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actions with steel to sensible selection of ESR slag
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Purpose. Evaluation of the structural state of slag melts in the CaF »-Al,O3-CaO system with varying contents of SiO; (1;
2.5; 4 wt.%) and MgO (3; 6; 12 wt.%), based on their viscosity and electrical conductivity data, for a sensible selection of
the optimal chemical composition that will ensure the efficiency of the electroslag process. Methodology. Correlation-
regression analysis of the relationships between the properties of electroslag remelting slags and their chemical compo-
sition and temperature; adaptive segmented linear regression examination of the graphical dependence of the loga-
rithms of viscosity (n) and electrical conductivity (x) on temperature (In(n,x) = f(1/T)); thermodynamic modelling of the
equilibrium composition of metal-slag-gas system phases using HSC Chemistry 9 software. Scientific novelty. A new
approach is employed to assess the temperature ranges of structural changes induced by alterations in the energy bar-
rier (activation energy) associated with the formation or dissociation of compounds and interactions between different
types of ions. The approach is based on the analysis of temperature dependences of structure-sensitive properties
(viscosity (n) and electrical conductivity (x)) using the adaptive segment regression method. Practical value. The de-
pendencies of the temperatures of the structural state changes (T, — derived from viscosity data, T, — derived from
electric conductivity) and the intervals between them (AT) on the chemical composition of the studies slags can be relia-
bly represented by the parameter p — stoichiometry index (the ratio of cations (Ca?*, Mg?*, Si**, AI**, etc.) to anions (O,
S?, F etc.)). The slag composition (wt.%) CaF,— 31, Al,O3 31, CaO- 31, SiO~4, MgO-3 provides suitably low values
of phase transition temperatures T, = 1454K, T, = 1153K and a wide range between them AT = 301 K that make it is
promising for energy effective ESR in short-collar mold with ingot withdrawing.

Key words: slag, melt, chemical composition, viscosity, electrical conductivity, temperature, structure, electroslag re-
melting.

Mema. OuyiHumu cmpykmypHuli cmaH wiiakosux poasmnasie cucmemu CaF»-Al,03-CaO 3 pisHum emicmom SiO; (1; 2,5;
4 mac%) i MgO (3; 6; 12 mac.%) 3a GaHumu ix 8'a3kocmi ma eniekmporposioHocmi Orisi 0brpyHmMoeaHo20 8ubopy paui-
OHarbHo20 XiMidHo20 cknady, wo 3abe3neyums egheKkmusHicmb Mpouecy ernekmpouwakogoeo nepennasy (ELLIM).
Memoduka. KopensyiliHo-peapeciliHull aHarni3 38’s3ky enacmugocmell Wiakosux po3riasie npouecy eekmpouliako-
8020 nepennasy 3 ix XiMiYHUM ckradoM ma memMrepamyporo; aHarni3 2paghidHoi 3anexxHocmi no2apuchmis &’ssskocmi (n)
i enekmponposidHocmi (x) 8id memnepamypu (In(n,x) = f(1/T)) 3 sukopucmaHHsIM Memody adanmueHoi ceaMeHmosaHoi
NiHItHOT peapecii; mepmMoOuHamidHe MOOerTto8aHHS PieHOBaXHO20 ¢ha308020 ckady 8 cucmemi Memarn-wrnak-2a3 3 eu-
KopucmaHHsiM rpoepamHozo 3abesneyeHHss HSC Chemistry 9. Haykoea Hoeu3Ha. BukopucmaHo Hosul nidxid 0o oui-
HKU memrepamypHUX iHmepaarie cmpyKmypHUX 3MiH, sIKi CIpUYUHEHI 3MiHO eHepeemu4Ho20 b6ap’epy (eHepeaii akmu-
saujii) ymeopeHHs1 abo Aucoujauii crionyk ma 83aemodii Mixx pi3HUMU murnamu ioHig, wo eidobpaxkaembcsi Ha memrnepa-
MYyPHUX 3aexHOCMSIX CMPYKMypHO-4ymaugux eracmusocmel (8’a3kocmi (1) ma enekmponpogiGHocmi (x)) posmnna-
gig. lMpakmuyHa 3Ha4yumMicmb. ObrpyHmMoeaHo pauyioHanbHuUl cknad wnaky ons ELUM 3 emicmom 8 HbOMY KOMIMOHEH-
mis (mac. %): CaF, - 31, Al,O3- 31, CaO- 31, SiO,- 4, MgO — 3, skuli 3abesnedye baxaHi HU3bKI 3Ha4eHHs1 memrnepa-
myp ¢hazosoeo nepexody T, = 1454K, T, = 1153K ma wupokuti iHmepsan mix Humu AT = 301 K. BcmaHogreHo 38'a30K
3anexHocmel 3HaqeHb T4, T, ma AT docnidxysaHux wiiakie 3 ix XiMiYHUM cknadom, npedcmasneHuM rnapamempom p —
MoKasHUK cmexioMempii cucmemu, wo AopieHIoe 8IOHOWEHHHO Kilbkocmi kamioHie (Ca?*, Mg?, Si*', AP" ma iH.) 0o aHi-
oHig (O, S%, F ma iH.) 3 koegpiyieHmom demepmiHauyii 0,78; 0,95 ma 0,86 8idrnogidHo.

Knro4yoei cnoea: wrnak, posnnas, enekmpouwnakosull repernas, 8’sa3Kicmb, ernekmporposioHicme, memriepamypa,
cmpyKkmypa.

Evaluating the structural state of fluoride-oxide melts and their inter-

Introduction. Research into the physicochemical
processes of electroslag remelting (ESR) and
various electroslag technologies, invented by
B. I. Medovar at the E. O. Paton Electric Welding
Institute of the NAS of Ukraine, has surged in recent
years due to growing consumer demands for higher-
quality ESR metal and the need to enhance
production efficiency. The key to the efficiency of

© CtenaHeHko [O.0. — K.T.H., [YM im HekpacoBa
CrosnyeHko I".IN. — A.T.H., npod., Tianjin Heavy Industry
research and Development Co, Ltd, TaHbU3iHb, KuTan
Torobuubka .M. — A.7.H., npoc. I4YM im Hekpacosa
JlicoBa J1.0. — K.T.H., IHCTUTYT enekTpo3BaploBaHHA
im.€.0.MNaToHa

OO

the ESR technological process and the quality of the
ingot lies in a well-founded choice of slag
composition. A strong current flow generates heat in
the slag melt, which is essential for melting and re-
fining the consumable electrode metal from impuri-
ties like sulphur and non-metallic inclusions. In
addition, the slag forms a thin film (slag skin)
between a mould’s inner surface and an ingot,
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ensuring its smooth and even surface. Several other
requirements for slags are formulated [1-3]
depending on the functions that must be ensured
when using them in ESR. Ensuring the fluidity of the
slag melts at operating temperatures is essential in
electroslag remelting processes. The slag must be
readily fusible, with its melting point below (from 100
to 500 degrees, according to various estimations)
the liquidus temperature of a remelted metal.
Usually, the melting of multicomponent slags (except
for the eutectic composition) occurs in a certain
temperature range caused by structural changes.
Two main methods for determining them are
thermodynamic calculation and experiment [4-6].

The first method involves determining the
equilibrium phase composition of the slag and how it
changes depending on temperature, pressure,
component concentration, and so on. The results'
accuracy depends on the incoming information's
reliability and completeness. In actual processes,
controlling thermodynamic parameters, such as the
partial pressure of gases and their chemical
composition, proves challenging, which diminishes
the accuracy of calculations and the determination of
their melting points. The experimental determination
of the melting point (Standard DIN 51730) involves
visually observing the alteration in the sample's
geometric size as it is heated. Temperatures are
recorded while visually detecting the shapes of the
sample as defined in the standard. The accuracy of
measurements is influenced by subjective factors
(such as an experimenter's experience) and
objective factors (visually different melting behavior
of slags with dissimilar chemical compositions).
Moreover, the geometric shape of slag samples
usually differs, thereby reducing the repeatability of
results due to variations in melting.

The purpose and objectives of the research. A
new approach was used to estimate the temperature
ranges characterizing structural changes in the slag
melt of the CaF2-Al203-Ca0-SiO2-MgO system. It is
based on the approximation of the dependencies
In(m, ) = f(1/T) [7], using the adaptive segmented
linear regression method and the modelling of linear
segments  (temperature ranges), where the
activation energies of viscosity (En) and electrical
conductivity (Ey) are independent of temperature.
The fulfilment of the condition E;, E, # f(T) serves
as evidence for the constancy of the melt structure;
alterations in their values across different
temperature ranges indicate a change in the
structure [8-11].

The temperature stability intervals of the melt
structure, as well as the temperatures at which
changes in structural state occur, were determined
based on the experimental data of viscosity and
electrical conductivity of CaF2-Al203-CaO slags with
varying contents of SiO2z (1; 2.5; 4 wt.%) and MgO
(3; 6; 12 wt. %) [12] to justify the rational composition
of the slag. The equilibrium content of the
components of the gas-slag-metal system (under the
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technological conditions of electroslag remelting of
Cr11MoV steel at PJSC Dniprospetsstal) was
calculated to support the informed selection of ESR
slag.

Research results. It is known that the
physicochemical properties of slag melt, particularly
viscosity and electrical conductivity, depend on the
chemical composition and temperature, reflecting
structural changes in a melt [13-17]. According to
contemporary concepts [13], viscosity is determined
by the content and type of polymer-forming anions,
specifically Si,0f~, AL,OF~, and electrical
conductivity more depend on the mobile cations
(Ca?*, Mg?*, O, F- etc.) concentrations. The basic
equations for the mathematical description of the
temperature dependence of viscosity (n) and
electrical conductivity (x) are expressions (1) and
(2), accordingly, proposed by J. Frenkel [18].

E

77=A-e%, (1)
E

)(=B-e_%, 2)

where: T —the absolute temperature (K); A and
B — constants; R — the universal gas constant
(8.314-J/(mol K)); E, and E, are the activation
energies of viscosity and electrical conductivity
(J/mol), accordingly.

Formulas (1) and (2) illustrate the exponential
dependence of the reaction rate constant on
temperature, as the fundamental Arrhenius equation
describes. According to these fundamental
principles, the logarithmic relationships of viscosity
(In(n)) and electrical conductivity (In(x)) concerning
temperature (1/T) are valid under the following
conditions:

A,B,E, E, * f(T). (3)

The viscosity of most slag melts deviates from
the Arrhenius equation, as its activation energy
changes inversely proportional with temperature
increasing [15, 19-21]. Such a change in activation
energy with temperature permits slag melts to be
classified as structurally heterogeneous liquids
exhibiting various types of chemical bonds between
ions. Similar to the viscosity of slag melts, the
deviation from condition (3) is similarly maintained
for the temperature (1/T) dependence of the
logarithm of electrical conductivity. Determining the
temperature ranges at which condition (3) for
In(n,x) = f(1/T) will be satisfied holds both
theoretical and practical significance for exploring
the composition-structure-properties relationship of
slag melts. To model the specified temperature
ranges for ESR slags of the CaF2-Al203-Ca0-SiO»-
MgO system (Table 1), the relevant values of
viscosity (Fig. 1) and electrical conductivity (Fig. 2)
were involved based on the experimental data of
[12].



Table 1 — Chemical composition of slags in calculation
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Slag Number Content of components, wt.%
CaF2 Al2O3 CaO MgO SiO2
1 31 31 31 3 4
2 31.5 31 32 3 2.5
1 32 32 32 3 1
4 31 31 31 6 1
5 29 29 29 12 1

The adaptive segmented

method [7] was applied for calculations of the linear

sections of the temperature d

f(/T), In(x) = f(1/T) based on the experimental

data on viscosity and electrical

linear regression and 2) of the investigated slags. The temperatures

of structural transitions T1 and T2 (Fig. 3, 4, and

ependences In(n) = Table 2) were calculated and plotted against the

conductivity (Figs. 1  in Figures 1 and 2, respectively.
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Figure 1 — Temperature dependence of slag viscosity (Table 1) [12]. Marks on the graphs are
temperatures of structural transitions T+ (Figs. 3, 4, and Table 2).
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Figure 3 — Linear sections of temperature dependences of the logarithms of viscosity (In(n)) of slags

(numbering according to Table 1).
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Figure 4 — Linear sections of temperature dependences of the logarithms of electrical conductivity (In(x))

of slags (numbering according to Table 1).

From the calculation results (Fig. 3 and 4) it is
evident that n(n,y) = f(1/T) dependencies have
high-temperature and low-temperature linear
sections with particular values of temperature
intervals. The consistency of activation energies and
structure are characteristic of these linear sections.
The temperatures that are common to the high-
temperature and low-temperature sections for both
In(n) = f(1/T) (designation T+ in Fig. 3) and
In(y) = f(1/T) (designation T2 in Fig. 4) have
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theoretical and practical value. The corresponding
values of T4 and T2 and the difference between them
(AT) are presented in Table 2.

Figures 5 and 6 illustrate the graphical
relationships of the values of T4, T2, and AT for the
studied slags in relation to their chemical
composition, represented by the parameter p - an
indicator of the stoichiometry of a system, which
means the ratio of cations (Ca?*, Mg?*, Si**, Al%*,
etc.) to anions (O-, S%, F, etc.) [22].
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Table 2 — Temperatures T1 and T2 received by the adaptive segmented linear regression method from

dependencies In(n, y) = f(1/T)

Slag Number p T, K T2, K AT, K
1 0,688 1454 1153 301
2 0,694 1414 1253 161
3 0,697 1594 1373 221
4 0,706 1695 1553 142
5 0,725 1674 1333 341
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Figure 5 — Dependence of temperatures T1 and T2 on the slag stoichiometry index — p. The numbers on

the graphs correspond to the slags listed in Table 2.
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Figure 6 — Dependence of AT as the difference between T4 and T2 on the slag stoichiometry index - p.
The numbers on the graphs correspond to the slags listed in Table 2.

It is shown that slag #1 (Tables 1, 2) has the
lowest phase transition temperatures T4+ = 1454 K,
T2 = 1153 K and a wide range between them A,
T = 301 K, making it a good candidate for ESR in
view of the above-substantiated requirements
specified above.

Thermodynamic calculations. Using the HSC
Chemistry 9 software, the equilibrium compositions for
the thermodynamic gas-slag-metal system were
calculated during electroslag remelting of Cr11MoV
steel (Table 3) under slags (Table 1) in an inert gas
atmosphere (argon) and a temperature of 1873 K [12].

Table 3 — Chemical composition of steel Cr11MoV, which is accepted in calculations

Component C Si Mn

Cr Mo \ Cu Ni S

Content, wt.% 0,15 0,5 0,7

0,7 0,3 0,3 0,3 0,025

61



ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2005, Ne 1
Theory and Practice of Metallurgy, 2005, No. 1

It is accepted that the specific consumption of
slag is 44 kg per ton of metal (ingot 4300 kg in
weight). Thermodynamic calculations of the
equilibrium content of the components of the gas-
slag-metal system have shown that the content of

active components of the slag and metal phases is
subject to significant changes (Table 4). They are
redistributed between the phases (the initial values
(before interaction) and final (after it) ones are
shown in Figures 7-11).

Table 4 — Equilibrium content of the most active and variable components of the slag, gas, and metal

phases at 1873 K.

Slag Content of components, wt.%
Number Metal Gas Slag

Si Al CO Mn MnO FeO
1 0,494 0,019 0,28 0,06 0,04 0,01
2 0,500 0,012 0,37 0,07 0,06 0,01
3 0,503 0,009 0,46 0,04 0,07 0,02
4 0,494 0,019 0,27 0,05 0,04 0,01
5 0,495 0,018 0,27 0,05 0,05 0,01

The formation of MnO and FeO oxides in the
equilibrium composition indicates the slag's oxidising
effect on the metal. A sign of this is also the

32,5

oxidation of aluminium, which is accompanied by an
increase in the Al2z03 content in the slag (Fig. 7) and
is minimal for slags #1 and #4.

32

W AI203 (before)

W AI203 (after)

31,5
31
30,5
30
29,5
29
28,5
28
27,5

Equilibrium content Al; 05, wt%

1 2

content.

The most remarkable oxidation of aluminium is
associated with increased SiO2 content (slags #2
and #3). Increased MgO content within the studied
limits has almost no effect. A decrease in the CaO

3 4 5

Slag Number
Figure 7 — Comparison of initial (before interaction between slag and metal) and final (after it) Al2Os

content in the equilibrium composition occurs for all
slags, which may be associated with calcium sulfide
formation, promoting metal desulfurization (Fig. 8).
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Figure 8 — Change in the content of CaO and CaS in the slag phase.

The highest amount of CaS compound (1.57
wt.%) is shown for systems with slags #1, #4, and
#5, which indicates that the increase in magnesium
content from 3 to 12 wt.% does not affect the
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formation of sulfides. The desulfurization capacity of
the slag decreases with an increase in the silica
content from 1 to 4 wt.%.
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decreased MgO content in the slag are also
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predicted (Fig. 9).
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Figure 9 — Change in MgO content in slag and Mg vapor content in the gas phase.

It should be noted that increasing the SiO:2
content to 4 wt.% with a constant MgO content
(3 wt.%) reduces its evaporation to the gas phase
(the lowest value is 0.04 wt.% for slag #3). The

33

formation of CaF2z vapors in the gas phase is also
predicted, which naturally decreases with the
lowering of its content in the slags (Fig. 10).
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Figure 10 - Change in CaF2 content and its evaporation.

The use of all slag compositions with 1 wt.% SiO2
demonstrated negligible oxidation of silicon from the
metal composition. With a slag content of 2.5 wt.%
SiO2, the silicon content in the metal and silicon
oxide in the slag remain nearly at the initial level
(Fig. 11). With a content of 4 wt.% SiOz, there is an
insignificant reduction of silicon in the metal
observed.

The equilibrium chromium content in steel has
remained almost unchanged, and the amount of
chromium oxide in the slag phase is insignificant.
The highest value of 3.4 to 3.7 x 10™° wt.% is
predicted for slag #3, while the minimum is for slags
#1 and #5 (4 to 8 x 107® wt% and 5 to
7 x 10 wt.%, respectively). Thermodynamic
calculations have demonstrated the fundamental
feasibility of using all the studied slags from the

CaF2-Al203-Ca0-Si02-MgO  system for
Cr11MoV steel while maintaining
composition within acceptable limits.

The results were validated by the pilot industrial
test at Dniprospetsstal [23] involving the electroslag
remelting of ingots (565565 mm, 4300 kg) made
from high-alloy steel Cr11MoV, which also
demonstrated full compliance with standard
requirements. In comparison to the slag ANF-6
(70 % CaF2, 30 % Al203) utilized at Dniprospetsstal,
there was a reduction in metal contamination with
oxide ribbon non-metallic inclusions by 0.5 points,
an increase in relative elongation by 12.5 %, and a
decrease in energy consumption by 17 % resulting
from the lower electrical conductivity of the proposed
slag.

remelting
the original

63



ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2005, Ne 1
Theory and Practice of Metallurgy, 2005, No. 1

4,5

W 5i02 (befor)

W 5i02 (after)

3,5

2,5

1,5

Equilibrium content Si0,, wt%

0,5

1 2

3 4 5

Slag Number

Figure 11 — Change in SiOz2 content in the slag phase

By employing a new method to evaluate the
structure of slag melts, the composition of slag #1 is
marked as exhibiting low structural transition
temperatures (based on the viscosity and electrical
conductivity temperature curves) alongside a broad
interval between the phase transformation points.
This slag is promising for ESR with a short-collar
mold, where the long-term presence of liquid slag
with an unaltered structure is crucial for achieving a
smooth ingot surface. The researched slags of the
CaF2-Al203-Ca0-SiO2-MgO system are
recommended as a replacement for ANF-6 slag in
the electroslag remelting of high-alloy steels to
enhance energy efficiency and reduce costs, owing
to the twofold lower content of calcium fluoride.

Conclusions

A new approach for estimating the temperatures
of structural state changes in slag melts based on
approximating the adaptive segmented linear
regression of In(n,x) = f(1/T) dependencies and
modelling linear segments (temperature intervals) in
which the activation energies of viscosity (E;) and
electrical conductivity (Ex) are unrelated of
temperature was applied.

The temperatures of the structural state changes
(T1 and T2), along with the interval between them
(AT), were determined based on experimental data

on the viscosity and electrical conductivity of ESR
slags from the CaF2-CaO-Al20; system, which
contains SiOz2 (1; 2.5; 4 wt.%) and MgO (3; 6;
12 wt.%).

The relationships between structural changes
and the composition of the studied slags were
identified using the stoichiometry indicator p (the
ratio of cations (Ca?*, Mg?*, Si**, AI**, etc.) to anions
(0, S*, F7, etc)), which describes the
dependencies of T1, T2, and AT values on the
chemical composition of slags, with determination
coefficients of 0.78, 0.95, and 0.86, respectively.

The slag containing (wt.%) CaF2— 31, Al2O3— 31,
CaO- 31, SiO2—4, MgO-3 is promising to facilitate
the smooth ingot surface formation in short-collar
mold ESR, due to providing the suitably low values
of phase transition temperatures T+ = 1454 K,
T2 = 1183 K, and the wide range between them
AT =301 K.

Thermodynamic calculation shows that additions
of SiO:2 affect the properties of studied slags much
more than MgO. Increasing SiO2 from 1 to 4 wt.% in
the studied system results in metal component
oxidation, diminishes MgO evaporation from slags,
and reduces their desulphurization ability.
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