DSconfig is the configurational entropy
of mixing given by randomly distributing the (Fe-Fe),
(Si-Si) and (Fe-Si) pairs in the one-dimensional Ising
approximation:[159]

DSconfig ¼ �R nFelnXFe þ nSilnXSið Þ

� R nFeFeln XFeFe=Y
2
Fe

� �
þ nSiSiln XSiSi=Y

2
Si

� ��

þnFeSiln XFeSi=2YFeYSið Þ�
½8�

The DgFeSi may be expanded in terms of pair
fractions:

DgFeSi ¼ Dg0FeSi þ
X

i�1

gi0FeSiX
i
FeFe þ

X

j�1

g0jFeSiX
j
SiSi ½9�

where Dg0FeSi, g
i0
FeSi and g0jFeSi are the model parameters

which can be functions of temperature.
The equilibrium pair distribution is determined by

setting

@G=@nFeSið ÞnFe;nSi ¼ 0 ½10�

which leads to the equilibrium constant for the pair
formation in Reaction (1) when the coordination num-
ber and the pair formation energy are constant, respec-
tively, as it was used in the original model of
Guggenheim:[160]

X2
FeSi= XFeFeXSiSið Þ ¼ 4exp �DgFeSi=RTð Þ ½11�

When DgFeSi varies with pair fractions as given in
Eq. [9], the form of Eq. [11] changes. Please refer to the
recent article by Waldner.[161]

The composition of maximum SRO is defined by the
ratio of the coordination numbers ZSi/ZFe, where each
coordination number is given in the following equations:

1

ZFe
¼ 1

ZFe
FeFe

2nFeFe
2nFeFe þ nFeSi

� �
þ 1

ZFe
FeSi

nFeSi
2nFeFe þ nFeSi

� �

½12�

1

ZSi
¼ 1

ZSi
SiSi

2nSiSi
2nSiSi þ nFeSi

� �
þ 1

ZSi
SiFe

nFeSi
2nSiSi þ nFeSi

� �

½13�

where ZFe
FeFe and ZFe

FeSi are the values of ZFe when all
neighbors of Fe are Fes and when all nearest neigh-

bors of Fe are Sis, respectively, and where ZSi
SiSi and

ZSi
SiFe are defined similarly. ZFe

FeSi and ZFe
SiFe represent

the same quantity and are interchangeable.

B. bcc_A2, fcc_A1 and Si Disordered Solid Solutions

The bcc_A2 and fcc_A1 disordered solid solutions
were modeled by the CEF[17,18] with two sublattices. Fe
and Si are located on the substitutional sites, while
vacancies (Va) occupy the interstitial sites. The formu-
lation by the CEF will allow the implementation of the
current thermodynamic description into multicompo-
nent steel databases, including interstitially dissolved C.
However, if all the sites in all but one of the sublattices
are vacant, the CEF reduces to the Bragg-Williams
(BW) model of random mixing.[17] The BW model was
intentionally used to describe the Si solid solution in a
single lattice. For all phases, the following formulation
of the Gibbs energy equation is valid
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Gm ¼ XFeg
�

Fe þ XSig
�

Si

� �
þ RT XFelnXFe þ XSilnXSið Þ

þ XFeXSi

X
v�0

Lv
Fe;Si XFe � XSið Þv

½14�

where Xi and g
�

i are the molar fraction and the molar
Gibbs energy of the pure component i in the corre-

sponding reference state. Li
Fe;Si represent the

adjustable model parameters, which can be a function
of temperature. In case of bcc_A2 and fcc_A1, the
contribution due to magnetic ordering (gmo

m ) based on
the Hillert-Jarl approach was added.[162]

C. bcc_B2 Ordering Contribution

The ordering contribution due to the bcc_B2 structure
was adopted from the original split-CEF description of
Ohnuma et al.[10] with modification done by Cui and
Jung.[11] The total molar Gibbs energy of the bcc phase
is given by[10]

Gbcc
m ¼ Gbcc A2

m Xið Þ þ DGord
m

¼ Gbcc A2
m Xið Þ þ Gbcc B2

m y
0

i; y
00
i

� �

� Gbcc B2
m y0i ¼ Xi; y

00
i ¼ Xi

� �
½15�

where Gbcc B2
m y0i; y

00

i

� �
is the Gibbs energy of bcc phase

formulated in the two-sublattice compound energy

model and Gbcc B2
m y0i ¼ Xi; y

00

i ¼ Xi

� �
has the same

mathematical form as Gbcc B2
m y0i; y

00

i

� �
in the special con-

dition of y0i ¼ Xi; y
00

i ¼ Xi, representing the disordered

state. y0i and y
00

i are the site fractions of Fe and Si on

the first (¢) and second (¢¢) sublattice. Therefore, DGord
m

becomes null when the bcc phase becomes disordered.
Ohnuma et al.[10] implemented the ordering contribu-
tion of bcc_B2 structure in such a way that the Gibbs
energy of the disordered phase is not present in the

DGord
m . Under the condition

Gbcc B2
m y

0

i; y
00
i

� �
� G

bcc B2

m
y

0

i ¼ Xi; y
00
i ¼ Xi

� �
= 0 it fol-

lows for the model parameters:

Gbcc
Fe:Fe ¼ Gbcc

Si:Si ¼ 0 ½16�

Gbcc
Fe:Si ¼ Gbcc

Si:Fe ¼ DGord
m ½17�

0L
bcc

Fe:Fe;Si ¼ 0L
bcc

Fe;Si:Fe ¼ 0L
bcc

Si:Fe;Si ¼ 0L
bcc

Fe;Si:Si ¼ �DGord
m

½18�

D. Intermediate Phases: Fe2Si, FeSi and b-FeSi2

Silicides showing a substantial mutual solubility of Fe
and Si were modeled by the CEF[17] according to the
sublattice structure as proposed by Witusiewicz et al.[12]

FeSi and b-FeSi2 were considered as (Fe,Si)a(Fe,Si)b,
respectively. The molar Gibbs energy is formulated by

Gm ¼ y
0

Fey
00
Feg

h
Fe:Fe þ y

0

Fey
00
Sig

h
Fe:Si þ y

0

Siy
00
Sig

h
Si:Si

þ y
0

Siy
00
Feg

h
Si:Fe þ aRT y

0

Felny
0

Fe þ y
0

Silny
0

Si

� �

þþbRT y00Felny
00
Fe þ y00Silny

00
Si

� �
þ exGh

m ½19�

where the excess Gibbs energy is given by

exGh
m ¼ y

0

Fey
0

Siy
00
FeL

h
Fe;Si:Fe þ y

0

Fey
0

Siy
00
SiL

h
Fe;Si:Si

þ y
0

Fey
00
Fey

00
SiL

h
Fe:Fe;Si þ y

0

Siy
00
Fey

00
SiL

h
Si:Fe;Si

þþy
0

Fey
0

Siy
00
Fey

00
SiL

h
Fe;Si:Fe;Si ½20�

h stands for the respective phase (FeSi, b-FeSi2). ghi:j
and ghj:i represent the endmembers. a and b are the sto-

ichiometric coefficients, given for FeSi as a = b = 0.5
and for b-FeSi2 as a = 0.3 and b = 0.7, respectively.
The adjustable parameter L can be a function of
temperature.
A 3-sublattice model was used for the more complex

Fe2Si solution with the sublattice formula[12] (Fe)1(Fe,-
Va)1(Va,Si)1, yielding to the following expression of the
molar Gibbs energy:

Gm ¼ y00Fey
0 0 0

Sig
Fe2Si
Fe:Fe:Si þ y00Fey

0 0 0

Vag
Fe2Si
Fe:Fe:Va þ y00Vay

0 0 0

Vag
Fe2Si
Fe:Va:Va

þ y00Vay
0 0 0

Sig
Fe2Si
Fe:Va:Si

þ RT y00Felny
00
Fe þ y00Valny

00
Va þ y

0 0 0

Valny
0 0 0

Va þ y
0 0 0

Silny
0 0 0

Si

� �

þ exGFe2Si
m

½21�

with

exGFe2Si
m ¼ y00Fey

00
Va y

0 0 0

VaL
Fe2Si
Fe:Fe;Va:Va þ y

0 0 0

SiL
Fe2Si
Fe:Fe;Va:Si

� �

þ y
0 0 0

Vay
0 0 0

Si y00FeL
Fe2Si
Fe:Fe:Va;Si þ y00VaL

Fe2Si
Fe:Va:Va;Si

� �

þ y00Fey
00
Vay

0 0 0

Vay
0 0 0

SiL
Fe2Si
Fe:Fe;Va:Va;Si

½22�
Please note that the notation is identical to the given

equations for the two-sublattice model of FeSi and for
b-FeSi2 but include a third sublattice (¢¢¢).

E. Stoichiometric Compounds: Fe5Si3 and a-FeSi2

The silicides Fe5Si3 and a-FeSi2 were treated as
stoichiometric compounds. The molar Gibbs energy
was modeled temperature-dependent and is given by

Gm ¼ DH
�

298 þ
Z T

298

CPdT� T S
�

298 þ
Z T

298

CP=Tð ÞdT
	 


½23�

where DH
�

298 is the standard enthalpy of formation rel-
ative to the standard states of pure Fe and Si at 25 �C
and 1 bar. S

�

298 is the standard entropy at 298 K
(25 �C) and CP denotes the temperature-dependent
heat capacity.
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V. RESULTS AND DISCUSSIONS

The analysis in the following sections separates into
the experimental analysis of phase equilibria by DSC/
HT-LSCM performed in the present work and the
improvement of the thermodynamic description using
the MQM for the liquid phase in comparison to the
most recent thermodynamic assessment from the liter-
ature.[11,12,122] For the thermodynamic calculations,
FactSage 8.3[131] was used. However, in selected cases,
Thermo-Calc 2024[118] was utilized to perform the
simulations using the thermodynamic database (tdb)
file, provided by Witusiewicz et al.[12]

A. Experimental Results of Phase Equilibrium
Temperatures

The numerical values of phase transformation tem-
peratures obtained with DSC and HT-LSCM are
summarized in Table VIII. The graphical representation
of the DSC measurement signals is shown in Figure 4(a).
The critical temperature (TC) of bcc_A2 decreases with
rising Si content. For the bcc_A2/fcc_A1 equilibrium,
plotted in Figure 4(c), only the end of the phase
transformation (TA2/A1,E) in the range of 900 to
1000 �C could be determined using the DSC method.
The fcc_A1 nucleation (TA2/A1,S) was optically observed
with the HT-LSCM and corresponds to 920 �C at
XSi = 0.0099 and 975 �C at XSi = 0.0201. In the
high-temperature range, all relevant phase transforma-
tions could be analyzed using DSC, as the enthalpy
change is more significant in these cases and the
transformation kinetics are enhanced. The fcc_A1/
bcc_A2 transformation (TA1/A2,S) at XSi = 0.0099 is
1368.7 �C, and at XSi = 0.0201 it corresponds to
1333 �C. At XSi = 0.2202, the alloy is already in the
peritectic range, and the solidus temperature (TS) and
the peritectic phase transformation (TP) are evident in
the DSC graph. For samples with XSi = 0.0099–0.1629,
the DSC charts show a sharp onset of the solidus
temperature and a clearly pronounced peak in the
liquidus temperature (TL). At TS and TL, a continuous
temperature drop can be recognized with increasing Si
content, which generally agrees with the calculations in
Figure 4(b). However, most thermodynamic calcula-
tions for the bcc_A2/liquid phase equilibrium tempera-
ture deviate significantly. This is particularly the case of
Si contents up to XSi = 0.0395, which declares the
maximum Si content of electrical steels, in the modeling
of Cui and Jung[11] and Miettinen et al.[122] Good
agreement with the BW model can be observed using the
parameters of Witusiewicz et al.[12] However, the high
number of excess parameters in the BW model leads to a
polynomial course of the enthalpy of mixing in the
infinitely dilute solution of Si, as will be discussed in the
following sections, as well as to an inverse mixing gap in
the liquid phase, see Figure 1(b). Therefore, revised
modeling of the Gibbs energy of the liquid phase is
necessary.

B. Thermodynamic Modeling of the Fe-Si System

Figure 5 shows the enthalpy properties of the Fe-Si
liquid phase. In general, all previous assess-
ments[10–12,122] represent the integral enthalpy of mixing
(DH) in Figure 5(c) with satisfying accuracy. A closer
look at the partial enthalpy of Si (DHSi) in Figure 5(a)
leads to the conclusion that most previous assessments
predict an unreliable course at XSi< 0.10. The experi-
mental data of[23,27–29,34] show a consistent S-shaped
trendline of DHSi, whereas a straight decrease of DHSi

when XSi fi 0 is predicted using the assessments given in
references.[11,122] The thermodynamic optimization of
Witusiewicz et al.[12] required many excess parameters to
describe the liquid’s Gibbs energy. The quantitative
values at XSi fi 0 correspond to his measurements
reported in,[29] but adding numerous parameters from
0LFeSi(XFe - XSi)

0 up to 5LFeSi(XFe - XSi)
5 to the excess

Gibbs energy term in the BW formalism leads to a
polynomial DHSi curve at low amount of Si, see
Figure 5(a).
In the present study, the MQM parameters proposed

by Cui and Jung[11] were chosen as initial values for the
optimizations. It is evident from the integral enthalpy of
mixing in Figure 5(c) that the composition of maximum
SRO corresponds to XSi = 0.50. Keeping, therefore, the

coordination numbers ZFe
FeFe ¼ ZSi

SiSi ¼ 6 and ZSi
FeSi ¼

ZFe
FeSi ¼ 6 unchanged is reasonable. By comparing our

proposed parameters for Dg0FeSi ¼ �35564þ 5:975T J
mol�1 with the equation of Cui and Jung[11]

(Dg0FeSi ¼ �33710:49þ 2:26T J mol�1) the assessed

Dg0FeSi term is nearly identical. When XSi fi 0 (or XFe

fi 0), the experimental values of DHSi and DHFe in
infinite dilution (DH1

Si ;DH
1
Fe) significantly scatter.

Therefore, it is an important step to select the reliable
data of the partial enthalpy of mixing in the present
modeling. This is also practically important as DH1

Si is
principally responsible for the exothermic reaction when
ferrosilicon alloy is added to liquid steel. Enthalpy data
(DH, DHSi, DHFe) provided by Gel’d et al.[27] was
considered the most reliable as their measurements were
performed by direct calorimetry. In the composition
range of XSi = 0.10–0.90, the reported results are
consistent with the calorimetry performed by Woolley
and Elliott[23] and with data of Zaitsev et al.[34] derived
from the Knudsen-cell effusion method.
The inclusion of this data in the optimization proce-

dure also provides the best alignment with practical
observations obtained from extensive temperature mea-
surements during the ladle refining of silicon steel (see
Sect. ‘‘VI’’). While the CALPHAD framework tradi-
tionally excludes process data from thermodynamic
assessments, the present study takes a novel approach
by combining experimental data from literature with
insights derived from big data analytics. This hybrid
methodology enables a more accurate prediction of
thermodynamic properties, phase diagrams, and real-
world plant behavior. This comprehensive approach
ensures reliable modeling of DH1

Si , which is critical for
understanding the exothermic reactions that occur when
ferrosilicon alloy is added to liquid steel.
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Figure 6 shows the partial excess Gibbs energies of Fe
and Si in the melt (gexi ¼ RTlnci, i = Fe or Si), where
the pure liquids Fe and Si were selected as the reference
states, respectively. The calculations were carried out for
a temperature of 1600 �C in each case. Similar to the

observations in Figure 5, the partial excess Gibbs energy
data also showed significant scatter. Most of the data of
Si were measured by EMF,[31–33,35–37] while Chipman
et al.[40] employed Fe/Ag melt equilibration technique
and Zaitsev et al.[34] used Knudsen-cell effusion

Table VIII. Chemical Composition and Results of DSC Analysis and HT-LSCM Observations of Fe-Si Alloys

Sample
XSi

(–)
TC

(�C)
TA2/A1,S

(�C)
TA2/A1,E

(�C)
TA1/A2,S

(�C)
TA1/A2,E

(�C)
TP

(�C)
TS

(�C)
TL

(�C)

S-I 0.0099 767.4 920 950.2 1368.7 1379.1 — 1526.8 1535.4
S-II 0.0201 763.6 975 996.5 1333.0 1340.0 — 1519.7 1529.5
S-III 0.0395 754.1 — — — — — 1500.9 1514.3
S-IV 0.0562 744.8 — — — — — 1485.5 1501.7
S-V 0.0784 728.1 — — — — — 1460.6 1482.2
S-VI 0.0948 717.3 — — — — — 1438.8 1468.4
S-VII 0.1135 702.0 — — — — — 1415.2 1456.2
S-VIII 0.1629 647.2 — — — — — 1323.3 1392.6
S-IX 0.2202 — — — — — 1295.3 1263.1 1308.1

Fig. 4—(a) DSC signals of samples investigated in the present study. Comparison of measured temperatures with literature
data[76,77,79,81,82,108,109] for (b) melting equilibria and (c) the c-loop along with previous assessments.[11,12,122] Thermo-Calc 2024 software[118] was
used to represent the phase boundary lines modeled by Witusiewicz et al.[12]
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technique. Both non-EMF methods tend to give more
negative values than the EMF data. The EMF mea-
surements in Figure 6(a) show a high scatter especially
at low Si concentration (XSi = 0–0.20), compare for
instance the data of Sanbongi and Ohtani[35]

(gexSi = � 75 to � 60 kJ mol�1) and Sano and Oka-
jima[36] (gexSi = � 90 to � 70 kJ mol�1). In Figure 6(b),
the original Ag distribution data of Chipman et al.[40]

were recalculated using the newly described Ag-Si
thermodynamic description of Chevalier.[163] Within
the considerable scatter, it is also an important step to
select reliable experimental data for the partial excess
Gibbs energy in the present modeling.

Partial excess Gibbs energy and partial enthalpy of
mixing are not independent of each other in the MQM,
therefore, the selection of two different types of data
should have proceeded simultaneously. As the partial
excess Gibbs energy eventually determines the Gibbs

energy of the liquid phase, the optimization of the model
parameters to calculate the partial excess Gibbs energy
in Figure 6 was also carried out by simultaneously
calculating liquidus/solidus of Fe-Si binary phase dia-
gram along with the description of the Gibbs energy of
bcc_A2 from[11] (the calculated activities in bcc_A2 with
this Gibbs energy resulted in excellent agreement with
the activity measurements of Si in bcc_A2 performed by
Sakao and Elliott[43]). The best result was obtained by
selecting the measured gexSi data of Sano and Okajima[36]

out of several other data in Figure 6(a) as well as by
considering the data of Chipman et al.[40] and Zaitsev
et al.[34] in Figure 6(b): this selection yields the most
negative partial excess Gibbs energy of Si (‘‘original
model parameters’’; blue solid curve in the figures).

Fig. 5—Enthalpy of the liquid phase. (a) Partial Enthalpy of mixing of Si (DHSi), (b) partial Enthalpy of mixing of Fe (DHFe) and (c) integral
Enthalpy of mixing of Si (DH). The calculations are compared with experimental data from literature and previous thermodynamic
assessments.[11,12,122]
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However, it may be also considered that other
experimental data, e.g., less negative partial excess
Gibbs energy of Si in Figure 6(a), could represent the
true partial excess Gibbs energy of Si in the liquid phase.
Despite carefully reviewing the available publications,
the reason for the discrepancies among the experiments
could not be clearly ascertained. In the present study,
another attempt was taken to independently justify the
selection of gexSi from references.[34,40] It is the assessment
of the Si-O deoxidation equilibria in the Fe-Si-O system,
where the activity of Si in the liquid Fe-Si-O is
principally determined by the activity of Si in the liquid
Fe-Si alloy due to very low O content in the liquid. The
Gibbs energy of the ternary liquid composed of Fe-Si-O
was formulated by expanding the model equation for
the liquid phase described in Sect. ‘‘IV–A’’. By merging
DgFeSi in the present study, DgFeO (=� 142867 + 8.37T

J mol�1) from Paek et al.,[164] and setting DgSiO null (=
0), the Gibbs energy of ternary liquid composed of
Fe-Si-O was estimated. The Gibbs energy of pure SiO2

(cristobalite) at 1600 �C is well-known (Gm =
� 1105.93 kJ mol�1[131]). Neglecting the binary Si-O
parameter, the liquid/SiO2 equilibrium can be calculated
close to 1 wt pct Si without expecting a too strong
influence of the Si-O system.
For validation, a second formulation for DgFeSi,

alongside the original MQM parameters, was developed
to represent the maximum values of gexSi [denoted as
‘‘max. gexSi ’’; shown as the blue dashed line in Figures 6(a)
and (b)]. To achieve this, the T-independent parameters
in Equation [10] were kept consistent in both MQM
formulations, thereby ensuring the same accurate repro-
duction of DHSi, DHFe, and DH as shown in Figure 5.
The T-dependent terms were then fine-tuned based on

Fig. 6—Calculation of the excess Gibbs energy of the liquid phase. (a) Two optimization strategies using different values published for cSi, (b)
comparison with Knudsen-cell effusion measurements[34] and Fe/Ag equilibration,[40] (c) evaluation of different calculation strategies based on the
well-known Liquid + SiO2 equilibrium at 1600 �C[165–169] and (d) results of the optimization with respect to cFe along with experimental
data.[31,32,34,39,41] The results are compared with previous assessments.[11,12,122]
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the EMF data from Fruehan.[30] When comparing now
the calculated liquid/SiO2 equilibrium with experimental
data at 1600 �C,[165–169] as illustrated in Figure 6(c), it is
evident that the liquid phase is less stable relative to SiO2

than expected. The accuracy of the calculated liquid/
SiO2 was improved when keeping the original MQM
parameters (fitted to data reported in references[34,36,40]).
Hence, the original MQM parameters were used in the
further optimization procedure. Finally, a distinct
improvement for gexFe was achieved compared to previous
optimizations,[10–12,122] as demonstrated in Figure 6(d).

Figures 7(a) and (b) show the calculation of the
enthalpy of formation (DHo

f ) and standard entropy
(So

298) at 25 �C compared to literature
data:[20,42,44–49,52–56] DHo

f and So
298 from Witusiewicz

et al.[12] were taken as initial values to fit the phase
diagram in the current optimization procedure. There-
fore, only minor deviations from this work can be
observed. The best agreement was achieved with the
results of Acker et al.,[52] though the optimized values
are generally within the typical error bars of most
calorimetric data given in Figure 7.

Figure 8(a) represents the phase diagram calculated
over the whole composition range in comparison with
chosen data from the literature[10,77,82,89–91,95,108,109,112]

and the results of the present DSC analysis. The most
recent data on non-stoichiometry and phase transition
temperatures measured for FeSi and b-FeSi2

[109] could
be excellently reproduced by modifying the CEF
parameters as suggested by Witusiewicz et al.[12] The
data of Han et al.[109] were not considered in any
thermodynamic description yet. The Curie temperature
of bcc_A2 follows the measurements of the present
study and previous work. A significant improvement of
the predicted bcc_A2/liquid phase equilibrium temper-
atures was achieved by using the MQM, see Figure 8(b).
In all cases, the DSC measurements and the reported

data of Meco and Napolitano[108] and Han et al.[109]

were calculated with high accuracy (± 5 �C). Further,
the calculated peritectic transformation (bcc_A2 +
liquid fi bcc_B2) at the highest silicon content (S-IX,
XSi = 0.2202) only shows a minor deviation of 3 �C.
The fcc_A1 parameters of Cui and Jung[11] were slightly
changed to fit the DSC and HT-LSCM data and the
experimental results of Fischer et al.,[82] see Figure 8(c).
Due to the high-purity samples, the c-loop equilibrium
determined in[82] was considered as the most reliable
already in previous studies.[79–81] Finally, the solubility
of Fe in Si (diamond_A4) was modeled in accordance
with the work of Feichtinger[97] and Wiehl et al.[100] In
Figure 8(d), the maximum Fe content is obtained by
XFe = 2.0 9 10�7 at a temperature of 1300 �C.
Table IX compares the calculated invariant temper-

atures and compositions for each reaction in the entire
Fe-Si system with information from the literature
presented in Sect. ‘‘II’’. The data are taken from the
comprehensive compilation of Cui and Jung.[11] The
final Fe-Si phase diagram, including the relevant tem-
peratures and marked single-phase regions, is repre-
sented in Figure 9.

VI. APPLICATION TO LADLE REFINING
OF SI-STEELS

In this section, the new thermodynamic description of
the Fe-Si system is used to describe the temperature rise
in the ladle during the refining of Si steels in the liquid
state. The first part briefly explains the steelmaking
process and discusses the available data provided by
voestalpine steel division Linz (Austria) as well as their
analysis technique. Then stable phases in ferrosilicon

Fig. 7—(a) Calculated enthalpy of formation (DHo
f ) and (b) calculated standard entropy (So

298) along with experimental data;[20,42,44–49,52–56] from
the literature und previous assessments.[11,12,122] Thermo-Calc 2024 software[118] was applied for calculations using the assessment by Witusiewicz
et al.[12]

METALLURGICAL AND MATERIALS TRANSACTIONS B



alloys from the plant are analyzed by XRD to be able to
carry out the calculation as practically as possible and
the results are compared with the data analysis.

A. Statistical Learning Methods Applied to Steelmaking
Process Data

Figure 10 illustrates the secondary refining of silicon
steels in the BOF (basic oxygen furnace) - LF (ladle
furnace) - RH (Ruhrstahl-Heraeus degasser) steelmak-
ing route, including the steps of sampling, temperature
measurements, and alloying conditions. During tapping,
only small amounts of pre-deoxidizing agents and slag
agents are added to the melt. At this stage, the main
objective is to guarantee stable oxygen potential in
liquid steel. After sampling and temperature measure-
ment, the ladle is transported to the LF, where purging
and heating are performed to homogenize the melt and

to adjust the initial temperature for the vacuum treat-
ment in the RH-degasser. The C content is given by its
value at tapping with about 0.03 to 0.04 wt pct. As the
oxygen potential is still high, the C content can be
reduced to a minimum content (< 30 ppm) via carbon
oxidation in the RH-degasser. However, as the thermo-
dynamic equilibrium of the reaction of dissolved C and
O to gaseous CO, given by [C] + [O] = {CO}, is not
fully achieved under steelmaking conditions, the O
content in the steel remains around 250 to 350 ppm.
After first sampling, the melt is therefore fully deoxi-
dized, 2[Al] + 3[O]fi (Al2O3) and alloyed with Al up to
0.95 wt pct; the high Al content is also considered
beneficial for the magnetic properties of Si sheets.[170]

Finally, the desired Si content (1 to 3 wt pct) is achieved
by adding ferrosilicon alloys. Though the steel temper-
ature is dropping during circulation of the melt in the
RH treatment, both the deoxidation with Al, and the

Fig. 8—Phase diagram calculations with the present model parameters. (a) Overall binary Fe-Si system along with data from the
literature,[10,77,82,89–91,95,108,109,112] which were considered in the optimization, and the present DSC analysis, (b) enlarged part of the melting
equilibria in the Fe-rich part, (c) detailed representation of the c-loop and (d) Si-rich part of the phase diagram. Experimental data in (b)–(d)
were taken from references 76, 77, 79–82, 96–103, 108, 109.
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Table IX. Summary of Calculated Invariant Temperatures and Compositions Along with Information from Literature[11]

Type Reaction
T

(�C)
XSi (Phase I)

(–)
XSi (Phase II)

(–)
XSi (Phase III)

(–) Ref.

Eutectoid Fe5Si3 = bcc_B2 + FeSi 808 0.375 0.302 0.494 PW
825 66a

800 70a

825 68a

825 112c

409 0.375 0.2683 0.500 11b

818 0.375 0.2974 0.500 122b

825 0.375 0.2949 0.488 12b

Eutectoid Fe2Si = bcc_B2 + Fe5Si3 1036 0.337 0.318 0.375 PW
1040 0.3329 0.3054 74
1045 0.3335 0.3120 76
1044 77
1045 0.333 0.285 0.375 11b

1043 0.333 0.292 0.375 122b

1040 0.339 0.3161 0.375 12b

Peritectoid Fe2Si + FeSi = Fe5Si3 1096 0.339 0.492 0.375 PW
1020 61
1045 63
1030 65
1030 67
1030 68
1046 70
1046 71
1090 0.3391 74
1098 0.3445 76
1056 77
1092 109
1095 0.333 0.50 0.375 11b

1091 0.333 0.50 0.375 122b

1080 0.339 0.4903 0.375 12b

Eutectic Liquid = bcc_B2 + Fe2Si 1194 0.305 0.282 0.328 PW
1190 0.3169 0.299 0.3335 74
1194 0.324 0.304 76
1205 0.3251 0.2981 0.3333 77
1200 112c

1202 0.3049 0.2657 0.333 11b

1197 0.3037 0.2652 0.333 122b

1204 0.3231 0.3064 0.334 12b

Congruent Liquid = Fe2Si 1215 0.335 0.335 PW
1251 59
1215 74
1215 76
1210 77
1212 112c

1215 0.333 0.333 11b

1215 0.333 0.333 122b

1205 0.336 0.336 12b

Eutectic Liquid = Fe2Si + FeSi 1199 0.360 0.340 0.492 PW
1235 59
1203 61
1239 0.3595 63
1195 0.3320 65
1200 67
1205 71
1202 0.3511 0.3408 0.4939 74
1202 0.346 76
1204 0.3566 0.333 77
1203 112c

1204 109
1202 0.3576 0.333 0.50 11b

1203 0.357 0.333 0.50 122b

1203 0.3386 0.3529 0.4915 12b
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Table IX. continued

Type Reaction
T

(�C)
XSi (Phase I)

(–)
XSi (Phase II)

(–)
XSi (Phase III)

(–) Ref.

Congruent Liquid = FeSi 1411 0.50 0.50 PW
1443 59
1420 61
1463 63
1410 65
1400 67
1410 75
1410 77
1410 112c

1404 109
1410 0.50 0.50 11b

1410 0.50 0.50 122b

1411 0.50 0.50 12b

Peritectoid FeSi + b-FeSi2 = a-FeSi2 983 0.505 0.699 0.667 PW
955 0.6954 104
998 69
986 0.6977 73
982 0.508 0.70 112c

990 109
996 0.50 0.699 0.667 11b

1002 0.50 0.700 0.667 122b

982 0.506 0.701 0.667 12b

Eutectoid b-FeSi2 = a-FeSi2 + diamond_A4 947 0.707 0.667 ~ 1 PW
960 0.7271 104
930 69
955 0.7061 73
940 0.695 75
937 95
927 112c

932 109
948 0.699 0.667 ~ 1 11b

960 0.70 0.667 ~ 1 122b

937 0.7105 0.667 ~ 1 12b

Eutectic Liquid = FeSi + b-FeSi2 1210 0.694 0.51 0.696 PW
1245 59
1243 0.7078 63
1200 0.6259 64
1220 0.6193 62
1213 0.6742 65
1215 67
1212 104
1210 0.6742 69
1212 0.667 73
1206 0.67 0.5071 0.692 75
1212 112c

1211 109
1211 0.6674 0.50 0.699 11b

1204 0.6718 0.50 0.700 122b

1214 0.6897 0.512 0.698 12b

Congruent Liquid = b-FeSi2 1211 0.70 0.70 PW
1225 0.6689 62
1223 0.7081 65
1220 67
1216 104
1216 69
1220 0.705 73
1220 0.70 75
1220 112c

1215 0.70 0.70 11b

1209 0.70 0.70 122b

1214.2 0.703 0.703 12b

Eutectic Liquid = b-FeSi2 + diamond-A4 1208 0.730 0.709 ~ 1 PW

METALLURGICAL AND MATERIALS TRANSACTIONS B



dissolution of Al and Si lead to a significant increase of
the ladle temperature, which is confirmed by the last
temperature measurement before continuous casting.
Here, it must be noted that the major temperature
increases results from the melting and dissolution of the
ferrosilicon FeSi75 alloy (a mixture of 75 wt pct Si and
25 wt pct Fe), which involves exothermic Si dissolution
in liquid Fe (see Figure 5). A possible way to reduce the
temperature increase could rely on partial substituting
FeSi75 using different alloying materials with a lower Si
fraction, e.g., to 65 wt pct (FeSi65). By that, a better
heat balance could be achieved before casting, and the
process efficiency could be improved.

Comprehensive production data were provided by
voestalpine Stahl GmbH in Linz (Austria) to study the
influence of Si on the heating effect in the RH plant. By
this, the effect of exothermic dissolution of Si in liquid
Fe can be quantified under practical operation condi-
tions. Our focus was placed on the data of alloying steps
and temperature measurements recorded sequentially
during the process. To estimate the drop and/or increase
in temperature, the last temperature measurement
before decarburization serves as the initial temperature
(TStart). Temperatures taken during the RH process
(Tmeas.) are used to assess the heat evolution. The target
variable for the statistical evaluation is the difference in
temperature between the initial and measured temper-
atures (DT = TStart – Tmeas.).

After data cleansing, a data set with around 3000
observations was obtained, with each observation con-
taining the dependent variable DT and various indepen-
dent variables of process-related influences (such as
vacuum treatment time, addition of FeSi75 and/or Al).
Multiple Linear Regression (MLR) was used for the
statistical analysis:

y ¼ byþ e ¼ bb1x1 þ bb1x2 þ _sþ bbnxn þ e ½24�

where by represents the estimated target vector, bbn is the
estimated coefficients of the independent variables, xn
denotes the vector of all values of an independent
variable, y is the actual measured values of the target
variable, and e is the residual vector. MLR aims to
minimize the residual vector by optimally estimating the
regression coefficients. The adjusted coefficient of deter-

mination R2
adjusted and the forward selection method

were used to select the best model regression model. A
train-validation-test data split (60–20–20 pct) was con-
ducted to estimate the regression coefficients and eval-
uate the final model. Additionally, the model training
was iterated 100 times, each time with a different seed,
resulting in varying splits of observations between the
training and validation datasets. This approach enabled
the calculation of the standard error of the regression
coefficients.

B. Characterization of Ferrosilicon Alloys

Two ferrosilicon alloys (Elkem ASA, Norway) were
examined to ensure that the thermodynamic calculations
of heat balances in Sect. ‘‘VI–C’’ were as close to real
practice as possible. The FeSi75 alloy used as standard
at voestalpine Stahl GmbH in Linz and the alternative
FeSi65 alloy were characterized both analytically and by
X-ray diffraction (XRD). For this purpose, the lumps
were milled, and the powder was further examined.
A wet chemical method was applied to determine the

concentration of Fe and Si in the ferroalloys. The
specimens were dissolved in an HCl and HNO3 solution.
HClO4 was then added to fully oxidize the Si-bearing
substance and confirm its form as SiO2. The solution
was filtered, and the filtrate was used for Fe analysis by
ICP-AES. The filter paper with residue was dried, and
then flux was added. The mixture was melted in a dry
oven at 1000 �C. The ash, contained in a Pt crucible, was
weighed. Then, H2SO4 and HF were added to volatilize

Table IX. continued

Type Reaction
T

(�C)
XSi (Phase I)

(–)
XSi (Phase II)

(–)
XSi (Phase III)

(–) Ref.

1245 59
1245 0.7546 63
1215 0.7118 64
1225 62
1145 0.7410 65
1145 67
1207 0.700 104
1205 0.733 69
1207 0.7287 0.7247 73
1202 0.735 0.7142 75
1207 112c

1204 109
1214 0.7186 0.699 ~ 1 11b

1205 0.7259 0.700 ~ 1 122b

1213 0.7321 0.7147 ~ 1 12b

PW present work.
aExperiment, bCALPHAD, cassessed.

METALLURGICAL AND MATERIALS TRANSACTIONS B



the SiO2 fully. The mass change before and after the
addition of the H2SO4 and HF was taken as the mass of
SiO2, on which the Si content in the alloy was calculated.
The results are given by 31.1 wt pct Fe and 68.6 wt pct Si
in the FeSi65 alloy and by 23.6 wt pct Fe and 75.3 wt pct
Si for FeSi75, respectively. The balances are given for C,
P, S, Ti, and Ca. However, in further evaluations, those
components will not be considered as the influence on
the enthalpy calculations is likely to be negligible.

Additionally, an X-ray Diffraction (XRD) analysis
was performed on the two alloys using a Bruker
D8-DAVINCI X-ray diffractometer. Cu-Ka radiation
with a wavelength of 1.54060 Å was used for the XRD
analysis. Figures 11(a) and (b) show the XRD powder
analysis of FeSi65 and FeSi75. In both ferroalloys, Si
and FeSi2 are the dominant stable phases, correspond-
ing to the phase diagram plotted in Figure 9. The

diffraction intensity of FeSi2 decreases with a rising
fraction of Si in the alloying material, while Si increases
according to the lever rule. It is thus reasonable to
include only FeSi2 and Si in the heat balance calcula-
tions for adding ferrosilicon alloys to liquid steel.

C. Quantification of the Temperature Increase During
RH Treatment

Figure 12 summarizes the statistical evaluation of the
temperature data on the RH plants. The graph shows
the temperature difference (DT = TStart – Tmeas.) for the
duration of the vacuum or the process.
The effect on ladle temperature by adding FeSi75 is

shown in Figure 12(a). The amount of ferrosilicon was
divided into three groups. Steels with FeSi75< 500 kg
are not specifically alloyed and are degassed in the RH
plant only or represent grades, in which deoxidation is
carried out after decarburization, e.g. low-carbon (LC)
and ultra-low-carbon (ULC) steels. However, the eval-
uation of the temperature data provides an important
parameter, which is the baseline cooling of the steel bath
as a function of the process duration. At the beginning
of the treatment, the RH snorkels are still somewhat
colder, so the steel bath cools down more strongly in the
first 30 minutes; the statistical evaluation showed
� 1.11 �C min�1 in ‘‘phase I’’. The cooling in ‘‘phase
II’’ then flattens out due to the reheating of the
refractory material; the analysis gives � 0.69 �C min�1

up to a maximum treatment duration of 75 minutes. The
heat of deoxidation and heat of solution by Al, were
simply considered in the amount of Al added. If FeSi75
is now alloyed in the RH process, the temperature rises
significantly depending on its quantity. By considering
the temperature loss of the ladle depending on vacuum
treatment time (phase I and phase II) and the temper-
ature increase due to Al addition, the best agreement
with the industrial data resulted in a parameter of
(4.73 ± 0.10)Æ 10�3 �C kg�1

FeSi. Based on the average
Fig. 9—Complete Fe-Si phase diagram optimized in the present
work with calculated invariant temperatures.

Fig. 10—Schematic representation of secondary steelmaking of electrical steel production in integrated steel mills.
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melt weight of about 172 t, a value of 2.75 9 10�5

kg�1
FeSi t

�1
steel is obtained. Compared to the literature

values (3 9 10�5 to 7.3 9 10�5 �C kg�1
FeSi t

�1
steel), the

determined value is rather at the lower limit of the
estimated heating effect. If all linear coefficients (ladle
cooling, Al and FeSi75 addition) are used for the final
temperature calculation, 95 pct of the predictions are
within a upper and lower error range of + 12 �C and
� 13 �C, see Figure 12(b). A measurement error of
± 2 �C of the thermocouples used in the steel mill must
also be considered. For this large data set, the classic
MLR provides excellent correlation with simple statis-
tical analysis of the measurement results, plotted in
Figure 12(c).

Thermodynamically, the heating effect of adding
FeSi75 to a liquid steel bath was determined using
FactSage 8.3,[131] and the results were critically evalu-
ated against various databases. The calculations were
performed under adiabatic conditions (DH = 0) con-
sidering two different streams. The first stream repre-
sents molten steel, assumed to be pure Fe in the liquid
reference state at 1550 �C. The second stream is FeSi75,
which, as described in Sect. ‘‘VI–B’’, consists of the
phases Si (diamond_A4) and FeSi2 (a-FeSi2). According
to the lever rule of the phase diagram (Figure 9), the
phase weight fractions are fSi = fa-FeSi2 = 0.50 at 75 wt
pct Si in the ferroalloy. Note, that the ladle temperature
loss in treatment phase I and phase II as well as the
temperature increase by addition of Al were considered
in determining the coefficient of FeSi75 alloying in the
MLR. By that, it was attempted for the results from
statistical learning to be compared with the adiabatic
calculations considering only FeSi75 alloying.

The rise in temperature upon adding FeSi75 was
determined as a function of the required Si content in
the melt. Table X summarizes these calculations for Si
contents ranging from 0.50 to 3 wt pct. Using presently
optimized model parameters, the thermodynamic calcu-
lation shows an almost linear temperature increase of
5 �C per ton of FeSi75 added. This increase flattens at
higher Si contents. A comparison of the database results
with the statistical data analysis shows excellent agree-
ment. However, deviations are observed when compared
with literature databases. For instance, the calculation
with one database[122] results in an excessive increase of
about 70 �C at 3 wt pct Si, which is approximately 40 �C
higher than industrial data. Conversely, the calculation
using the Witusiewicz et al.[12] database shows a
negligible increase, with a maximum of 3.4 �C at 3 wt
pct Si. These discrepancies are attributed to the partial
enthalpy of mixing values in the diluted range. The
optimization by Cui and Jung[11] also aligns closely with
industrial observations.
The numerical values are shown graphically in Fig-

ure 13(a). Additionally, calculations were performed
using the current database with the addition of FeSi65
instead of FeSi75. Although the Si content and bound-
ary conditions of the calculations were identical, the
lower Si (diamond_A4) fraction in FeSi65 resulted in a
lower temperature rise of the steel melt. Thus, a mixture
of FeSi75 and FeSi65 appears feasible to precisely
control the overheating of the melt to the desired
temperature for continuous casting. Figure 13(b) shows
a diagram where the temperature increase is plotted
against the Si content in the ferroalloy and the desired Si
content in the melt. If the Si content in the ferroalloy is
low and the Si content in the steel is high, the melt cools

Fig. 11—XRD analysis of phase stabilities of ferrosilicon alloys. (a) FeSi75 containing 75.3 wt pct Si and (b) FeSi65 containing 68.6 wt pct Si.
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down because the low enthalpy of mixing cannot
compensate for the enthalpy required to melt the

ferroalloy. Conversely, this applies to high Si contents
in both the steel and the ferroalloy. For better clarity, a
dashed line for DT = 0 has been added.

Fig. 12—Statistical data analysis of temperature measured during RH degassing. (a) Temperature drops during vacuum duration when FeSi75
granules are added. (b) Probability density function and cumulative distribution function of error range for temperature prediction. (c)
Comparison between measured data and calculated temperatures based on MLR.

Table X. Numerical Values of Adiabatic Calculations to Determine the Reheating Effect of Liquid Fe by Adding FeSi75 to the
Bath

Fe
(l, 1550 �C)
(t)

Si in Liquid Steel
(Wt Pct)

FeSi75
(25 �C)

(t)

a-FeSi2
(s, 25 �C)

(t)

Si
(s, 25 �C)

(t)

DT
PWa

(�C)

DT
PWb

(�C)

DT
Ref.[11]
(�C)

DT
Ref.[122]

(�C)

DT
Ref.[12]
(�C)

172 0.5 1.2 0.6 0.6 6 5.7 10 16 1
1 2.4 1.2 1.2 12 11.4 19 30 1.4
1.5 3.5 1.75 1.75 17 16.6 26 42 2
2 4.8 2.4 2.4 22 22.7 33 54 2.4
2.5 5.9 2.95 2.95 26 27.9 39 62 2.8
3 7.2 3.6 3.6 31 34.1 45 72 3.4

The present work (PW) is compared with results using previous assessments.[11,12,122]
aThermodynamic model and bdata analysis.
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VII. CONCLUSION

In the present work, the binary Fe-Si system was
reassessed experimentally and by modeling based on the
CALPHAD method for application in material design
of advanced steel grades and application to processing
of silicon steels. The following main improvements were
achieved

� The DSC measurements of the melting equilibria in
the alloy range of XSi = 0.01–0.22 showed a clear
deviation from the calculation with existing opti-
mizations. By using the MQM for the liquid phase, an
excellent agreement with the measured bcc-A2/liquid
phase equilibria could be achieved; the deviation is in
the range of ± 5 �C for both the liquidus and the
solidus temperature and thus close to the measure-
ment accuracy of the setup used.

� The thermodynamic properties, particularly the
S-shaped course of the partial mixture enthalpies
(DHSi, DHFe), could be better represented using the
MQM. The number of model parameters remained
identical to the previous work by Cui and Jung.[11]

� The solubilities of Fe and Si in intermediate silicides
could be fitted better to recently published measure-
ment data by Han et al.[109] by modifying already
proposed model parameters from the literature.

� An extensive statistical data analysis of temperature
measurements during RH treatment of Si steels (172 t
ladles) showed that the addition of FeSi75 leads to an
increase of 4.73 �C t�1. This value is in excellent
agreement with adiabatic calculations using the pre-
sent optimization (5 �C t�1). The use of other data-
bases from the literature leads to significant
differences in the heat balance, which in some cases
deviate by more than 40 �C from the industrial
measurement data.

The present work is part of the development of a
self-consistent thermodynamic database for advanced
steels in the multicomponent system Fe-C-Si-Mn-Al.
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71. E. Übelacker: Mem. Etud. Sci. Rev. Metall., 1967, vol. 64, pp.

183–90.
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