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Abstract. The paper considers the issues of determining undissolved CaO and MgO particles in slags formed in a ladle-furnace unit. The assess-

ment of slags by the presence and quantity of undissolved oxides CaO and MgO, depending on chemical composition, was carried out using 
a polymer model developed at UrFU and improved at IMeT UrB RAS. To determine the saturation of a multicomponent melt by CaO and MgO 
oxides, it is necessary to compare two parameters: thermodynamic activity of oxide in the melt, which depends on chemical composition, and 
saturation activity, which depends on temperature. The authors propose a method for estimating the content of undissolved particles in the slags 
formed at the steel ladle treatment at JSC VMZ. Most slags contain undissolved lime in an amount less than 10 %, which is sufficient for 
successful steel desulfurization. Theoretical calculations for determination of undissolved particles were confirmed in laboratory conditions 
during studies of industrial slags with a Stengelmeyer viscometer. Laboratory experiments showed the accuracy of the calculated method for 
determining the solid phase in the slags formed in ladle-furnace unit by comparing the viscosity changes with a decrease in the slags tempera-
ture. Solidification temperature of heterogeneous slag is 200 °C higher than that of homogeneous one. When temperature of heterogeneous slag 
decreased, enlarged agglomerates of solid oxides were formed, which fell under the measuring device, respectively, it showed an increased 
viscosity of the oxide system in the temperature range of 1570 – 590 °C. Laboratory experiments confirm the methodology for determining 
the solid phase in the slag. 
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Аннотация. В работе рассмотрены вопросы по определению нерастворенных частиц СаО и MgO в шлаках, формируемых в агрегате 

ковш–печь. Оценку шлаков по наличию и количеству нерастворенных оксидов СаО и MgO в зависимости от химического состава прово-
дили с помощью полимерной модели, разработанной в УрФУ и усовершенствованной в ИМеТ УрО РАН. Для определения насыщения 
многокомпонентного расплава по оксидам СаО и MgO необходимо сравнить два параметра: термодинамическую активность оксида 
в расплаве, которая зависит от химического состава, и активность насыщения, которая зависит от температуры. Предлагается методика 
оценки содержания нерастворенных частиц в шлаках, формируемых на участке ковшевой обработки стали АО «ВМЗ». Большинство 
шлаков содержит нерастворенную известь в количестве не более 10 %, что достаточно для успешной десульфурации стали. Теорети­
ческие расчеты по определению нерастворенных частиц были подтверждены в лабораторных условиях при исследованиях производст-
венных шлаков на установке вискозиметра конструкции Штенгельмейера. Лабораторные опыты показали точность расчетного метода 
определения твердой фазы в шлаках, формируемых в агрегате ковш–печь, путем сравнения изменения вязкости при снижении темпера-
туры шлаков. Температура застывания гетерогенного шлака на 200 °С выше, чем гомогенного. При снижении температуры гетерогенного 
шлака образовывались укрупненные агломераты твердых оксидов, которые контактировали с измерительным зондом, повышая регистри-
руемую вязкость оксидной системы в интервале температур 1570 – 1590 °С. Результаты лабораторных опытов подтверждают методику 
определения твердой фазы в шлаке. 

Ключевые слова: шлаки, агрегат ковш–печь, нерастворенные частицы, гомогенный шлак, гетерогенный шлак, вискозиметр, растворение из-
вести
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Оценка гомогенности рафинировочного шлака АКП  
расчетным и экспериментальным методами

В. А. Мурысёв1 , О. Ю. Шешуков2, 3, В. М. Сафонов4, 
С. А. Сомов1, А. А. Метелкин2, Д. К. Егиазарьян2, 3

 Introduction

Ladle metallurgy represents a crucial stage in metal 
processing prior to pouring into a Continuous Casting 
Plant (CCP). Its primary objective is to refine the liqu id 
metal to attain the specified and uniform chemical com-
position, the required temperature, and a high degree 
of purity from non-metallic inclusions and harmful impu-
rities [1 – 3].

Within the ladle-furnace (LF) unit of the electric fur-
nace shop of JSC Vyksa Metallurgical Plant (JSC VMZ), 
highly basic and liquid-active slags are formed. The pri-
mary purpose is to remove sulfur from the metal, which 
can compromise the steel’s service properties. Addition-
ally, the slag serves to protect the metal from secondary 
oxidation, reduce heat losses from the melt’s surface, and 
absorb non-metallic inclusions [1].

A key objective in the ladle treatment of steel (LTS) 
is to form highly basic slag to ensure maximum desul-
furizing properties. This is achieved through the pre-

sence of “free” oxygen anions, originating mainly from 
the oxides CaO and MgO [1; 8 – 11]. 

Based on experience gained from refining metal 
at the LTS site, it is understood that successful sulfur 
removal requires the formation of slags saturated with 
CaO with a slight degree of supersaturation, not exceeding 
10 %. If lime completely dissolves, there will be a defi­
cit of CaO oxide, adversely affecting the slag’s refining 
properties. Conversely, if the amount of undissolved lime 
exceeds 10 %, it will diminish refining properties and 
increase consumption of slag-forming materials [1; 12]. 

To dissolve CaO, additives are necessary to lower its 
melting temperature and accelerate dissolution. Exam-
ples include fluorite (CaF2), silica-containing additives, 
or aluminum-containing materials. 

Although fluorite (fluorspar) is widely used in steel-
making production as an efficient slag thinner, its use 
presents several significant drawbacks [13]: 

– calcium fluoride promotes the erosion of refractory 
linings in steel ladles;
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– at high temperatures, partial evaporation of CaF2 
occurs, contributing to environmental degradation.

At modern enterprises, there is a concerted effort 
to replace calcium fluoride with alternative fluxing addi-
tives. 

To dissolve CaO in slag, materials based on silica and 
alumina can be utilized. These materials form low-mel-
ting eutectics with calcium oxide, effectively reducing 
its melting temperature. However, the use of SiO2-based 
materials for refining processes is not advisable. This is 
due to the importance of minimizing the SiO2 content in 
the slag to achieve a high sulfur distribution coefficient 
during refining. Therefore, it is recommended to employ 
fluxing materials based on Al2O3 [15 – 17]. 

Furthermore, an evaluation of slags based on their 
saturation of CaO and MgO, depending on their chemi-
cal composition under the conditions of JSC VMZ, is 
deemed necessary.

 Experimental

The evaluation of slags based on the presence and 
quantity of undissolved CaO and MgO oxides, depen-
ding on their chemical composition, was conducted using 
a polymer model (PM) developed at the Ural Federal 
University (UrFU) and further improved in [19].

The principle of determining the saturation of a multi-
component melt with CaO and MgO involves comparing 
two parameters: the thermodynamic activity of the CaO 
oxide in the melt ( ), which depends on the chemical 
composition, and the saturation activity of CaO ( ), 
which is temperature-dependent.

The method for determining the saturation of a melt 
with CaO and MgO is as follows (Fig. 1). At point 1, cor-
responding to temperature T1 , the inequality  <  is 
valid, indicating that the melt is not saturated with CaO 
oxide. 

From point 1 to point 2 (excluding point 2 itself)  
decreases. At point 2, determined by temperature T2 , 
the melt becomes saturated with CaO oxide, rea ching 
the thermodynamic activity of this oxide in the melt, i.e., 
the equality  =  is valid. This condition corres-
ponds to a certain value of СаО* in the melt. With further 
decrease in temperature to T3 and a constant slag com-
position, excess CaO oxide will be present in the form 
of a solid phase, as  > . Accordingly, the compo-
sition of the slag and the temperature at which the solid 
CaO phase begins to precipitate can be determined: this 
is line 4 – 2 – 5 (Fig. 1). 

Thus, the method for determining the quantity 
of undissolved CaO and MgO particles and the complete 
composition of the liquid phase of a heterogeneous slag 
consists of the following steps: 

1) determination of the minimum temperature 
at which the thermodynamic activities of CaO and MgO 
oxides do not exceed the saturation activities;

2) if necessary, reduction of the calculated amount 
of CaO and MgO oxides in the slag to satisfy the condi-
tion  = ;

3) determination of the mass fraction of undissolved 
CaO and MgO particles based on the component balance 
of the initial slag composition at a given temperature.

To validate this method, slags formed in the steel cas-
ting ladle were selected from the LTS site at JSC VMZ 
with known chemical compositions (Table 1).

Using the proposed method and the polymer model 
(PM), the composition of the homogeneous phase of each 
slag and the quantity of the solid phase of CaO and MgO 
oxides were calculated (Table 2).

Slag 4 is homogeneous as it does not contain solid 
phases of CaO and MgO; slag 5 is heterogeneous and 
contains solid phases of CaO and MgO; slags 1 – 3, 6 are 
heterogeneous and only contain undissolved CaO oxide, 
the quantity of which does not exceed 10 %.

To determine the type of slags, their physical proper-
ties such as viscosity and melting temperature were com-
pared using a laboratory unit.

Table 1. Chemical composition of the studied slags

Таблица 1. Химический состав исследуемых шлаков

Slag
Content, wt. %

CaO SiO2 Al2O3 MgO FeO + MnO
1 52.7 9.8 27.0 6.1

<1.5

2 50.7 9.9 28.8 6.7
3 52.7 8.4 29.6 5.2
4 47.3 9.6 31.1 6.9
5 50.9 9.3 26.2 9.2
6 52.5 8.9 26.6 6.6

Fig. 1. Method for calculating the amount of solid CaO particles  
in heterogeneous slag

Рис. 1. Методика расчета количества твердых частиц оксида СаО 
в гетерогенном шлаке
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In this study, viscosity was measured using a vibra-
tional method. The vibrational viscometer operates in 
resonance mode, allowing for viscosity measurements 
of melts within the range of 0.1 – 15 Pa·s. Its high sensi-
tivity is attributed to operating on resonance oscillations, 
where the viscosity of the slag disrupts the resonance 
conditions. Achieving resonance requires the frequency 
of the current supplying the vibrator coil to match 
the natu ral frequency of the mechanical oscillations 
of the viscometer’s movable system. When resonance 
occurs, the amplitude of the movable system’s oscillations 
reaches maximum, inducing the maximum electromotive 
force in the measuring coil. The design of the vibrational 
viscometer used in this study was developed by Stengel-
meyer [20] (refer to Fig. 2). 

The principle of operation is that when the probe is 
immersed in the slag melt, resonance oscillation is dis-
rupted: the higher the viscosity of the slag, the smaller 
the amplitude of the movable system’s oscillations 
becomes, resulting in a smaller electromotive force in 
the measuring coil. Tuning the viscometer to resonance is 
achieved using an autogenerator. Since the measuring coil 
is located in the magnetic field of a ring magnet, a cur-
rent is induced in it, with a frequency equal to the fre-
quency of the oscillations of the viscometer’s movable 
system, i.e., a current of resonance frequency appears in 
it. The power of these current oscillations is increased 
using an amplification circuit powered by a direct cur-
rent source. The amplified oscillations are then reap-
plied to the vibrator coil, thus automatically maintaining 
the resonance oscillations of the viscometer.

To prevent the transmission of vibration energy from 
the viscometer to the support of the micropipette mani-
pulator, the viscometer was placed on damping springs, 
consisting of four pairs of spiral springs. Additionally, 
to ensure the stability of operation of the electrodynamic 
sensors, the viscometer was shielded from thermal radia-
tion.

When measuring the viscosity of melts, a 300 mm long 
probe made of tungsten wire with a diameter of 1.5 mm 

was utilized. The probe was immersed into the flux melt 
to a depth of 10 mm. Immersion of the probe into the stu-
died melt was facilitated using a micro meter screw lift, 
upon which the viscometer was mounted. The depth 
of immersion was measured using the scale of the microm-
eter screw lift, with the starting point (contact with 
the melt by the probe) being fixed using the TRM­200 
meter. This was achieved by detecting the signal drop 
relative to the movement of the probe in the air. A digital 
multimeter, connected in parallel to the measuring coil, 
was employed for viscosity measurement, with its rea-
dings being proportional to the amplitude and frequency 
of the vibrations of the measuring coil. Temperature sig-
nals and the output signal of the multimeter were auto-
matically recorded using the two-channel TRM-200 
meter. The output signal of the meter, which has an 
RS-485 interface, was transmitted to a computer via an 
OVEN AC-4 automatic converter with USB/RS-485 
interface and recorded in Excel spreadsheets. Signals 
were continuously recorded throughout the experiment 
with a 1 s interval.

The calibration of the viscometer was conducted 
on slag containing 40 wt. % CaO, 40 wt. % SiO2 , and 
20 wt. % Al2O3 , where the viscosity of this slag at vari-
ous temperatures is known [7]. This facilitated a “hot” 
calibration to be performed on slags with pre-known vis-
cosity. The results of several calibrations were aggregated 
and overlaid on a single graph illustrating the dependence 
of viscosity on the signal obtained from the viscometer. 
Subsequently, an equation that most accurately described 
the obtained results was selected:

 

where η is the dynamic viscosity, Pa·s; Е is the EMF 
recorded by the meter, mV.

The coefficients of the equation were determined 
by analyzing more than 20 points obtained during 
the calibration of the viscometer. Each point was derived 

Table 2. Chemical composition of homogeneous phase and presence of solid phase in the studied slags

Таблица 2. Химический состав гомогенной фазы и наличие твердой фазы в исследуемых шлаков

Slag
Content, wt. %, in liquid phase Amount of heterogeneous slag deposited  

from the initial oxide mixture, wt. %
CaO SiO2 Al2O3 MgO FeO + MnO MgO CaO

1 52.52 10.66 29.36 6.63

<1.5

0 4.56
2 52.00 10.26 29.84 6.94 0 0.52
3 52.75 9.03 31.80 5.59 0 3.73
4 49.33 10.01 32.43 7.20 0 0
5 49.87 10.39 29.26 9.50 0.72 6.47
6 51.56 10.07 30.10 7.47 0 7.28
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by averaging 100 – 150 viscosity values during isother-
mal holding while simultaneously measuring the visco-
sity of the calibration slag. The relative error in viscosity 
measurement was within ±5 %.

The experimental procedure comprised the following 
steps:

– preparation of the slag mixture, ensuring that 
the volume of the prepared mixture provided a liquid slag 
layer thickness of at least 26 mm for a 10 mm diameter 
crucible with a depth of 30 – 40 mm;

– loading the prepared mixture into a molybdenum cru-
cible and placing it in a high-temperature furnace. The mix-
ture was heated to a temperature of approximately 1450 °C 
at a heating rate of approximately 9 °C/min. An inert 
atmosphere was maintained by introducing argon gas 
into the working volume of the furnace from below;

– lowering the vibration head of the viscometer, 
touching the surface of the slag with a tungsten probe, 

and immersing it to a depth of 10 mm using a micrometer 
screw;

– holding the sample at the specified temperature 
for 5 min while measuring viscosity. Data on visco-
sity and slag temperature were automatically recorded 
on a compu ter at 1 s intervals;

– gradual cooling of the melt at a rate of 5 °C/min; 
continued until the solidification of the melt, with conti­
nuous recording of the obtained data throughout the pro-
cess;

– heating the melt to its melting temperature to release 
the end of the probe from the melt.

 Experimental results

The viscosity of homogeneous and heterogeneous 
slags 4 and 5 was measured (Table 2). Viscosity measure-
ments are depicted in Figs. 3 and 4. 

Fig. 2. Schematic diagram of the Stengelmeyer viscometer:
1 – Al2O3 case; 2 – resistance furnace; 3 – vibrating rod, the lower part of which is a probe; 4 – digital multimeter;  

5 – shock–absorbing springs; 6 – viscometer housing; 7 – flat springs; 8 – vibrator core; 9 – annular magnet; 10 – measuring coil;  
11 – digital TRM-200 meter; 12 – auto generator; 13 – armature winding; 14 – vibrator anchor; 15 – water–cooled lid;  

16 – W – WRe thermo-steam; 17 – crucible with melt

Рис. 2. Принципиальная схема вискозиметра конструкции Штенгельмейера:
1 – чехол из Al2O3 ; 2 – печь сопротивления; 3 – вибрирующий стержень, нижняя часть которого является зондом; 

4 – мультиметр цифровой; 5 – амортизирующие пружины; 6 – корпус вискозиметра; 7 – плоские пружины; 8 – сердечник вибратора; 
9 – кольцевой магнит; 10 – измерительная катушка; 11 – измеритель цифровой ТРМ­200; 12 – автогенератор; 13 – обмотка якоря; 

14 – якорь вибратора; 15 – водоохлаждаемая крышка; 16 – W – WRe термопара; 17 – тигель с расплавом
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The presented data reveal the following:
– direct viscosity measurement of heterogeneous 

slags presents a challenge, as significant interference is 
introduced into the recorded signal due to the interac-
tion between the viscometer probe and the solid slag par-
ticles;

– heterogeneous slag exhibits increased viscosity due 
to the presence of solid particles in its volume, even with 
relatively similar chemical composition parameters;

– heterogeneous slag has an elevated crystalliza-
tion temperature because the undissolved particles can 
act as substrates during the liquid slag crystallization pro-
cess. This is manifested in a shorter crystallization inter-
val from the onset of noticeable viscosity growth to soli-
dification (around 20 – 30 °C for heterogeneous slag 
compared to 60 °C for homogeneous slag).

Slag saturated with MgO and CaO oxides exhibits 
increased viscosity, with its solidification temperature 
being 200 °C higher than that of homogeneous slag. For 
refining processes, it is imperative to utilize high­basicity 
homogeneous slag. 

From the comparison of the data presented in Figs. 3 
and 4, it can be deduced that heterogeneous slag pos-
sesses an elevated melting temperature. The solidifi-
cation temperature of homogeneous slag falls within 
the range of 1350 – 1370 °C, consistent with theoreti-
cal data. In contrast, the melting temperature of the pre-
sented hete rogeneous slag ranges from 1560 – 1590 °C. 
Addi tionally, it is noteworthy that as the temperature 
of the heterogeneous slag decreases, agglomerates 
of solid oxides form, contacting the measuring probe 
and resulting in increased viscosity of the oxide system 
(within the temperature range of 1570 – 1590 °С). 

 Analysis and discussion

At the LTS site of JSC VMZ six slag samples were 
selected, and the content of the solid phase of CaO and 
MgO oxides at a temperature of 1600 °C was determined 
by calculation method based on the methodology pre-
sented in Fig. 1. The following results were obtained:

– slag 4 was found to be completely homogeneous, 
with no solid phase present;

– slag 5 contained solid phases of CaO and MgO 
oxides;

– slags 1–3 and 6 contained a solid phase of CaO 
oxide, with the amount not exceeding 10 %.

Laboratory experiments validated the adequacy 
of the calculation method for determining the presence 
of a solid phase in slags formed in the electric arc furnace. 
This was achieved by comparing the viscosity changes 
as the temperature of slags 4 and 5 decreased. It was 
observed that the solidifying temperature of the heteroge-
neous slag was 200 °C higher, despite a relatively similar 
composition of the slag. Additionally, it was noted that 
as the temperature of the heterogeneous slag decreased, 
coarser agglomerates of solid oxides formed, which came 
into contact with the measuring probe. This resulted in 
an increase in the registered viscosity of the oxide system 
within the temperature range of 1570 – 1590 °C. 

 Conclusions

Recently, there has been a complete abandonment 
of using fluorite in steel production, aimed at enhancing 
efficiency and environmental safety. The addition of fluo-
rite traditionally facilitated the quick dissolution of lime 
and the formation of a liquid refining slag. Consequently, 

Fig. 3. Dependence of viscosity of homogeneous slag  
on temperature

Рис. 3. Зависимость вязкости гомогенного шлака 
от температуры

Fig. 4. Dependence of viscosity of heterogeneous slag  
on temperature

Рис. 4. Зависимость вязкости гетерогенного шлака 
от температуры
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ensuring optimal properties of the slag formed in the ladle 
furnace has become a highly relevant task. The devel-
oped method for determining the solubility limit of cal-
cium oxide in the refining slag enables monitoring and 
adjustment of both the current ladle refining technology 
and the design of new variants. 

The methodology for determining the presence 
of a solid phase in the slag formed in the ladle furnace 
was validated through laboratory experiments, where vis-
cosity indicators of the slag were compared as the tem-
perature decreased. It was observed that the solidifica-
tion temperature of the heterogeneous slag is 200 °C 
higher than that of the homogeneous slag.

The calculated and experimental methods exhibited 
good convergence of results, with differences prima rily 
arising in viscosity characteristics due to the pre sence 
of undissolved particles. This enables a preliminary 
assessment of slag properties formed in the electric arc 
furnace through calculation, with experimental research 
serving to confirm the set of slag calculations.
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