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Abstract. The paper presents the experimental data on the effect of amphoteric oxides content (Al2O3 and Fe2O3 ) in slags on the metallurgical slags 

properties. It is noted that the parameters of the electric arc valve effect, such as the constant component of the arc voltage or the constant component 
of the electrode current, can act as a criterion for assessing the slag basicity. Up to a slag content of 18 wt. %, aluminum oxide exhibits mainly basic 
properties, and above that, acidic properties. For Fe2O3 , the threshold value is the content of 20 wt. %. The data obtained make it possible to more 
reasonably adjust the smelting slag mode. In particular, for the current trend on metallurgical enterprises to replace fluorspar in the out-of-furnace steel 
processing with other slag liquefiers, these data allow to determine the limit of aluminum oxide content at which the conditions of metal refining from 
sulfur will not be degraded. For arc steelmaking furnaces, this technique is one of the options for non-contact operational assessment of the metal bath 
state, the foaming slag quality to cover the arcs, and the metal oxidation degree at the melting end and its readiness for tapping. The use of constant 
components of the arc voltage and current in the electrode for operational control of the tendency of amphoteric oxides to basic or acidic properties 
during melting in industrial conditions is not possible due to a large number and multidirectional influence of the slag components. Nevertheless, this 
technique will be useful in control of steelmaking technological process with digital twin models and their accompanying databases. 
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Аннотация. Приведены экспериментальные данные по влиянию содержания амфотерных оксидов Al2O3 и Fe2O3 в металлургических 

шлаках на их свойства. Отмечено, что в роли критерия оценки основности шлака могут выступать параметры вентильного эффекта 
электрической дуги – постоянная составляющая напряжения дуги или постоянная составляющая тока электрода. Показано, что до содер-
жания в шлаке 18 мас. % оксид алюминия проявляет преимущественно основные свойства, а свыше – кислотные. Для Fe2O3 таким поро-
говым значением служит содержание 20 мас. %. Полученные данные позволяют более обоснованно проводить корректировку шлакового 
режима плавок. В частности, для имеющейся на металлургичеких предприятиях тенденции по замене плавикового шпата при внепечной 
обработке стали на иные разжижители шлака эти данные позволяют определить предел содержания оксида алюминия, при котором не 
будут ухудшаться условия рафинирования металла от серы. Для дуговых сталеплавильных печей данная методика выступает одним из 
вариантов неконтактной оперативной оценки состояния ванны металла, качества вспенивания шлака для укрытия дуг и степени окислен-
ности металла в конце плавки и готовности его к выпуску. Применение постоянных составляющих напряжения дуги и тока в электроде 
для оперативного контроля склонности амфотерных оксидов к основным или кислотным свойствам по ходу плавки в промышленных 
условиях не представляется возможным из-за большого количества и разнонаправленного влияния составляющих шлак компонентов. 
Тем не менее данная методика будет полезна при ее использовании в целях управления технологическим процессом выплавки стали 
в моделях цифровых двойников и сопутствующим им базам данных. 

Ключевые слова: сталь, шлак, окисленность, основность, амфотерность, электрическая дуга, постоянная составляющая напряжения, дуговая 
электропечь, шлаковый режим
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Влияние содержания амфотерных оксидов 
в шлаке на характеристики вентильного эффекта 

электрической дуги
А. В. Сивцов1, О. Ю. Шешуков1, 2, Д. К. Егиазарьян1, 2 , 

М. М. Цымбалист1, П. П. Орлов2

 Introduction

Improving steel quality is one of  the  key objectives 
of  electric steelmaking. The parameters of  the  slag 
mode – composition, viscosity, quantity, and rate of slag 
formation  – have a significant effect on metal quality, 
process yield, refractory lining durability, and other tech-
nological factors. This issue becomes particularly rele
vant given the  continuous decline in scrap quality and 
the  corresponding increase in harmful impurities, most 
of which are sulfur and phosphorus. Low-quality charge 
materials lead to  higher energy and material losses and 
cause a considerable decrease in the  technical and eco-
nomic performance indicators of the smelt. In particular, 
melting time, energy consumption, and the use of ferro
alloys and slag-forming materials increase, while furnace 
productivity decreases.

Modern steelmaking technologies involve the  use 
of electric arc furnaces (EAFs) and basic oxygen conver
ters (BOFs) as the  main units for producing unalloyed, 
non-deoxidized iron–carbon melts using scrap, pig iron, 

and metallized feedstock as charge materials  [1 – 3]. 
The  iron–carbon melt is transferred in ladles to  secon
dary metallurgy units – ladle furnaces (LF) and vacuum 
treatment units – where the melt composition is adjusted 
to meet the requirements of specific steel grades and ope
rations are carried out to improve steel quality by remo
ving oxygen, sulfur, and nonmetallic inclusions1  [4; 5]. 
Without secondary metallurgy units, a resource- and 
energy-efficient technology for liquid steel production is 
not feasible. 

Steel production in EAFs accounts for a significant 
share of global output, second only to the BOF process. 
This process is associated with high energy consump-
tion, which makes energy and technological optimiza-
tion of  great importance. However, optimization efforts 
often focus not on technological aspects but on the cost 

1 Dyudkin DA, Kisilenko VV. New technological solutions for out-
of-furnace steel treatment using cored wires [Internet]. Available from: 
https://uas.su/conferences/2010/may/03/00003.php (accessed 2025 
May 12).
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of the main resource – electric power [6] – or on auxiliary 
operations that are not directly related to melting [7]. 

Unlike BOF, EAF is a unit with a large number 
of  adjustable parameters and process control tools that 
can operate directly within the  working zone  – even 
during arcing operation. However, due to  the  presence 
of  molten metal and slag, burning arcs, and high cur-
rents, the working zone is highly aggressive and difficult 
to  access for direct measurements and process control. 
Therefore, mathematical modeling plays a major role in 
effective process control [8 – 10], both in general-purpose 
studies and when accounting for the specific features of a 
particular unit – for example, when using hot-briquetted 
iron or various off-gas post-combustion modes [11; 12]. 
On  the  other hand, the  measurement of  EAF electrical 
characteristics, which eliminates the difficulties associa
ted with the aggressive working environment, faces prob-
lems of  signal filtering and processing of  the  recorded 
signals under circuit-break events, short circuits, short-
arc and long-arc operation, and changes in the chemical 
composition of the arc plasma [13]. 

Steelmaking slags are mainly composed of  calcium 
and silicon oxides, which together typically account 
for 85 – 90 wt. % of  the  total oxide content. Their ratio 
(CaO/SiO2 ) is used as a proxy measure of an important 
technological parameter – the slag basicity. A more accu-
rate assessment accounts for the contents of other acidic 
and basic oxides, such as those of iron, magnesium, and 
manganese.

At the  same time, the  oxides of  many metals  – par-
ticularly aluminum, titanium, vanadium, iron, and chro-
mium – are amphoteric, meaning that at certain contents 
they can exhibit either acidic or basic behavior. These 
oxides have been extensively studied in blast furnace 
ironmaking  [14]. In blast furnaces, any adjustments 
to ironmaking process or charging process are associated 
with significant process dead time, i.e., a delayed pro-
cess response to control interventions. Therefore, resear
chers model blast furnace slags and investigate the effects 
of individual components – including aluminum and tita-
nium oxides  – on slag viscosity, structure, and refining 
properties  [15]. These oxides can have highly diverse 
effects: formation of  nitrides and refractory spinels in 
high-temperature zones can extend campaign life, whereas 
their formation in other zones can decrease the  effec-
tive working volume and disrupt furnace operation. 
At  the  same time, increasingly comprehensive theories 
are being developed to describe the behavior of ampho-
teric oxides based on slag structure data [16 – 18]. 

Interest in amphoteric oxides is driven by the fact that 
many metallurgical plants, seeking substitutes for fluor
spar  – a traditional slag liquefier  – have begun to  use 
alumina-containing materials composed primarily of alu-
minum oxides. Consequently, in out-of-furnace slags, 
the  content of  this oxide can reach 40 wt. %. It serves 

not only as a slag liquefier but also stabilizes the solidi-
fied slag, preventing its self-disintegration during cool-
ing. However, the primary goal of out-of-furnace metal 
processing is sulfur removal, the rate and extent of which 
are determined by the refining ability of the slag. 

To absorb substantial amounts of  sulfur, the  slag 
must be highly basic. Because basic oxides donate free 
oxygen anions that mediate sulfur transfer from metal 
to slag, their content must exceed that of acidic oxides. 
Yet, the  behavior of  amphoteric oxides  – able to  act as 
either donors or acceptors of these anions – remains dif-
ficult to  predict. Accordingly, determining the  range 
of aluminum oxide contents in refining slags that does not 
impede desulfurization – where Al2O3 acts predominantly 
as a donor of free oxygen anions – represents the second 
reason for the interest in amphoteric oxides. 

The third reason concerns assessing the applicability 
of  this approach to the smelting of alloyed steel grades, 
in which components forming amphoteric oxides may 
be present in considerable amounts in both the slag and 
the  metal. During arcing, partial evaporation of  com-
ponents from the  metal–slag melt surface occurs; these 
components enter the  ionized gaseous phase forming 
the  arc column, which may affect the  electrical con-
ductivity of  the  arc gap in different ways. This aspect 
is a subject of  further research and is not considered in 
the present study.

 Methods

Numerous studies in the scientific literature are based 
on experimental investigations of  the  influence of  slag 
composition on the  magnitude of  the  constant compo-
nent of  arc voltage (CCAV)  [19 – 21]. In AC circuits 
with an electric arc this component most often arises due 
to the difference in electron work function between mate-
rials of different nature. Thus, in EAF, the work function 
of electrons from graphite exceeds that from iron, and as 
a result, a positively directed constant component of arc 
voltage appears across the arc gap. This phenomenon is 
known as the electric arc valve effect.

The current density of  thermionic emission is 
described by the Richardson–Dushman equation 

		     	 (1)

where А is the Richardson constant; Т is the temperature; 
φe is the electron work function; k is the Boltzmann cons
tant. 

The current emission density is strongly affected by 
both temperature and the  chemical factor  – the  elect
ron work function. While the  current emission density 
from the graphite electrode remains nearly constant, for 
the second electrode – the molten material – this parame
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ter depends significantly on the  chemical composition 
of the melt. Therefore, the difference between the emis-
sion currents, which determines the CCAV magnitude, is 
governed by this composition. 

There are data indicating a close relationship between 
CCAV and the  oxygen content in the  metal melt of  an 
EAF during the  refining stage  [22]. In many respects, 
this relationship resembles the dependence of  the elect
rode potential in an electrolytic cell on oxygen activity 
(ionic concentration), as described by the  Nernst equa-
tion  (2). This relationship underlies the  operation prin-
ciple of Celox sensors used in industrial practice to mea-
sure the oxidation potential of metal and slag:

		     	 (2)

where E  is the  electrode potential; E0  is the  standard 
electrode potential; R  is the  universal gas constant; 
T  is the absolute temperature; n  is the number of elect
rons involved in the process; F  is the Faraday constant; 
aox and ared are the activities of the oxidizing and reducing 
agents, respectively.

To process the initial electrical signals, Fourier series 
decomposition was used, and the CCAV was determined 
as the  zero term of  the  series. However, for the  analy-
sis of experimental data, not the CCAV but the constant 
component of electrode current (CCEC) was used, since 
its determination does not require any additional trans-
formation of the initial voltage signal. For correct deter-
mination of the CCAV, the voltage drop across the elect
rode itself and the current leads must be subtracted from 
the  constant component (CC) of  the  measured voltage 
signal. The authors have previously developed a proce-
dure for calculating this voltage drop; however, a simpler 
approach involves determining the  constant component 
of current from the derivative of the electrode current sig-
nal, obtained using a Rogowski coil [23]. 

The key technological parameters of  steelmaking in 
the electric arc furnace – the slag basicity and the metal 
oxidation degree  – are closely related to  the  CCAV. 
An  increase in slag basicity (i.e., the  predominance 
of basic oxides over acidic oxides) causes a decrease in 
the CCAV, whereas a rise in oxygen activity (its content) 
in the metal melt leads to its increase. These relationships 
were previously observed by the  authors in laboratory 
EAF experiments. 

The experimental setup was a single-phase arc fur-
nace lined with magnesia and equipped with an observa-
tion window at the  level of  the  arc gap. Electric power 
was supplied from a welding transformer through two 
graphite electrodes 30 mm in diameter. The transformer’s 
input voltage was 380 V, and the open-circuit voltage on 
the secondary side was 80 V. 

A graphite crucible containing the  material to  be 
melted was placed on the lower electrode. The arc length 
was controlled by micrometer screws. Three electri-
cal signals were recorded during the  process: voltage 
across the electrodes u(t), arc current i(t), and the cur-
rent derivative di/dt. The voltage was scaled to a level 
suitable for analog-to-digital conversion using a voltage 
divider. The  current signal was measured as the  vol
tage drop across a calibrated 0.3 Ω resistor installed in 
the  secondary circuit of  the  transformer. The voltage 
proportional to  the  current derivative was taken from 
the  output of  the  Rogowski coil. These analog signals 
were digitized at a sampling frequency of 100 kHz using 
a 12-bit Advantech PCI-1713 analog-to-digital con-
verter (ADC).

 Results and discussion

As an example, previously obtained results are pre-
sented for experiments investigating the influence of slag 
basicity (CaO/SiO2 ) on the  parameters of  the  electric 
arc valve effect, particularly on the constant component 
of electrode current (Fig. 1). The experiments were per-
formed as follows: the metallic sample was melted, and 
a solidified binary fused slag containing CaO and SiO2 
at the specified ratio was added to the surface of the mol-
ten metal. After each addition, sufficient time was 
allowed for the  slag to  melt, dissolve, and reach equi-
librium. The experiments were conducted separately for 
slags with basicity ratios of  0.25, 0.33, 1, 2, 3, and 4. 
The  results confirmed that an increase in slag basicity 
leads to a decrease in the constant component of elect
rode current.

Considering this finding, an additional experiment 
was performed to evaluate the effect of the acidic oxide 
content in slag on its basicity and on the characteristics 
of  the  arc valve effect. A steel sample weighing 161 g 

Fig. 1. Constant components of the electrode current  
at variations in slag basicity

Рис. 1. Постоянные составляющие тока электрода  
при вариации основности шлака
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was melted, and a slag consisting of  dicalcium silicate 
with a 5 wt. % FeO addition was introduced onto the melt 
surface. After melting the  metal, three successive por-
tions of slag were charged into the furnace, totaling 51 g. 
Following the  addition and dissolution of  the  slag, fur-
ther FeO portions were added in amounts of 6.5, 8, and 
10 g, respectively. The experimental results are shown 
in Fig. 2. It is evident that additions of  an acidic oxide 
decrease slag basicity and, accordingly, increase its oxi-
dizing capacity and the CCEC. 

In general, the amphoteric properties of metal oxides 
are determined by their ability to accept or donate valence 
electrons  [24]. It is therefore reasonable to  assume 
that additions of Al2O3 and Fe2O3 to  the  slag affect its 
chemical properties and the  parameters of  the  electric 
arc valve effect depending on their content in the  slag. 
Consequently, one may expect nonmonotonic behavior in 
the dependence of the CCEC. 

Experiments to assess the effect of Fe2O3 content on 
slag properties were carried out using a similar proce-
dure. As shown in Fig. 3, a minimum in the CCEC was 
observed at an Fe2O3 concentration of  about 20 wt. %. 
Thus, up  to  20 wt. %, Fe2O3 behaves as a basic oxide, 
promoting an increase in slag basicity, whereas at con-
tents above 20 wt. %, it exhibits acidic properties, reduc-
ing basicity. In practice, it is not possible to  determine 
the  individual contents of  iron oxides (FeO, Fe2O3 , 
or Fe3O4 ) in slag. It is also unlikely that the  proposed 
method of  assessing them via the  constant component 
of voltage or current would provide sufficient accuracy. 
Nevertheless, experimental studies in this direction 
can be extremely useful for addressing general tasks in 
the control and optimization of steelmaking technologi-
cal processes in electric arc furnaces.

Among metal oxides, aluminum oxide most clearly 
exhibits amphoteric behavior. Experiments similar 

to those described above were conducted using the labo
ratory arc furnace. According to  the  data presented in 
Fig. 4, additions of  Al2O3 up to  about 18 wt. % lead 
to  a decrease in the  CCEC, whereas at contents above 
20 wt. %, it increases, indicating the  predominance 
of acidic properties of this oxide. The approximate Al2O3 
content at which a sharp transition from basic to acidic 
behavior occurs is about 30 wt. %. Therefore, increas-
ing the Al2O3 content in refining slags up to 18 wt. % has 
a  beneficial effect on arc stability and on refining pro
perties such as viscosity, interfacial tension, and desulfu
rizing ability. 

From a practical standpoint, it should be noted that 
Al2O3 additions below 20 wt. % do not provide mechani-
cal stability to refining slags without the use of additional 
stabilizing components, making them prone to  sponta
neous disintegration into fine powder. Increasing 
the Al2O3 content from 18 to 30 wt. % has only a minor 
adverse effect on arc operation but allows the stabiliza-
tion of refining slags without additional methods. Howe
ver, introducing larger amounts of Al2O3 deteriorates not 
only the  refining characteristics of  the  slag but also its 
electrical parameters, adversely affecting both the  arc 
stability and the electrical characteristics of  the melting 
process.

Fig. 2. Dependence of the electrode current constant component  
on FeO content

Рис. 2. Зависимость постоянной составляющей тока электрода  
от содержания FeO

Fig. 3. Dependence of the electrode current constant component 
on Fe2O3 content

Рис. 3. Зависимость постоянной составляющей тока электрода 
от содержания Fe2O3

Fig. 4. Dependence of the electrode current constant component 
on Al2O3 content in the slag

Рис. 4. Зависимость постоянной составляющей тока электрода 
от содержания Al2O3 в шлаке
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 Conclusions

Laboratory studies of  the effects of Fe2O3 and Al2O3 
contents in slag on the CCEC showed that these oxides 
exhibit basic behavior at contents below 20 and 18 wt. %, 
respectively, and acidic behavior at higher contents. This 
provides a stronger basis for defining the  limiting alu-
minum oxide content in refining slags, considering both 
refining performance and slag stabilization.

Further investigation of other amphoteric oxides and 
their impact on arc characteristics (CCEC and CCAV) 
using the proposed approach may face several challenges. 
Metals forming these oxides tend to  undergo reduction 
(chromium, vanadium), carbide formation (chromium, 
titanium), or nitride formation (chromium, vanadium, 
titanium). In addition, the laboratory tests used graphite 
crucibles, which, for other oxides, can substantially affect 
the slag phase composition, the accuracy of recorded sig-
nals, and the reliability of their interpretation. 

Using the  CCAV and CCEC for real-time control 
of  an  oxide’s tendency toward basic or acidic behavior 
during industrial heats is not feasible because of the large 
number of  slag constituents and their complex, often 
opposing effects. Even so, the method is well suited for 
process control in digital twin models  [25 – 27] and in 
associated databases. In particular, given the  current 
trend at metallurgical plants to  replace fluorspar with 
other slag liquefiers during out-of-furnace steel process-
ing, these data help define the  upper aluminum oxide 
content that does not impair sulfur removal from metal. 
For electric arc furnaces, the method also offers a non-
contact, real-time means of  assessing the  metal bath 
condition, the quality of slag foaming for arc shielding, 
and the metal oxidation degree at the end of melting and 
the heat’s readiness for tapping.
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